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ABSTRACT

To address the antibiotic resistance crisis, this work investigates essential enzymes in Staphylococcus

aureus as targets for antibiotic development. Providing kinetic, structural, and mechanistic understanding

of antibiotic targets allows for the strategic design of novel inhibitors. In this work kinetic and

spectroscopic methods are utilized to reveal mechanistic and structural insights into the SufS and SufU

enzymes, which catalyze sulfur mobilization for the Fe-S cluster biosynthetic SUF pathway, an essential

process for S. aureus survival. Chapter 1 reviews the roles of Fe-S clusters in biology, Fe-S clusters in

therapeutic development, and the enzymes involved in Fe-S cluster biosynthesis.

In Chapter 2, development of a cysteine desulfurase assay allows for kinetic characterization of SufS

from S. aureus (SaSufS). Measurement of Michaelis-Menten kinetic parameters, catalytic impacts from

changing pH, and isotope studies confirm the role of important catalytic residues and provide new insights

into the mechanism of SaSufS. To build on this work, Chapter 3 utilizes a spectrophotometric method to

measure intermediates of the cysteine desulfurase mechanism and quantify the efficacy of novel inhibitors

on SaSufS. These inhibitors of SaSufS also inhibited growth for the Methicillin-resistant strain of S. aureus

(MRSA). Chapter 4 provides evidence for the second step of the SUF pathway involving the sulfur transfer

protein SufU from S. aureus (SaSufU) and its interaction with SaSufS. This was accomplished through

substitution of the Zn(II) site in SaSufU with Co(II) allowing for the utilization of techniques including

UV-Vis absorbance, EPR, and EXAFS spectroscopies. Together, this work lays the basis for investigation

of the SUF pathway as a target for inhibition of S. aureus.

iii



TABLE OF CONTENTS

ABSTRACT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . iii

LIST OF FIGURES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vi

LIST OF TABLES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . x

LIST OF SYMBOLS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xi

LIST OF ABBREVIATIONS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xii

ACKNOWLEDGMENTS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xviii

CHAPTER 1 INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.1 Fe-S Clusters in Biology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.2 Fe-S Clusters in Therapeutic Development . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.2.1 Fe2-S2 Clusters in Therapeutic Development . . . . . . . . . . . . . . . . . . . . . . . . 6

1.2.2 Fe4-S4 Clusters in Therapeutic Development . . . . . . . . . . . . . . . . . . . . . . . . 8

1.3 Fe-S Cluster Biosynthesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

1.4 Research Aims . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

CHAPTER 2 KINETIC ANALYSIS OF CYSTEINE DESULFURASE SUFS FROM
STAPHYLOCOCCUS AUREUS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

2.1 Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

2.2 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

2.3 Materials and Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

2.4 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

2.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

2.6 Supporting information . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

CHAPTER 3 INHIBITION STUDIES OF STAPHYLOCOCCUS AUREUS SUFS . . . . . . . . . . . . 49

3.1 Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

3.2 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

3.3 Materials and Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

iv



3.4 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

3.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

3.6 Supporting Information . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

CHAPTER 4 STRUCTURAL AND MECHANISTIC INSIGHTS FOR THE SULFUR TRANSFER
PROTEIN SUFU FROM STAPHYLOCOCCUS AUREUS . . . . . . . . . . . . . . . . . 73

4.1 Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

4.2 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

4.3 Materials and Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

4.4 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

4.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

CHAPTER 5 CONCLUSION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90

REFERENCES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

APPENDIX COPYRIGHT PERMISSIONS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117

A.1 Elsevier . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117

A.2 Co-authors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117

v



LIST OF FIGURES

Figure 1.1 Common Fe-S clusters found in nature. A) Fe2S2 clusters, B) Fe3S4 clusters, and C)
Fe4S4 clusters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

Figure 1.2 Strategies to inhibit Fe-S protein activity. Inhibitors are being developed to target a
Fe-S protein correlated to a disease phenotype. We identi�ed three main strategies to
inhibit Fe-S protein activity: A) a drug binds to a protein in the vicinity of its Fe-S
cluster, (B) a drug binds directly to an open coordination or substrate binding site on
an Fe-S cluster, and (C) a drug causes a Fe4S4 cluster to degrade to an Fe3S4 cluster or
degrade completely. In this �gure, yellow and red indicate an active and inactive
enzyme, respectively, and drugs are represented as purple circles. . . . . . . . . . . . . . . 4

Figure 1.3 Fe-S cluster biosynthesis. The �rst step of Fe-S cluster biosynthesis is 1) sulfur
mobilization where a cysteine desulfurase enzyme catalyzes the desulfurization of
cysteine producing alanine and a persul�de on a catalytic cysteine residue. The second
step is 2) cluster assembly where Fe2+ is incorporated to assemble Fe-S clusters on a
sca�old protein or protein complex. Finally, 3) cluster transfer is where the sca�old
protein or protein complex transfers the Fe-S clusters to target acceptor proteins. . . . . . 14

Figure 1.4 Two types of cysteine desulfurases. A) Type I cysteine desulfurases require a large
topological change to proceed to catalysis. B) Type II cysteine desulfurases only
require a slight rotation in the Cys side chain to proceed to catalysis. . . . . . . . . . . . . 14

Figure 1.5 Zinc-ligand swapping mechanism proposed forB. subtilis SufSU complex. The resting
state of BsSufU contains a Zn2+ active site coordinated by (Cys)3Asp. Once BsSufS is
introduced, a His residues fromBsSufS displaces a Cys residue from Zn2+ coordination
resulting in a (Cys)2AspHis coordination. . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

Figure 1.6 Crystal structure of SufBC2D complex from E. coli. The E. coli SufBC2D complex was
crystalized to reveal a tetrameric structure with two SufC monomers (yellow and pink),
one SufD monomer (green), and one SufB monomer (blue). Co-crystallization with
Hg2+ (left) revealed a similar structure to the apo SufBC2D (right). . . . . . . . . . . . . 18

Figure 2.1 Cysteine desulfurase reaction scheme for SufS where the L-cysteine substrate is shown
in purple and PLP and SufS active site residues are shown in black. . . . . . . . . . . . . 21

Figure 2.2 Substrate saturation curves and Lineweaver-Burke plots forSaSufS andBsSufS (A,B
and C, D respectively) determined at pH 8.0 in 100 mM MOPS bu�er at 20� C using
Cys as the substrate �t to Michaelis-Menten equation. Speci�c activity is measured in
nmol alanine produced per minute per mg of enzyme with PLP. Error bars: standard
error (9 trials). Kinetic parameters �t from saturation curves and Lineweaver-Burke
plots di�ered by less than 10% of the standard deviation of each parameter. . . . . . . . . 28

Figure 2.3 Dixon-Webb plot of SaSufS with Cys as the substrate. Log(kcat ) as a function of pH is
shown in black while the vertical dotted line indicates a �t p K ES value, the horizontal
dashed line indicates the theoretical maximumkcat values derived from the �t. Error
bars are the standard error for three trials. . . . . . . . . . . . . . . . . . . . . . . . . . . 29

Figure 2.4 Scheme model forSaSufS reacting with Cys. . . . . . . . . . . . . . . . . . . . . . . . . . 30

vi



Figure 2.5 Kinetic isotope e�ects on SaSufS at pH 8.0 in 100 mM MOPS bu�er at 20� C using Cys
as the substrate. The combined model is shown as a black dashed line. Error bars:
standard deviation (3 trials). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

Figure 2.6 Image of molecular dynamic simulation showing the interaction of the Lys residue and
the Cys-aldimine intermediate. Starting conformation shows the crystal structure
conformation after energy minimization. Dynamic conformation shows the stable
dynamic conformation present in simulation. Distances (in �A) represent the inter-atom
distances between the nitrogen of Lys250 and the two carbon centers of interest. . . . . . 34

Figure 2.7 Piecewise �tting of the isotope e�ect data for SaSufS. The observed data and combined
�t are shown in black. The �t of the left side (normal isotope e�ect) is shown as a blue
dashed line, while the �t of the right side (inverse isotope e�ect) is shown as a red
dashed line. The blue and red datasets show the observed dataset minus the right side
�t or left side �t, respectively. The red dashed line is reproduced twice, once to show
its \true" placement on the plot to highlight how the blue and red �ts add to the
combined �t, and again above to show how the model is �t to an adjusted dataset,
which allows for the generation of physiologically relevant fractionation factors. . . . . . . 37

Figure 2.8 Scheme for competitor model 1. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

Figure 2.9 Scheme for competitor model 2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

Figure 2.10 Scheme for general protonation model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

Figure 2.11 Comparison between the chosen model and the other competitor models. The 1-state
model overlaps nearly perfectly with the 3-state Brocklehurst model and is therefore
di�cult to view . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

Figure 2.12 Comparison between the �nal model (blue) and the 2-state candidate model. The
slightly acidic pK a �t by both models is essentially the same. Based on statistical
parameters alone, both models are equally viable. The �nal model has a better BIC
value, but worse chi-square. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

Figure 2.13 Simulated titration curve of Cys389 from the SaSufS crystal structure (PDB: 8D8S)
generated by Monte Carlo sampling in MCCE. . . . . . . . . . . . . . . . . . . . . . . . . 43

Figure 2.14 Results of �tting all of the plausible combinations of models. While several of the
models exhibit a somewhat reasonableR2 value, many of the fractionation factors
derived here are physiologically irrelevant. For the multichannel models, the last value
displayed in the fractionation factor matrix is the model weight, w. For the serial
models, the last values displayed in the fractionation factor matrix are the model
weight, w1 and w2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

Figure 2.15 Representative optimization of the �tting procedure for SaSufS isotope study . . . . . . . 46

Figure 3.1 The cysteine desulfurase mechanism ofSaSufS . . . . . . . . . . . . . . . . . . . . . . . . 56

Figure 3.2 SaSufS with Cys Spectra. The absorbance ofSaSufS was measured from 300 nm to
460 nm in the absence (solid blue line) and presence of 5 mM Cys (rainbow lines) over
the course of 4 minutes. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

vii



Figure 3.3 SaSufS activity as a function of temperature monitored via the rate of change in
absorbance at 340 nm (A) within the �rst 40 seconds of the reaction and (B) from
40-120 seconds after the reaction was initiated, both in the presence and in the absence
of 2 mM TCEP . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

Figure 3.4 (A) The Arrhenius plot and (B) the Eyring plot generated from the rate of SaSufS
cysteine desulfurase as determined from the change in absorbance 40-120 seconds after
the reaction was initiated in the absence of TCEP. Velocities for (B) are normalized to
the kcat of SaSufS at 20 � C (0.068 ± 0.0083 s-1), as reported by Saboet al, . . . . . . . . 60

Figure 3.5 The rate of change ofSaSufS absorbance at 340 nm as a function of concentration of
Cys: A) 0-40 seconds after the reaction was initiated in the presence of 2 mM TCEP,
B) 0-40 seconds after the reaction was initiated without TCEP, C) 40-120 seconds after
the reaction was initiated in the presence of 2 mM TCEP and D), 40-120 seconds after
the reaction was initiated without TCEP. . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

Figure 3.6 The absorbance spectrum ofSaSufS upon incubation with 4.9 mM of: A)L-cycloserine
and B)D-cycloserine over the course of 24 hours. . . . . . . . . . . . . . . . . . . . . . . . 63

Figure 3.7 The proposed mechanism ofSaSufS inhibition by: A)L-cycloserine and B)D-cycloserine. . 64

Figure 3.8 The rate of change ofSaSufS absorbance upon introduction of 10 mM Cys after
96-hour incubation in varying concentrations of: A) L-Cycloserine and B)
D-Cycloserine as a function of cycloserine concentration. L-Cycloserine data in blue
were collected using the previously described alanine detection assay. . . . . . . . . . . . . 65

Figure 3.9 The proposed mechanism ofSaSufS inhibition by: A) an inhibitor with an acrylamide
warhead and B) an inhibitor with a chloroacetamide warhead. . . . . . . . . . . . . . . . . 67

Figure 3.10 The rate of change ofSaSufS absorbance upon introduction of 10 mM Cys after
96-hour incubation in varying concentrations of: A) acrylamide and B)
2-chloroacetamide as a function of acrylamide or chloroacetamide concentration. . . . . . 68

Figure 3.11 Percent growth of the WT MRSA strain LAC (black) and the corresponding � nfu
� sufT strain (red) after 18 hours of growth in varying concentrations of: A)
L-Cycloserine, B) D-Cycloserine, C) Acrylamide, and D) 2-Chloroacetamide. . . . . . . . 69

Figure 3.12 The speci�c activity of aconitase after a 2-hour induction period in S. aureus upon
exposure to 20 mM 2-chloroacetamide. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

Figure 3.13 The natural logarithm of the rate of SaSufS determined from the change in absorbance
0-20 seconds after the reaction was initiated (A) in the presence of TCEP and (B) in
the absence of TCEP as a function of the inverse of temperature in Kelvin. . . . . . . . . 71

Figure 3.14 The absorbance spectrum ofSaSufS upon incubation in (A) 4.9 mM acrylamide, (B)
4.9 mM 2-chloroacetamide, and (C) no inhibitor over the course of 24 hours. . . . . . . . . 72

Figure 4.1 Proposed mechanism for sulfur transfer fromBsSufS to BsSufU. Previous work on the
BsSufSU complex revealed a Zn-ligand swapping mechanism where His342 from
BsSufS displaces Cys41 fromBsSufU to coordinate the Zn(II) center. This allows for
sulfur transfer from Cys361 in BsSufS to Cys41 inBsSufU. . . . . . . . . . . . . . . . . . 75

viii



Figure 4.2 Activity Comparison of SaSufS with Co(II)- SaSufU and Zn(II)- SaSufU.SaSufS activity
was determined in the absence (solid line) and presence of Co(II)-SaSufU (dotted line)
and Zn(II)- SaSufU (square dotted line), at 2, 5, and 7 minutes. . . . . . . . . . . . . . . . 79

Figure 4.3 Yellow-brown color of Co(II)-SaSufU. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

Figure 4.4 Electronic absorption spectra of Co(II)-SaSufU with and without SaSufS.
Co(II)- SaSufU (400 � M) is shown in solid black, Co(II)-SaSufU with SaSufS (800� M
total protein) is shown in the black dotted line. Co(II)- SaSufU with SaSufS (800� M
total protein) and cysteine (1500 =muM) is shown in the black long dash dotted line
(2-minute timepoint), solid gray line (5-minute timepoint), and black dashed line
(7-timepoint). A) arrow points to the absorption of the PLP cofactor in SaSufS. B),
C), and D) arrows point to the absorption signatures of the d-d bands in Co(II)-SaSufU . 81

Figure 4.5 Binding function, r , vs Cs, the concentration of free metal ions in solution for. CoCl2
was titrated into Apo SaSufU (100 � M) from 0-3 equivalents in increments of 0.25
equivalents. A plot of binding function, r , and free metal concentration,Cs, was
utilized to determine a binding constant, K d of 7.6 ± 0.5 � M . . . . . . . . . . . . . . . . 83

Figure 4.6 Electron paramagnetic spectroscopy of A)Co(II)-SaSufU at 13K and 2 mW microwave
power B)Co(II)- SaSufU and one equivalentSaSufS at 13K and 2 mW
C)Co(II)- SaSufU, one equivalentSaSufS, and 1.5� M Cys at 13K and 2 mW
D)Co(II)- SaSufU at 7K and 100 mW E)Co(II)- SaSufU and one equivalentSaSufS at
7K and 100 mW F)Co(II)- SaSufU, one equivalentSaSufS, and 1.5� M Cys at 7K and
100 mW. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

Figure 4.7 Proposed coordination of Co(II)-SaSufU. Based on data presented, a pentacoordinate
Co(II) is proposed for Co(II)- SaSufU coordinated by Cys43, Cys68, Cys130, Asp45 and
a water molecule. WhenSaSufS bindsSaSufU, His370 displaces Cys43 allowing for
sulfur transfer from Cys389 in SaSufS to Cys43 inSaSufU. . . . . . . . . . . . . . . . . . 86

Figure 4.8 X-ray absorption K-edge spectra for Zn(II)-SaSufU compared to zinc foil (left) and
Co(II)- SaSufU compared to cobalt foil (right). The pre-edge 1s ! 3d transitions for
Co(II)- SaSufU is visible at 7708.3 eV. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

Figure 4.9 k3-weighted zinc EXAFS (left) and Fourier transforms (right, over k = 2 � 10 �A -1) for
Zn(II)- SaSufU experimental (black) and best �t (red) using the computational model
(bottom inset). The backscattering path from oxygen and sulfur are plotted in blue
and green. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

Figure 5.1 Strategies to inhibit Fe-S protein activity where green and blue indicate an active and
inactive enzyme, respectively, and drugs are represented as black circles. . . . . . . . . . . 91

Figure A.1 Copyright permission stated on the Elsevier website for the Journal of Coordination
Chemistry Reviews . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117

Figure A.2 Copyright permission from co-authors . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129

ix



LIST OF TABLES

Table 1.1 [Fe2-S2] Clusters in Therapeutic Development . . . . . . . . . . . . . . . . . . . . . . . . . . 4

Table 1.2 [Fe4-S4] Clusters in Therapeutic Development . . . . . . . . . . . . . . . . . . . . . . . . . . 5

Table 2.1 Kinetic parameters for SaSufS andBsSufS at pH 8.0 in 100 mM MOPS bu�er at 20� C
using Cys as the substrate based on a PLP occupancy of 66% forSaSufS and 49% for
BsSufS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

Table 2.2 Fit parameters of pH kinetic curve for cysteine desulfurization bySaSufS . . . . . . . . . . 30

Table 2.3 Fractionation factors for isotope study of SaSufS with Cys determined from the optimal
model. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

Table 2.4 Model evaluation criteria for SaSufS pH study . . . . . . . . . . . . . . . . . . . . . . . . . . 42

Table 3.1 Temperature-independent kinetic parameters of theSaSufS-catalyzed reaction by which
the external Cys-aldimine intermediate is converted to the external Cys-ketimine
intermediate. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

Table 3.2 Michaelis Menten kinetic parameters ofSaSufS obtained by monitoring the change in
absorbance at 340 nm as a function of substrate. . . . . . . . . . . . . . . . . . . . . . . . . 61

Table 3.3 Temperature-independent kinetic parameters of theSaSufS-catalyzed reaction by which
the external Cys-aldimine intermediate is converted to the external Cys-ketimine
intermediate. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

Table 4.1 Best Zn(II)-SaSufU EXAFS. Model: 3Cys+ 1Asp Rf=sqrt[�k 6(� exp � � f it )2/�k 6� 2
exp ] . . . 88

x



LIST OF SYMBOLS

Acid dissociation constant . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . pKa

Acid dissociation constant for enzyme-substrate complex . . . . . . . . . . . . . . . . . . . . . . . . . pKES

Activation energy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Ea

Angstrom . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . �A

Association constant . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . K a

Catalytic turnover . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . kcat

Change in enthalpy for transistion state . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . � H z

Change in entropy for transistion state . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . � Sz

Degrees in celsius . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . � C

Dissociation constant . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . K d

Fractionation factor . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . �

Molar extinction coe�eceint . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . "

Mole fraction of deuterons . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . X D
i

Mole fraction of protons . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . X H
i

Negative logarithm of hydrogen molarity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . pH

Ohm . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 


Principal sigma factor . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . � A

Substrate concentration needed to achieve 1/2Vmax . . . . . . . . . . . . . . . . . . . . . . . . . . . . K m

Summation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
P

xi



LIST OF ABBREVIATIONS

(E)-1-hydroxy-2-methyl-but-2-enyl-4-di-phosphate reductase . . . . . . . . . . . . . . . . . . . . . . IspH

(E)-hydroxy-2-methyl-but-2-enyl-4-di-phosphate . . . . . . . . . . . . . . . . . . . . . . . . . . . HMBPP

2,3-napthalenedicarboxyaldehyde . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . NDA

2-(N-morpholino)ethanesulfonic acid . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . MES

3-deoxy-3,4-didehydro-CTP . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ddhCTP

3-morpholnopropane-1-sulfonic acid . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . MOPS

4'-deoxy-4'-aminopyridoxal-5'-phosphate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . PMP

4-hydroxy-2,2,6,6-tetramethylpiperidin-1-oxyl . . . . . . . . . . . . . . . . . . . . . . . . . . . . TEMPOL

ATP-binding cassette . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ABC

Adenosine triphosphate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ATP

Akaike Information Criterion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . AIC

Alanine-2,3-napthalenedicarboxyaldehyde . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Ala-NDA

Aluminum . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Al

Aminofutalosine . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . AF

Ammonia . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . NH3

Azobacter vinelandii . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . A. vinelandii

BLeishmania major . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . L. major

Bacillus subtilis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . B. subtilis

Bayesian Information Criterion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . BIC

Bias-corrected Akaike Information Criterion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . AICc

Candidate protein for Fe-S cluster transfer from SUF pathway . . . . . . . . . . . . . . . . . . . . . SufA

Carbon dioxide . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . CO2

Cluvenone . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . CLV

Cobalt . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Co

Concentration of inhibitor at 50% inhibition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . IC 50

xii



Copper . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Cu

Coronavirus disease of 2019 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . COVID-19

Cryogenic electron microscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Cry-EM

Cysteine . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Cys

Cysteine desulfurase from SUF pathway . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . SufS

Cysteine desulfurase from SUF pathway . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . SufS

Cysteine desulfurase from the ISC pathway . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . IscS

Cysteine desulfurase from the NIF pathway . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . NifS

Cysteine desulfurase in the mammalian ISC pathway . . . . . . . . . . . . . . . . . . . . . . . . . . . Nfs1

Cytidine triphosphate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . CTP

D-cycloserine . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . DCS

Dalton . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Da

Deoxyribonucleic acid . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . DNA

Deuterium oxide . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . D2O

Didehydrochorismate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . DHC

Dihydroxyacid dehydratase . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . DHAD

Dimethylallyl diphosphate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . DMAPP

Dithiohydroxyphthalic aicd . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . DTHPA

Dithiothreitol . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . DTT

Electron paramagnetic spectroscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . EPR

Escherichia coli . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . E. coli

Ethylenediaminetetraacetic acid . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . EDTA

Extended X-ray absorption �ne structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . EXAFS

FeMo cofactor . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . MoFe7S9C-R

Flavin adenine dinucleotide . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . FAD or FADH

Fumarate hydratase from L. major . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . LmFH

Glutamine oxoglutarate aminotransferase . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . GOGAT

xiii



Helicobacter pylori . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Hp

High-performance liquid chromatography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . HPLC

Histidine . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . His

Human immunode�eciency virus . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . HIV

Hydrogen peroxide . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . H2O2

Hydrogen sul�de . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . H2S

Immomibilized metal ion a�nity chromatography . . . . . . . . . . . . . . . . . . . . . . . . . . . . IMAC

Immomibilized metal ion a�nity chromatography . . . . . . . . . . . . . . . . . . . . . . . . . . . . IMAC

Inductively coupled plasma atomic emission spectrometry . . . . . . . . . . . . . . . . . . . . . . ICP-AES

Iron . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Fe

Iron-Sulfur . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Fe-S

Iron-Sulfur Cluster . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ISC

Iron-Sulfur where X is the number of iron or sulfur atoms . . . . . . . . . . . . . . . . . . . . . . . XFe-XS

Iron-sulfur cluster regulator enzyme . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . IscR

Isopentyl disphosphate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . IPP

Isopropyl malate isomerase . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . LeuCD

Isopropyl-� -D-1-thiogalactopyranoside . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . LB

Kinetic solvent isotope e�ect . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . KSIE

L-cycloserine . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . LCS

Large tumor antigen . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . LT

Ligand-to-metal-charget ransfer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . LMCT

Low-barrier hydrogen bond . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . LBHB

Luria-Bertani . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . LB

Lysine . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Lys

Lysine bound PLP . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . LLP

Lysine bound PLP . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . LLP

Maximum velocity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Vmax

xiv



Merkel cell polyomavirus . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . MCPyV

Methiciliin-resistant S. aureus. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . MRSA

Methionine . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Met

Molecular Dynamics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . MD

Molecular nitrogen . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . N2

Molecular oxygen . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . O2

Molybdenum iron . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . MoFe

Mycobacterium tuberculosis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . M. tuberculosis

N,N-dimethyl-p-phenylenediaminesulfate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . DMPD

N-cyclohexyl-3-aminopropanesulfonic acid . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . CAPS

Nickel-nitrilotriacetic acid . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Ni-NTA

Nicotinamide adenine dinucleotide phosphate . . . . . . . . . . . . . . . . . . . . . . . NADP+ or NADPH

Nitric oxide . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . NO

Nitrogen-�xation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . NIF

Nuclear magnetic resonance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . NMR

Nutrient-deprivation autophagy factor-1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . NAF-1

Optical density at 600 nm . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . OD600

Percent of mathced secondary structures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . %SSE

Potassium chloride . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . KCl

Potassium cyanide . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . KCN

Primaquine . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . PQ

Pseudomonas 
uorescens . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . P. 
uorescens

Pyridoxal-5'-phosphate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . PLP

Pyrite . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . FeS2

Quinolinate synthase . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . NadA

Quinolinic acid . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . QA

RNA-dependent RNA polymerase . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . RdRp

xv



Reactive oxygen species . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ROS

Revolutions per minute . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . RPM

Ribonucleic acid . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . RNA

Root mean square deviation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . RMSD

S-adenosyl methionine . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . SAM

SARS-CoV-2 RNA-dependent RNA polymerase . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Nsp12

Salmonella enterica . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . S. enterica

Sca�old protein in ISC pathway . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . IscU

Sca�old protein in NIF pathway . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . NifU

Severe acute respiratory syndrome coronavirus 2 . . . . . . . . . . . . . . . . . . . . . . . . . SARS-CoV-2

Small T . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . sT

Small tumor antigen . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . sT

Small-angle X-ray scattering . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . SAXS

Sodium chloride . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . NaCl

Sodium dodecyl sulfate{polyacrylamide gel electrophoresis . . . . . . . . . . . . . . . . . . . . SDS-PAGE

Solvent equilibrium isotope e�ect . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . SEIE

Solvent isotope e�ect . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . SIE

Solvent kinetic isotope e�ect . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . SKIE

Sulfur . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . S

Sulfur mobilization-dependent . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . SUF

Sulfur transfer protein for Gram-negative SUF pathway . . . . . . . . . . . . . . . . . . . . . . . . . SufE

Sulfur transfer protein for Gram-positive SUF pathway . . . . . . . . . . . . . . . . . . . . . . . . . SufU

Targeted covalent inhibitor . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . TCI

Thiazolidinedione . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . TZD

Trapped Cys-aldimine intermediate of C364A E. coli SufS crystal structure . . . . . . . . . . . . . . C6P

Trichloroacetic acid . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . TCA

Tris(2-carboxyethyl)phosphine . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . TCEP

xvi



Tris(hydroxymethyl)aminomethane hydrochloride . . . . . . . . . . . . . . . . . . . . . . . . . . . Tris-HCl

Tuberculosis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . TB

Type II diabetes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . T2D

Water . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . H2O

Whib-like . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Wbl

Wild-type . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . WT

Zinc . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Zn

namometer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . nm

nanomole . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . nmol

picomole . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . pmol

sodium 2-[bis(2-hydroxyethyl)amino]acetate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . NDA
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CHAPTER 1

INTRODUCTION

1.1 Fe-S Clusters in Biology

Iron-sulfur (Fe-S) clusters are ordered molecules of Fe and S atoms that may have contributed to the

origin of life over three billion years ago.[1{3] For example, mineral catalysts such as pyrite (FeS2)

progressed to protein-based catalysts. From 1988-1992 G•unter W•achtersh•auser proposed that the \pioneer

organism" emerged as a chemo-autotroph that utilized Fe2S2 minerals in surface metabolism.[1{3] More

speci�cally, the formation of FeS2 from hydrogen sul�de (H 2S) and iron sul�de (FeS) was a plausible source

for electron transport reducing power that could 
ow through a series of biochemical reactions leading to

the formation of carbon dioxide (CO2), a crucial metabolite for autotrophs.[1{3] Today it is known that

Fe-S clusters exist as a biological cofactor for several enzymes in all forms of life, which supports their role

in primordial life.[4]

The diversity of structures and functions of Fe-S clusters has led to a variety of pursuits in scienti�c

research.[4] Although Fe-S clusters have been studied for utility in synthetic small molecules, maquettes

and arti�cial proteins, therapeutic development (1.2), and biomimetic materials, Fe-S clusters role in

biology dominates the �eld accounting for 64% of papers published on Fe-S clusters from 1920-2020.[4] Fe-S

clusters that exist as cofactors for proteins typically exist in the form of rhombic clusters (Fe2S2) or

cuboidal clusters (Fe3S4) or (Fe4S4) (Figure 1.1); although, more complex clusters also exist such as the

H-cluster in hydrogenase and the P-cluster and FeMo-cofactor in nitrogenase.[4] Fe-S clusters play critical

roles in biological systems including electron transfer, sensing, catalysis, and sulfur donation.[4] Certain

Fe-S cluster types are capable of performing several tasks, while others are limited to one. Investigation

into the capabilities of Fe-S clusters in biological systems may provide insight into pursuits of other

applications, especially therapeutic development.[4]

All forms of Fe-S clusters have demonstrated the ability to perform electron transfer.[4] For electron

transfer, Fe-S clusters utilize the redox capabilities of their Fe atoms to cycle electrons and transfer them

to acceptors bound to the Fe-S cluster protein. For example, plants utilize ferredoxin, an Fe2S2 cluster

enzyme, to perform electron transport for the essential process of photosynthesis.[4] Ferredoxin transfers

one electron to 
avin adenine dinucleotide (FAD) to form FADH, which transfers the electron to

nicotinamide adenine dinucleotide phosphate (NADP+ ) to form NADPH, which is utilized in the Calvin

cycle.[5]
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Figure 1.1 Common Fe-S clusters found in nature. A) Fe2S2 clusters, B) Fe3S4 clusters, and C) Fe4S4

clusters

Furthermore, sensing functions have been shown for Fe2S2, Fe3S4, and Fe4S4 clusters.[4] Sensing occurs

in biological systems typically from transcription regulators that respond to needs of the cell. One example

is Iron-sulfur cluster regulator (IscR), a Fe2S2 cluster enzyme inEscherichia coli that responds to stresses

such as cellular oxygen (O2), to regulate the biosynthesis Fe-S clusters.[4] When Fe-S cluster demand is low

in anaerobic conditions (low O2), IscR uses its Fe2S2 cluster to bind the promoter region of the Fe-S cluster

biosynthetic operon, isc, to inhibit gene transcription of Fe-S cluster biosynthetic enzymes. When Fe-S

cluster demand is high (high O2), IscR cannot bind the isc operon, allowing for expression of Fe-S cluster

biosynthetic enzymes.[6]

Additionally, Fe 4S4 and complex Fe-S clusters have been identi�ed with catalytic capabilities.[4] One

fascinating example is hydrogenase, which is typically found in bacteria.[4] Hydrogenase catalyzes the

heterolytic cleavage of H2 and the reverse reaction, heterogenesis of H2. There are several types of

hydrogenases, where FeFe hydrogenase contains a complex Fe-S cluster termed the H-cluster. The

H-cluster consists of a di-iron center with a disulfur bridge-head where one of the Fe atoms is linked to a

Fe4S4 cluster.[7] Another interesting example is nitrogenase, the only enzyme capable of reducing nitrogen

gas (N2) to ammonia (NH3).[4] Nitrogenase in its most studied form consists of two proteins: the iron (Fe)

protein and the molybdenum-iron (MoFe) protein. The Fe protein contains a Fe4S4 cluster, and the MoFe

protein contains two clusters: one Fe8S7 cluster (P-cluster) and a MoFe7S9C-R-homocitrate center (FeMo

cofactor). The P-cluster transports electrons from the Fe protein Fe4S4 cluster to the FeMo cofactor, where

catalysis occurs.[8] Overall, it is apparent that Fe-S clusters have evolved signi�cantly to perform necessary

and catalytically demanding tasks in nature.

Another process performed by Fe-S clusters is sulfur donation.[4] Sulfur donation has been observed for

Fe2S2 and Fe4S4 clusters. One example is biotin synthase, which inserts sulfur into dethiobiotin, a precursor

to biotin, which is an essential nutrient.[4] Biotin synthase contains an Fe2S2 cluster and an Fe4S4 cluster.
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The Fe2S2 is presumed to be the source of sulfur for dethiobiotin since it is coordinated by three cysteine

residues and one arginine residue. This coordination makes the Fe2S2 cluster more prone to degradation

allowing for the sulfur atom to be removed more easily for insertion into dethiobiotin.[9] The ability of Fe-S

clusters to donate sulfur for various cofactors speaks to the complexity of their diverse functions.

From electron transport, sensing, catalysis, to sulfur donation, Fe-S clusters contribute to an array of

essential biological functions including photosynthesis, gene expression, nitrogen �xation, and cofactor

synthesis. The expanding knowledge on the abundance and essential functions of Fe-S clusters has led to

new research on strategies to combat disease and infection.[4] Compared to other applications such as small

molecules, maquettes and arti�cial proteins, biomimetic materials, Fe-S clusters in therapeutic development

accounts for the smallest amount of research (2%).[4] The next section (1.2) outlines the research on Fe-S

clusters as therapeutic targets. By doing so, the goal is to inspire future work on exploring Fe-S clusters

and functions as therapeutic pathways for a variety of health problems in our world today.

1.2 Fe-S Clusters in Therapeutic Development

This subsection is a portion of an article that was reproduced with permission from the journal

Coordination Chemistry Reviews and the co-authors.1.

Amy E. Boncella, Emily T. Sabo, Robert M. Santore, Jens Carter, Jacyln Whalen, Jesse D. Hudspeth,

Christine N. Morrison

Fe-S clusters participate in a range of processes essential for cellular function.[10] Their various roles are

being utilized in the development of new therapeutic strategies to treat a wide spectrum of human diseases

including type II diabetes (T2D), breast cancer, skin cancer, tuberculosis (TB), malaria, and other

infections.[11] In most cases, inhibitors are developed to target an Fe-S protein correlated to a disease

phenotype. Three main strategies have been identi�ed to inhibit Fe-S protein activity (Figure 1.2) (A) a

drug binds to a protein in the vicinity of its Fe-S cluster, (B) a drug binds directly to an open coordination

or substrate binding site on an Fe-S cluster, (C) a drug causes an Fe4S4 cluster to degrade to an Fe3S4

cluster or to completely degrade.[4] Additionally, there is one example, viperin, in which an Fe-S protein is

used to combat disease.[12{14] Most of the strategies discussed in this section require further development

to produce safe and e�ective therapeutics. Future important research directions include elucidating details

of the mechanisms of virulence for each target, designing more drug-like inhibitors, and testing the

speci�city of these molecules in mammals.

1Reprinted with permission of Coord. Chem. Rev, 241229(453), 1-71.
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Figure 1.2 Strategies to inhibit Fe-S protein activity. Inhibitors are being developed to target a Fe-S
protein correlated to a disease phenotype. We identi�ed three main strategies to inhibit Fe-S protein
activity: A) a drug binds to a protein in the vicinity of its Fe-S cluster, (B) a drug binds directly to an
open coordination or substrate binding site on an Fe-S cluster, and (C) a drug causes a Fe4S4 cluster to
degrade to an Fe3S4 cluster or degrade completely. In this �gure, yellow and red indicate an active and
inactive enzyme, respectively, and drugs are represented as purple circles.

Herein, therapeutic strategies that involve the proteins containing Fe-S clusters (Table 1.1 and

Table 1.2) will be reviewed. Within each section, examples of individual Fe-S proteins involved in

therapeutic development for speci�c human diseases will be discussed, with a focus on therapeutic

strategies that directly involve Fe-S clusters. Examples where the Fe-S cluster is not directly impacted by

drug binding.[15], therapeutics that aim to inhibit Fe-S cluster biosynthesis,[16{19], or other strategies that

involve Fe-S cluster proteins but do not directly involve their Fe-S clusters are not discussed.[20{23]

Table 1.1 [Fe2-S2] Clusters in Therapeutic Development

Fe-S
Protein
Target

Therapeutic
Indication

Drug
Therapeutic

Approach
(Figure 1.2)

Cluster
Ligands

References

mitoNEET
Type 2
diabetes

Pioglitazone
and

furosemide
A (Cys)3(His)1 [24{26]

NAF-1
Type 2
diabetes

Pioglitazone
and

resveratrol
A (Cys)3(His)1 [27, 28]

mitoNEET
Breast
cancer

MAD-28 A (Cys)3(His)1 [29, 30]

NAF-1
Breast
cancer

MAD-28 A (Cys)3(His)1 [29{31]

DHAD
M.

tuberculosis
infection

Aspterric
acid (lead

compound)
B (Cys)3(vacant) [32]
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Table 1.2 [Fe4-S4] Clusters in Therapeutic Development

Fe-S
Protein
Target

Therapeutic
Indication

Drug
Therapeutic

Approach
(Figure 1.2)

Cluster
Ligands

References

Aconitase Maralia Primaquine C (Cys)3(substrate) [33, 34]

Aconitase

Pseudomonas

uorescens
infection

(bacteremia)

Aluminum-
based

therapies
C (Cys)3(substrate) [35]

Succinate
dehydroge-

nase

Salmonella
enterica
infection
kidney
cancer

Cobalt-
based

therapies
C (Cys)4 [36, 37]

Fumarase
A

Escherichia
coli infection

Copper-
based

therapies
C (Cys)3(substrate) [38]

IspH
Bacterial
infections

and malaria

Pyridine
diphos-
phates

B (Cys)3(substrate) [39{41]

NadA
Escherichia

coli infection
DTHPA B (Cys)3(substrate) [42]

WhiB-like
proteins

Mycobacterium
tuberculosis

infection

No
inhibtiors

yet
identi�ed

(Cys)4 [43{47]

Fumarate
hydratase
(LmFH)

Leishmania
major

infection

No
inhibtiors

yet
identi�ed

(Cys)3(substrate) [48]

MqnE
Helibacter

pylori
infection

No
inhibtiors

yet
identi�ed

(Cys)3(AdoMet) [49{51]

Nsp12
SARS-CoV-2

infection
TEMPOL C (Cys)3(His) [52, 53]
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1.2.1 Fe 2 -S2 Clusters in Therapeutic Development

In this section, Fe2S2 clusters that are targeted in therapeutic development will be explored (Table 1.1).

The discussion is divided into the targeting of speci�c Fe-S cluster proteins to �ght human diseases

including T2D, breast cancer, and TB. This discussion includes three distinct targets. The �rst two are

members of the NEET family of Fe2S2 proteins, including mitoNEET and nutrient-deprivation autophagy

factor-1 (NAF-1). MitoNEET and NAF-1 (also known as Miner1 or ERIS) are located on the outer

mitochondrial membrane.[54, 55] The function of mitoNEET is still debated. Brie
y, evidence shows that

mitoNEET may serve as a cluster transfer protein[25, 56] and/or as a redox sensor.[57] The third target is

dihydroxyacid dehydratase (DHAD), which catalyzes amino acid biosynthesis, an essential process for the

pathogen, M. tuberculosis. Targeting the Fe2S2 cluster of DHAD with small-molecules that directly bind

the cluster could inhibit its function and may be useful for treating M. tuberculosis infections.[32]

MitoNEET is being explored as a target to combat T2D using small molecule inhibitors.[58] In 2003,

mitoNEET was found to form an adduct with the T2D drug pioglitazone, which is a member of the

thiazolidinedione (TZD) drug family.[57] In 2016, Geldenhuys et al.[59] discovered 59 TZD derivatives that

bind to mitoNEET, including derivatives that lack the TZD warhead. In a subsequent study, Geldenhuys

crystallized mitoNEET with the small molecule, furosemide, revealing hydrogen bonding interactions

between furosemide's carboxylic acid groups and the His residue coordinating the Fe2S2 cluster in

mitoNEET.[26] This �nding provides key structural information that can be used for the design of

therapeutics targeting mitoNEET. It is unclear if these inhibitors interfere with a cluster transfer function

and/or a redox sensing function in mitoNEET. One hypothesis is that small molecule mitoNEET inhibitors

interfere with cluster transfer, thereby leading to lower levels of Fe in the mitochondria.[60] This is relevant

to treating T2D since clinical studies have shown that iron accumulation leads to an increased risk for

T2D.[61] On the other hand, inhibitors may be interfering with redox cycling in mitoNEET.[57] To

illustrate, pioglitazone binds to mitoNEET 50x stronger when its Fe2S2 clusters are in their oxidized state,

indicating that the cluster oxidation state is an important factor in pioglitazone binding.[57] Additional

work is needed to clarify the function(s) of mitoNEET and understand its involvement in T2D.

NAF-1 is another NEET protein with a similar structure to mitoNEET, and it has also been

investigated as a target for therapies to combat T2D.[27] Almost a decade after the T2D drug pioglitazone

was shown to interfere with the Fe2S2 cluster in mitoNEET, pioglitazone and the natural product

resveratrol were also shown to impact the Fe2S2 cluster in NAF-1.[27] It was hypothesized that the binding

of these molecules to NAF-1 may prevent the transfer of Fe2S2 clusters from NAF-1 to apo-proteins in the

mitochondria; however, these molecules may also be interfering with the redox sensing mechanism of
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NAF-1. Another potential strategy to inhibit mitoNEET is metal-based therapeutics. To illustrate, EPR

studies have revealed that Zn2+ ions compete with the Fe2S2 cluster for binding in mitoNEET.[62] In

addition to T2D, mitoNEET and NAF-1 may be potential therapeutic targets to treat breast cancer, since

suppression of mitoNEET and NAF-1 levels in breast cancer cells reduces tumor growth.[30] When

mitoNEET and NAF-1 expression is suppressed, accumulation of Fe and Reactive Oxygen Species (ROS)

occurs in the mitochondria of breast cancer cells, suggesting that mitoNEET and NAF-1 partake in Fe and

ROS homoeostasis. When NAF-1 expression is enhanced, detoxi�cation of H2O2 and tumor growth

increase, further supporting a role of mitoNEET and NAF-1 in regulating Fe and ROS levels.[30, 31]

MAD-28 is a cluvenone (CLV) derivative that has been used to investigate NEET inhibition.[29]

Docking analyses suggests that MAD-28 binds in the vicinity of the Fe2S2 cluster and causes the

coordination bond between the Fe2S2 cluster and its His ligand to break, thereby destabilizing the Fe2S2

clusters and decreasing NEET activity in the mitochondria.[29] Therefore, targeting the Fe2S2 clusters of

mitoNEET and NAF-1 may be a promising direction for anticancer drugs, speci�cally cancer cells with

high levels of these proteins.[29, 30]

M. tuberculosis infections are transmitted through the respiratory system and most commonly manifest

as pulmonary tuberculosis in humans.[63] DHAD catalyzes the synthesis of branched chain amino acids

and is considered essential forM. tuberculosis survival.[32] DHAD is a homotetramer, and each subunit on

M. tuberculosis-DHAD contains an Fe2S2 cluster that is coordinated by three Cys residues and has a

vacant site predicted to bind a labile water molecule or hydroxide ion.[32] The natural substrates of DHAD

are (2R,3R)-dihydroxy-3-methyl valerate and (R) 2,3-dihydroxy isovalerate, which bind directly to vacant

ligand site of the Fe2S2 cluster.[32] Targeting this substrate-binding site on the Fe2S2 cluster of DHAD is a

potential target for new anti-TB drugs. Inhibition studies with aspterric acid showed competitive

inhibition ( K i = 10.1 ± 0.4 µM) of DHAD.[32] These results corroborate computational ligand-docking

experiments and suggest a potential site for inhibition ofM. tuberculosis-DHAD.[32] In addition, aspterric

acid successfully inhibited the growth of cyanobacteria, which contain DHAD with an Fe2S2 cluster.[64]

Interestingly, aspterric acid did not inhibit the growth of E. coli, Pseudomonas aeruginosa, or S. aureus, all

of which contain DHAD with an Fe 4S4 cluster.[64] Since amino acid synthesis is essential for these

organisms, targeting DHAD for new anti-TB drugs may be a promising strategy.

In summary, two promising Fe2S2 cluster targets for therapeutic strategies are mitoNEET and NAF-1,

which feature (Cys)3(His)1 cluster coordination and belong to the NEET protein family. Crystallography

and computational modeling suggest that small molecules can bind in the vicinity of the Fe2S2 clusters and

disrupt this His coordination to the cluster. This results in impaired function of the NEET proteins and is

being explored as a therapeutic strategy to combat T2D and breast cancer.[65] Notably, the function of
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NEET proteins as cluster transfer proteins and/or redox sensors is still debated. Another potential target

is the Fe2S2 cluster in DHAD in M. tuberculosis, which has a vacant coordination site amenable to small

molecule binding. This results in impaired DHAD catalytic activity, which is essential for M. tuberculosis

survival, and may therefore be a useful strategy for combatingM. tuberculosis infections.

1.2.2 Fe 4 -S4 Clusters in Therapeutic Development

Targeting Fe4S4 proteins has shown potential for combatting a wide range of infections caused by

parasites, bacteria, and viruses (Table 1.2).[4] The speci�c targets discussed will include aconitase,

succinate dehydrogenase, fumarase A, NadA, IspH, WhiB proteins, Leishmania major-fumarate hydratase

(LmFH), MqnE, and nsp12. The main methods of inhibition include binding to open coordination or

substrate binding sites on the cluster or cluster degradation. In some cases, speci�c inhibitors have not yet

been identi�ed, but the Fe-S cluster is considered a good target for therapeutic development. Notably, this

section also includes the use of viperin (not included in Table 1.2), which is itself an Fe-S protein, to

combat a variety of RNA and DNA viruses.

Aconitase converts citrate to isocitrate in the citric acid cycle and is expressed in a multitude of

organisms from bacteria to humans. Active aconitase contains an [Fe4S4]2+ cluster, which can degrade to

an [Fe3S4]1+ cluster, resulting in an inactive enzyme[33]Plasmodium falciparum, a parasite that causes

malaria, was discovered to express an iron regulatory protein that displays aconitase activity in 2005.[66]

Lal�eve et al. showed that the antimalarial drug primaquine (PQ) inhibits aconitase activity of this Fe

regulatory protein in vitro and in vivo by introducing ROS that cause the [Fe 4S4]2+ cluster to degrade to

the inactive [Fe3S4]1+ state, which inhibits parasite development[34] This suggests a potential strategy in

targeting the Fe4S4 cluster of aconitase to inhibit the development of malaria infections.

Transition metals can disrupt Fe4S4 clusters in di�erent ways, which may be useful for treating certain

infections. For example, a decrease inP. 
uorescens aconitase activity was observed in the presence of

aluminum.[35] UV{Vis analysis showed that the band corresponding to the Fe4S4 cluster in aconitase

diminishes with an increase in aluminum concentration.[35]P. 
uorescens was recently identi�ed as a

source of bacteremia, which is the condition of bacteria being present in the human bloodstream.[67]

Cobalt was also shown to inhibit essential Fe-S enzymes inSalmonella enterica, including aconitase and

succinate dehydrogenase.[36] It was hypothesized that cobalt competes with iron in the Fe4S4 cluster after

it degrades to a Fe3S4 intermediate, similar to zinc and other metals that interact with Fe-S clusters.[68]

Mutating one of the Cys residues that coordinate Fe-S clusters in succinate dehydrogenase has also been

suggested to inhibit its activity and cause kidney cancers.[37] These �ndings indicate that aluminum-based

therapies may inhibit the development of bacteremia by disturbing Fe4S4 clusters. Furthermore, disrupting

8



Fe-S clusters in succinate dehydrogenase has potential for the development of speci�c therapeutics to

combat S. enterica infections and kidney cancer.

Cu(I) was shown to degrade the Fe4S4 cluster of fumarase A in E. coli to an inactive Fe3S4 cluster

through production of a hydroxyl radical.[38, 69] This phenomenon is similar to the cluster degradation

observed in aconitase. This study serves as a model for therapeutic development against antibiotic

resistant pathogens. In other models such asB. subtilis, it has been shown that Fe-S enzymes including

aconitase, glutamine oxoglutarate aminotransferase (GOGAT), and isopropyl malate isomerase (LeuCD)

are also susceptible to Cu(I) toxicity when they lack reparative biological molecules with thiol functional

groups (biothiols).[70] Together, these �ndings suggest Cu(I)-based drugs may be capable of inhibiting

enzymes in pathogens by targeting their Fe4S4 clusters. Overall, the use of metal-based therapies to treat

pathogenic infections shows potential but has not yet been expanded into high level drug development.

(E )-1-hydroxy-2-methyl-but-2-enyl-4-di-phosphate reductase (IspH) is an essential enzyme found in a

variety of bacterial pathogens and malaria parasites and has been identi�ed as a target for drug

discovery.[41] It is essential for isoprenoid biosynthesis by catalyzing the reduction of the substrate

(E )-hydroxy-2-methyl-but-2-enyl-4-diphosphate (HMBPP) to form isopentyl diphosphate (IPP) and

dimethylallyl diphosphate (DMAPP).[40] IspH contains a Fe 4S4 cluster with three Cys ligands, and the

fourth Fe4S4 coordination site is available for substrate binding.[39] In 2011, Wanget al. showed that

pyridine diphosphates could inhibit IspH, presumably by binding to the unique Fe of the Fe4S4 cluster.[40]

Similarly, Quinolinate synthase (NadA) requires its Fe4S4 cluster to catalyze the synthesis of quinolinic

acid (QA).[71] The cluster is coordinated to the protein with three Cys residues, and it has an open

coordination site to interact with intermediates during QA formation.[72] In 2012,

4,5-dithiohydroxyphthalic acid (DTHPA) was shown to inhibit QA formation of NadA in E. coli and is

proposed to coordinate the unique Fe of the Fe4S4 cluster in NadA.[42] Since NadA is not found in

eukaryotes, it may be a potential target for developing antibacterial therapies. Further work is required to

demonstrate the e�cacy of these pyridine-type inhibitors on relevant cell lines before they can be

developed into useful antibiotic and antimalarial therapies.

WhiB-like (Wbl) proteins contain an Fe 4S4 cluster with four conserved Cys residues. The �rst structure

of a Wbl protein was reported in 2017 as an NMR structure, and it shows thatM. tuberculosis-WhiB1

consists of a four-helix bundle with a core of three -helices connected by one Fe4S4 cluster.[73] Wbl

proteins interact with domain 4 of principal sigma factor ( � A ) of the cell in M. tuberculosis, which is

commonly used for gene activation.[74] This has been demonstrated by the interaction of WhiB1 with

domain 4 of � A [75] and WhiB7 with domain 4 of � A .[76] Furthermore, a cryo-EM structure of WhiB7 with

the RNA polymerase complex ofM. tuberculosis reveals that the Wbl Fe4S4 cluster is solvent exposed,
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suggesting it is more susceptible to degradation by ROS.[77] Indeed, the Fe4S4 cluster in Wbl proteins is

susceptible to oxidative species such as nitric oxide (NO), which rapidly binds to Fe in Fe4S4 clusters with

stoichiometries of 8 NO molecules per cluster (2 NO molecules per Fe) as shown in WhiB1.[43] As NO

binds to the Fe atoms of the cluster, one S2- and three S0 atoms are released, indicating that the Fe4S4

cluster degrades completely when exposed to NO.[43] Studies on WhiB3 also show that it reacts with O2

and NO, suggesting it serves as a redox sensor inM. tuberculosis.[46]

The discoveries of NO sensitivity of Fe-S clusters have led to an increase in research in the sensing

abilities of WhiB proteins and how it relates to DNA transcription.[47] For example, a study on WhiB7

showed that certain Cys residues are required to activate antibiotic resistance genes inM. smegmatis.[45]

Here, it was suggested that Cys residues coordinate WhiB7's Fe4S4 cluster, and these mutations hinder the

ability of this pathogen to develop antibiotic resistance; however, further structural determinations are

required to con�rm this. Because Wbl proteins require an Fe4S4 cluster and this cluster can be degraded

with ROS, targeting Wbl proteins with ROS such as NO may be a potential strategy for developing

therapies to treat M. tuberculosis infections.

Cutaneous leishmaniasis is a tropical disease caused by the parasiteLeishmania major that

disproportionately a�ects lower income regions including South America, Africa, and the Middle East.[78]

Fumarate hydratase from L. major (LmFH) performs the reversible conversion of fumarate to S-malate

and is essential for metabolic processes inL. major .[48] In 2019, LmFH was shown to contain an Fe4S4

cluster coordinated by three Cys residues with one vacant site for binding substrates, either S-malate,

succinate, or fumarate.[48] Felicianoet al. suggest that since there is a lack of structural similarity between

class I parasitic and class II human FH enzymes, LmFH may be a good target for therapeutic

development.[48] A possible approach to therapeutic development against LmFH is targeted degradation of

its Fe4S4 cluster to Fe3S4. This is based on Feliciano's work showing that when the Fe4S4 cluster is

exposed to oxygen, it degrades to [Fe3S4]1+ . The [Fe3S4]1+ cluster lacks the Fe atom necessary for

substrate binding and therefore reduces enzyme activity. It may also be possible to design drugs that

directly bind to the open coordination site on the Fe4S4 cluster and inhibit catalysis.

MqnE is a SAM enzyme that catalyzes the conversion of didehydrochorismate (DHC) to

aminofutalosine (AF) through a one electron oxidation by its Fe4S4 cluster.[50] Three Fe atoms in the

cluster are coordinated by Cys residues, and the fourth Fe atom is coordinated by the amino and

carboxylate groups of the Met on SAM.[50] The DHC to AF conversion by MqnE is part of the

menaquinone biosynthesis pathway, which is essential in some species, such asHelicobacter pylori. H. pylori

is present in the gut of more than 50% of the world's population and is correlated with peptic ulcers and

gastric cancer. In 2020, Carlet al. showed that a 
uorinated analogue of DHC, 2F-DHC, selectively
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inhibits H. pylori growth by targeting MqnE and its role in menaquinone biosynthesis.[50] More work is

required to determine how 2F-DHC interacts with the Fe-S cluster in the inhibition of MqnE; however, this

�nding suggests the viability of targeting SAM enzymes that utilize Fe-S clusters for the development of

more speci�c antibiotics.

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is a novel virus that causes the

coronavirus disease of 2019 (COVID-19) and has led to a global pandemic.[79] SARS-CoV-2 utilizes an

essential RNA-dependent RNA polymerase (RdRp) called Nsp12 to synthesize viral RNA. Cryo-EM

revealed two metal binding structural motifs in Nsp12 consisting of one His and three Cys residues.[79]

These motifs were originally proposed to bind two zinc ions; however, Maioet al. used M•ossbauer

spectroscopy to reveal that Nsp12 contains 7.5± 0.35 iron atoms per monomer, suggesting it contains two

Fe4S4 clusters instead of zinc ions.[80] Maio also showed that oxidation of the Fe-S clusters with the

nitroxide TEMPOL (4-hydroxy-2,2,6,6-tetramethylpiperidin-1-oxyl) led to cluster disassembly, inhibition of

Nsp12, and inhibition of SARS-CoV-2 replication.[80] This suggests that targeting the Fe-S clusters of

Nsp12 may have therapeutic potential in combating SARS-CoV-2.

Thus far, the examples in this section describe the inhibition of Fe-S proteins to treat a variety of

diseases. A clear standout from this are viperins, which are Fe-S enzymes with antiviral properties.[12, 81]

Viperin is a radical SAM enzyme[13] conserved in animals and highly expressed in the presence of

interferons.[14] In humans, viperins have broad antiviral activity against RNA and DNA viruses, including

human cytomegalovirus, West Nile virus, dengue, hepatitis C, HIV, rabies, in
uenza, and Zika.[12, 81]

Viperin functions by converting cytidine triphosphate (CTP) to a modi�ed nucleotide,

3-deoxy-3,4-didehydro-CTP (ddhCTP).[81] When viral RNA-dependent RNA polymerases incorporate

ddhCTP into the viral RNA, ddhCTP serves as a chain terminator and prevents further polymerization.[81]

Prokaryotic viperins have also been shown to inhibit viral polymerase-dependent transcription.[12]

There are many examples of Fe4S4 proteins targeted for therapeutic development. Fe4S4 proteins

appear to be particularly fruitful targets for combating infections caused by parasites, bacteria, and

viruses. To the best of our knowledge, Fe4S4 proteins are not yet being targeted for the treatment of other

diseases, such as cancer. The main methods of Fe4S4 protein inhibition include binding to open

coordination or substrate-binding sites on the Fe4S4 cluster or cluster degradation. This can be

accomplished with small molecule inhibitors, external metal ions, or ROS. In most examples,

proof-of-concept has been established, but further drug discovery and development is required. In several

examples, such as Wbl, LmFH, and MqnE, no inhibitors have yet been identi�ed, but the targets are

considered viable. Notably, viperin is itself an Fe-S protein with antiviral properties. To the best of our

knowledge, it is the only example of an Fe-S protein being used to treat diseases.
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Another, somewhat di�erent approach used in therapeutic strategies are proteins containing multiple

Fe-S clusters. This area of research is limited, with only one target identi�ed: the small T (sT) antigen of

Merkel cell polyomavirus (MCPyV).[82] MCPyV plays an essential role in Merkel cell carcinoma, a rare

type of skin cancer. MCPyV sT stimulates large tumor antigen (LT) in viral replication.[82] In 2016, Fe2S2

and Fe4S4 clusters were identi�ed in MCPyV small tumor antigen (sT).[82] The Fe 2S2 and Fe4S4 clusters

are each coordinated by three Cys residues and one unknown ligand,[82] and protein activity can be

inhibited by mutating the Cys ligands coordinating the Fe-S clusters. This suggests that the coordination

of its Fe-S clusters is essential for MCPyV sT's function and targeting the clusters may be an e�ective

strategy against Merkel cell carcinoma. However, many details of the mechanism behind MCPyV sT's Fe-S

clusters in viral DNA replication remain unclear.

The targeting of Fe-S clusters for therapeutic development to improve human health is a young and

growing �eld that continues to expand to di�erent types of diseases such as T2D, breast cancer, skin

cancer, kidney cancer, malaria, and infections fromM. tuberculosis, L. major , S. enterica, E. coli, H. pylori ,

P. 
uorescens, and SARS-CoV-2.[4] Fe-S cluster containing proteins may be useful in the development of

new treatments for pathogenic infections { particularly ones that have already developed a resistance to

existing therapies { because Fe-S clusters often participate in essential redox reactions that regulate

oxidative stress in the organism and/or activate antibiotic resistance genes.[4] By surveying progress thus

far in the �eld, three primary approaches have been identi�ed for inhibiting Fe-S proteins (Figure 1.1).

Thus far, approach A has only been demonstrated with NEET protein targets; however, it may be a viable

strategy for other Fe-S targets. The most common types of inhibitors observed in the examples described

are small molecules, metal ions, or ROS. Few novel drug candidates have been identi�ed to target Fe-S

clusters, although some existing FDA approved drugs have been retroactively shown to interact with Fe-S

clusters, such as pioglitazone and primaquine.[24, 34] However, Fe-S clusters are challenging to study since

they require anaerobic environments. Since Fe-S clusters perform essential biological processes, one

approach is to target enzymes involved in the biosynthesis of Fe-S clusters in pathogenic organisms to

inhibit their survival. In the next section, the process of Fe-S cluster biosynthesis is explored, including the

pathways that are potential targets for therapeutic development.

1.3 Fe-S Cluster Biosynthesis

Due to the toxicity of free Fe2+ and S2- in cells, complex pathways are required to produce Fe-S

clusters.[83] However, the variety of essential functions performed by Fe-S clusters in biological systems

suggests potential for therapeutic strategies that include pathways that form Fe-S clusters.[16, 17, 19, 84]

Fe-S cluster biosynthesis is complex, and so this section will focus on the steps involved in Fe-S cluster
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biosynthesis pathways in bacteria. By doing so, potential therapeutic targets can be identi�ed for

pathogens that require Fe-S cluster biosynthesis for survival, and do not have redundant enzymes found in

humans.

In general, Fe-S cluster biosynthesis occurs in three steps: (1) sulfur mobilization, (2) cluster assembly,

and (3) cluster transfer (Figure 1.3). Step (1) of Fe-S cluster biosynthesis involves sulfur mobilization,

which begins with a cysteine desulfurase enzyme a pyridoxal-5'-phosphate (PLP) cofactor dependent

enzyme. Cysteine desulfurases catalyze the desulfurization of free cysteine to form a persul�de on a

catalytic cysteine residue resulting in an alanine byproduct. There are two classi�cations of cysteine

desulfurases: type I and type II (Figure 1.4).[85, 86] Both type I and type II cysteine desulfurases contain a

conserved histidine (His) residue that participates in acid-base catalysis in the cysteine desulfurase

mechanism, a conserved cysteine (Cys) residue that forms the activated persul�de (Cys-SS-), and a

conserved lysine (Lys) residue that binds the PLP cofactor. Type I cysteine desulfurases, such as NifS or

IscS (from the Nitrogen �xation (NIF) and Iron-sulfur cluster (ISC) pathways), contain a sequence

insertion following the catalytic Cys, implying a conformational change is required to bring the Cys residue

in proximity of PLP for catalysis. Type II cysteine desulfurases, such as SufS, have a shorter loop (� 10

amino acids), and do not require a conformational change for catalysis.[86] It is typical for type II cysteine

desulfurases to utilize a sulfur shuttling protein in the sulfur mobilization step to serve as an intermediate

to cluster assembly. Step (2) of Fe-S cluster biosynthesis is cluster assembly is less understood than sulfur

mobilization but occurs on sca�old proteins; however, the exact mechanism of Fe-S cluster assembly

remains unknown. Although the source of sulfur is understood to arise from cysteine desulfurases, the

source of iron is unclear. The �nal step of Fe-S cluster biosynthesis is step (3): cluster transfer occurs from

the Fe-S cluster sca�old protein or protein complex to apo-acceptor proteins that act as a chaperone to

other apo-proteins that accept Fe-S clusters to perform Fe-S cluster functions. The later steps of Fe-S

cluster biosynthesis are much less understood than the �rst step.
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Figure 1.3 Fe-S cluster biosynthesis. The �rst step of Fe-S cluster biosynthesis is 1) sulfur mobilization
where a cysteine desulfurase enzyme catalyzes the desulfurization of cysteine producing alanine and a
persul�de on a catalytic cysteine residue. The second step is 2) cluster assembly where Fe2+ is
incorporated to assemble Fe-S clusters on a sca�old protein or protein complex. Finally, 3) cluster transfer
is where the sca�old protein or protein complex transfers the Fe-S clusters to target acceptor proteins.

Figure 1.4 Two types of cysteine desulfurases. A) Type I cysteine desulfurases require a large topological
change to proceed to catalysis. B) Type II cysteine desulfurases only require a slight rotation in the Cys
side chain to proceed to catalysis.
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Although Fe-S cluster pathways do exist in humans,[87] the examples of Fe-S cluster pathways

described herein are utilized in bacteria. This is in part due to the greater knowledge that exists on

bacterial Fe-S cluster biosynthesis. In addition, there is evidence that Fe-S cluster biosynthesis may contain

novel targets for antimicrobial therapies.

Several Fe-S cluster pathways have been identi�ed for bacteria including the NIF, ISC, and (Sulfur

mobilization)-dependent (SUF) pathways. It is interesting to note that Gram-negative bacteria such asE.

coli, rely on multiple Fe-S cluster pathways. E. coli typically uses the ISC pathway for Fe-S cluster

assembly; however, in times of Fe starvation or oxidative stress, it relies on the SUF pathway.[88]

Gram-positive bacteria are thought to rely exclusively on the SUF pathway for Fe-S cluster biosynthesis.

This includes B. subtilis, M. tuberculosis, and S. aureus; however, distinctions in the suf operon has led the

SUF pathway in Gram-positive bacteria to be termed the SUF-like pathway.[89{91]

The NIF pathway begins with the type I cysteine desulfurase, NifS. In 1993, NifS fromAzotobacter

vinelandii was discovered as the �rst enzyme with cysteine desulfurase activity.[92] Through genetic

analysis, NifS was identi�ed as an essential gene product for the formation of the nitrogenase

Fe-protein.[93] The Fe-protein is a homodimer that coordinates a single Fe4-S4 cluster at the monomer

interface as well as two ATP molecules (one in each monomer).[94] NifS gives its captured sulfur to NifU,

which functions as a sca�old protein to form a transient Fe2-S2 cluster, suggesting that the Fe4-S4 cluster

in the Fe-protein is assembled after NifU �rst forms a Fe2-S2 cluster.[95] NifU is capable of activating the

Fe-protein in nitrogenase; however the mechanism of Fe4-S4 cluster formation on the Fe-protein NifU has

not been shown.[95] NifU is capable of activating the Fe-protein in nitrogenase; however the mechanism of

Fe4-S4 cluster formation on the Fe-protein NifU has not been shown.[96] NifU shares a high sequence

homology with IscU (discussed later in this section), which has been shown to convert its Fe2S2 cluster to

Fe4S4 through reductive coupling.[97] This research suggested that NifU could participate in a reductive

coupling mechanism to assemble a Fe2-S2 cluster into a Fe4-S4 cluster for the Fe-protein in nitrogenase. In

addition, NifS and NifU have been identi�ed as essential proteins for the human pathogenH. pylori and

may therefore be worthwhile to explore as potential targets for drug development.[98]

The ISC pathway is the primary Fe-S cluster biosynthetic pathway in E. coli.[99] In 1998, IscS was

puri�ed from A. vinelandii and shown to have the same cysteine desulfurase activity asA.

vinelandii -NifS.[100] IscS was then shown to play a role in Fe-S cluster formationin vivo.[101] IscS has also

been shown to repair nitric oxide-modi�ed Fe2S2 clusters in ferredoxin.[102] Brie
y, the repair occurs by

free cysteine removing the nitric oxide components from the dinitrosyl iron complex leaving an unstable

iron center transiently associated with the protein. Then, free cysteine acts as a substrate to provide sulfur

for IscS to react with the iron remaining from the dinitrosyl complex to form Fe 2S2 clusters.[102] Mass
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spectrometry later revealed that IscS transfers sulfur atoms to the sca�old protein, IscU, indicating that

sulfur mobilization is the �rst step in the ISC pathway.[103] Crystallographic studies of IscU demonstrated

that it contains an Fe2S2 cluster with (Cys) 3His coordination.[104] Together these �ndings suggest IscU

acts as a sulfur acceptor protein and an Fe-S cluster sca�old protein. In bacteria, the ISC pathway utilizes

IscS as the cysteine desulfurase, while in mammals the ISC pathway is proposed to utilize Nfs1 as the

cysteine desulfurase.[105] The role of Nfs1 in Fe-S cluster assembly is supported by evidence that Nfs1

facilitates the in vitro assembly of Fe-S clusters and is capable of transferring sulfur from cysteine to

dithiothreitol at comparable rates with other cysteine desulfurases.[106]

In addition to the NIF and ISC pathways, some bacteria also utilize the SUF pathway. In

Gram-negative bacteria such asE. coli, the SUF pathway has exhibited a stronger resistance to oxidative

stress than its ISC counterpart. More speci�cally, the cysteine desulfurase activity of the IscS-IscU

complex is more susceptible to oxidative modi�cation by H2O2 than the SUF counterparts (SufS-SufE).[88]

In some Gram-positive bacteria such asB. subtilis, the ISC pathway is nonexistent and the SUF pathway is

the only source of Fe-S cluster biosynthesis. Current understanding of the enzymatic mechanisms within

the SUF pathway have been discussed in review articles[107, 108] where a majority of the knowledge

regarding the SUF machinery is found in theE.coli and B. subtilis systems.

Sulfur mobilization for the SUF pathway begins with the cysteine desulfurase, SufS. Both cysteine

desulfurases in theE. coli and B. subtilis SUF pathways are termed SufS, and both are type II cysteine

desulfurases that utilize unique sulfur shuttling proteins (SufE in Gram-negative bacteria and SufU in

Gram-positive bacteria). The SufS mechanism is described in more detail in Chapter 2. SufE and SufU

have low sequence homology, and unlike SufE, SufU contains an essential zinc cofactor that is utilized in

the cysteine desulfurase mechanism.[109, 110]E. coli SufS participates in a two-component system with

the sulfur shuttling protein, SufE, in which the activity of SufS is enhanced � 50-fold when in complex with

SufE.[111] Similarly, the B. subtilis SufU enhances SufS activity� 40-fold[112] and also serves as a sulfur

acceptor protein through a proposed zinc-ligand swapping mechanism. In this mechanism, Cys41, a Zn(II)

ligand in SufU is replaced by His342 from SufS. Then, Cys41 in SufU accepts sulfur from the persul�de on

Cys361 in SufS (Figure 1.5).[109] Interestingly,E. coli contains a third cysteine desulfurase, CsdA, that

interacts with the SufE-SufBCD protein complex to enhance Fe-S cluster biogenesis.[113] Similar to IscS,

NifS, and SufS, CsdA utilizes a partner protein that enhances cysteine desulfurase activity by transferring

sulfur to Cys61 on CsdE.[114] However, the role of CsdA in Fe-S cluster biosynthesis is less clear than that

of SufS, NifS, and IscS.
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Figure 1.5 Zinc-ligand swapping mechanism proposed forB. subtilis SufSU complex. The resting state of
BsSufU contains a Zn2+ active site coordinated by (Cys)3Asp. Once BsSufS is introduced, a His residues
from BsSufS displaces a Cys residue from Zn2+ coordination resulting in a (Cys)2AspHis coordination.

After sulfur mobilization, Fe-S cluster assembly for the SUF pathway is proposed to occur on the

SufBCD complex. Biochemical and spectroscopic analysis revealed a 1:2:1 (B:C:D) stoichiometry for the

SufBCD complex and the assembly of an Fe4S4 cluster.[115] In 2015, a crystal structure of SufBCD from

E. coli was published providing insight into the structure and potential mechanism for Fe-S cluster

formation (Figure 1.6).[116] The SufBCD structure indicated an adenosine triphosphate (ATP) binding

motif through two components of SufC. This ATP-binding cassette (ABC) was novel and suggested a

conformational change driven by ATPase activity. While Fe-S cluster assembly remains unclear, little

information is known on cluster transfer. However, SufA, was shown to assemble an Fe2S2 cluster with the

ability to transfer the cluster to Fe

As mentioned previously, most of the research on the SUF pathway has been done inE. coli and B.

subtilis. These model organisms have paved the way for further research to be done on more pathogenic

bacteria. It is important to note that the SUF pathway is essential for pathogenic bacteria such asM.

tuberculosis and S. aureus.[89, 91] In addition, the SUF pathway does not exist in humans, making it a

possible target for antibiotic development. Recently structural and biochemical characterization has begun

on the M. tuberculosis and S. aureus SufSU complexes.[117, 118] However, there is still a gap in

understanding regarding kinetic aspects of the catalytic mechanism, data that are foundational for

understanding the sulfur mobilization process for the SUF pathway inS. aureus.
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Figure 1.6 Crystal structure of SufBC2D complex from E. coli. The E. coli SufBC2D complex was
crystalized to reveal a tetrameric structure with two SufC monomers (yellow and pink), one SufD monomer
(green), and one SufB monomer (blue). Co-crystallization with Hg2+ (left) revealed a similar structure to
the apo SufBC2D (right).

1.4 Research Aims

The overarching research goal for my dissertation is to gain a fundamental mechanistic understanding

of the �rst two steps in the SUF biosynthetic pathway in S. aureus. By investigating Fe-S cluster

biosynthesis (speci�cally the SUF pathway in S. aureus), potential targets for antibiotic development can

be identi�ed that will inhibit the synthesis of Fe-S clusters in S. aureus, which will in turn prevent the

survival of S. aureus. Due to the lack of evidence for the mechanism of Fe-S cluster formation and transfer

to acceptor proteins of the SUF pathway, a more practical approach to identifying novel antibiotic targets

begins with the enzymes that catalyze sulfur mobilization. For speci�c and targeted approaches, it is

important to have a strong fundamental understanding of these enzymes prior to development of inhibitors.

I aim to accomplish this goal by the following research aims:

1. Provide the �rst kinetic characterization of the cysteine desulfurase SufS fromS. aureus.

2. Develop a method to spectrophotometrically assess the strength of inhibitor binding to SufS fromS.

aureus

3. Investigate the second step of sulfur mobilization involving the SufS-SufU complex fromS. aureus.
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CHAPTER 2

KINETIC ANALYSIS OF CYSTEINE DESULFURASE SUFS FROM STAPHYLOCOCCUS AUREUS

This chapter is an article that was submitted to the Journal of Biological Chemistry and reproduced with

permission of the co-authors.

Emily T. Sabo2, Grayson Gerlich3, Connor Nelson2, Veronica Stark2, Katelyn Aasman2, Christine

Morrison2, Je�rey Boyd 4, and Richard C. Holz2

2.1 Abstract

The cysteine desulfurase (SufS) fromStaphylococcus aureus(SaSufS), which initiates the �rst step of the

Fe-S cluster biosynthetic sulfur mobilization (SUF) pathway, was kinetically characterized. SufS catalyzes

the desulfurization of free cysteine (Cys) using pyridoxal 5'-phsophate (PLP) as a cofactor to form a

persul�de on a catalytic Cys residue, producing the byproduct alanine (Ala). Modi�cations to the reported

assay that involves derivatization of a 
uorescent adduct formed between alanine and naphthalene

2,3-dicarboxaldehye (NDA), was utilized to measure Michaelis-Menten kinetic parameters ofSaSufS with

Cys as the substrate resulting in akcat value of 4.1± 0.5 min-1 and a K m of 600± 170 � M. kcat was

determined as a function of pH and the resulting plot of log(kcat ) as a function of pH revealed a

pK ES1value for the enzyme-substrate complex (SaSufS-Cys) of 6.1± 0.2, which is likely due to the

catalytically relevant residue His147. Varying percent D2O in the reaction solvent resulted in normal and

inverse isotope e�ects with fractionation factors of � = 0.026 ± 0.002 and� = 0.53 ± 0.03 respectively.

The low fractionation factor for the normal isotope e�ect contribution was proposed to be due to proton

tunnelling for the deprotonation of the Cys-aldimine intermediate by the NH2 group of Lys250, which is

supported by molecular dynamics calculations. The inverse isotope e�ect is most likely due to the solvent

equilibrium isotope e�ect from contributing thiols (Cys389 or Cys substrate). These data provide new

insight into the catalytic mechanism of cysteine desulfurase enzymes.

2.2 Introduction

Iron-sulfur (Fe-S) clusters have existed on Earth for over three billion years, and it is thought that the

similarities in structure and chemical reactivity between mineral and biological Fe-S clusters may account

for the origin of life.[119] Iron-sulfur proteins perform essential functions in nearly all forms of life, including

electron transport, catalysis, sulfur donation, and sensing reactive oxygen species (ROS).[4] Free Fe2+ and

2Department of Chemistry, Colorado School of Mines
3Quantitative Biosciences and Engineering Program, Colorado School of Mines
4Department of Biochemistry and Microbiology, Rutgers University
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S2- are toxic to cellular environments; therefore, complex pathways are required to form Fe-S clusters in

living organisms.[83] Fe-S cluster biosynthesis takes place in three general steps: (1) sulfur mobilization, (2)

Fe-S cluster assembly, and (3) Fe-S cluster transfer.[120] Several Fe-S cluster biosynthetic pathways have

been identi�ed including the nitrogen �xation (NIF), iron-sulfur cluster (ISC), cytosolic Fe-S cluster

assembly (CIA), and sulfur mobilization (SUF) pathways.[121] Certain bacteria rely on multiple pathways

for Fe-S clusters. For example, Escherichia coli primarily utilizes the ISC pathway; however, E. coli also

utilizes the SUF pathway in times of Fe starvation or oxidative stress.[122] Other bacteria, such asBacillus

subtilis, Mycobacterium tuberculosis, and Staphylococcus aureus, rely exclusively on the SUF pathway for

Fe-S cluster synthesis.[89{91] Mechanistic distinctions have been observed between the stress-responsive

SUF pathway in E. coli and the exclusive SUF pathway inB. subtilis.[123] Since the SUF pathway is

exclusive to pathogenic bacteria, includingS. aureus, is essential and does not exist in human cells,

investigation of this pathway may provide insight into potential targets for antibiotic development.[91]

Sulfur mobilization for Fe-S cluster biosynthesis begins with a class of enzymes termed cysteine

desulfurases.[124{126] Cysteine desulfurases are pyridoxal 5'-phosphate (PLP)-dependent enzymes that

catalyze the conversion of free cysteine (Cys) to alanine (Ala) and form a persul�de on a catalytic Cys

residue.[124{126] Cysteine desulfurases have been categorized into two types.[86, 127] Type I cysteine

desulfurases, such as NifS and IscS, contain a large sequence insertion following the catalytic cysteine

residue that results in spatial separation of the catalytic cysteine from the PLP cofactor, indicating a large

structural change is needed for catalysis.[86] In contrast, type II cysteine desulfurases, such as SufS and

CsdA, have an� 10 amino acids shorter loop, positioning the catalytic Cys in closer proximity with

PLP.[127] Unlike type I cysteine desulfurases, type II cysteine desulfurases utilize a shuttling protein

(CsdE, SufU, or SufE depending on the organism) to transfer sulfur to downstream proteins involved in

Fe-S cluster formation.[128, 129]

The SufS from S. aureus (SaSufS) is highly homologous to other type II cysteine desulfurases fromE.

coli, B. subtilis, and Synechocystissp. PC6803.[125, 130, 131] Site-directed mutagenesis, X-ray

crystallography, and stopped-
ow kinetic analysis of EcSufU and BsSufU have identi�ed key intermediates

and likely catalytic roles for the active site residues Lys226, His123, and Cys389 inEcSufS in which Lys226

binds to PLP forming an internal aldimine (Schi� base) (Figure 2.1).[132] Free Cys then displaces Lys226

forming ketoenamine and enolimine tautomers. Since mutation of Lys226 disrupts PLP binding,

crystallographic data suggests that Lys226 acts as an acid and a base to generate the Cys-quinonoid and

Cys-ketimine intermediates. Mutations of His123 to Ala resulted in a trapped Cys-ketimine intermediate,

suggesting His123 plays a key role in reacting with this intermediate. Crystallographic evidence also

suggests His123 is positioned to deprotonate the nucleophilic -SH group of Cys364, allowing for C-S bond
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cleavage on the Cys-PLP complex, forming an Ala-enamine intermediate. His123 also likely acts to

protonate the Ala-enamine intermediate after C-S bond cleavage, forming an Ala-ketimine, which can react

with Lys226, releasing Ala and forming the initial internal aldimine.[132]

Figure 2.1 Cysteine desulfurase reaction scheme for SufS where the L-cysteine substrate is shown in purple
and PLP and SufS active site residues are shown in black.
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It has been shown that the SUF pathway is essential inS. aureus,[91] making it a viable target for

antimicrobial development. Gaining a more complete understanding of its catalytic mechanism is essential

for drug development. Herein we report signi�cant improvements to the reported enzymatic assay[133, 134]

for SaSufS, which were implemented and validated. This modi�ed assay was then used to kinetically

examine the catalytic reaction of SaSufS. The pH dependence ofkcat was examined at 20� C, revealing one

pK ES value. Solvent isotope e�ect kinetic studies conducted at 20� C and pH 8.0 revealed one proton

transferred in the reactant state from the normal isotope e�ect and multiple protons transferred in the

transition state from the inverse isotope e�ect. Molecular dynamics (MD) simulations provided supporting

evidence that the one proton transferred in the reactant state is due to a tunnelling e�ect. Based on these

data, new insights into the catalytic mechanism ofSaSufS were gleaned and provide evidence for active site

residues that play catalytic roles.

2.3 Materials and Methods

Materials. All chemicals were purchased from commercial sources of the highest quality available. The

commercial sources include Ambeed, Fisher, Oakwood, or Sigma-Aldrich, unless stated otherwise. TheS.

aureus SufS plasmid was received from the Boyd lab. TheB. subtilis SufS plasmid was purchased from

Genscript. BL-21(DE) cells, kanamycin, Luria-Bertani (LB) Broth, imidazole, and

tris(hydroxymethyl)aminomethane hydrochloride (Tris-HCl) were purchased from Thermo Fisher Scienti�c.

Isopropyl-� -D-1-thiogalactopyranoside (IPTG), potassium chloride (KCl), L-cysteine, L-alanine,

trichloroacetic acid (TCA), boric acid, sodium hydroxide, potassium cyanide,

2-(N-morpholino)ethanesulfonic acid (MES), N-cyclohexyl-3-aminopropanesulfonic acid (CAPS),

hydrochloric acid, and glycerol were purchased from Sigma Aldrich. Pyridoxal 5'-phosphate (PLP),

3-morpholnopropane-1-sulfonic acid (MOPS), tris(2-carboxyethyl)phosphine (TCEP),

2,3-napthalenedicarboxyaldehyde (NDA), and sodium 2-[bis(2-hydroxyethyl)amino]acetate (bicine) were

purchased from Ambeed. 5 mL IMAC Ni-NTA puri�cation columns were purchased from Qiagen.

Deuterium oxide (D2O) was purchased from Oakwood Chemical. Sodium deuteroxide (NaOD) was

purchased from Cambridge Isotope Laboratories, Inc.

Plasmids, cell cultures, and protein puri�cation. The plasmid for SaSufS was received from the Boyd

lab and the BsSufS plasmid was purchased from Genscript (Piscataway, NJ) as described in previous

work.[118] The SaSufS andBsSufS plasmids were transformed into the BL-21(DE)E. coli strain in the

presence of kanamycin at a �nal concentration of 50� g/mL. A 100 mL starter culture containing LB

broth, 50 � g/mL of kanamycin, and a scrape of either theSaSufS or BsSufSE. coli expression system was

grown overnight at 37� C. The next day, the starter culture was diluted in 800 mL with LB broth
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containing 50 � g/mL of kanamycin and grown at 37� C until reaching an OD600 of 0.8-1. Cells were

supplemented with PLP at a �nal concentration of 625 � M and 1 mM for SaSufS andBsSufS, respectively.

Cells were then induced with a �nal concentration of 0.2 mM IPTG. After PLP supplementation and

induction, cells were grown for 20 hours at 20� C.

Cells were harvested by centrifugation at 7,000 rpm for 15 minutes using a Beckman Coulter Avanti

J-26 XP centrifuge. Cells were lysed in a binding bu�er (50 mM Tris-HCl, pH 7.8, 500 mM KCl, 20 mM

imidazole) and centrifuged at 17,000 RPM at 4� C for 45 min. The supernatant was �ltered through a 0.45

� m nitrocellulose syringe �lter before loading onto a HisTrap HP column (Cytiva). After washing the

column with �ve column volumes of the binding bu�er, the protein was eluted with a linear gradient of

0-100% of an elution bu�er (50 mM Tris-HCl, pH 7.8, 500 mM KCl, 250 mM imidazole). Fractions were

collected, concentrated, and bu�er exchanged into the assay storage bu�er (100 mM MOPS, pH 8.0, 10%

glycerol) using Amicon Ultra-15 Centrifugal �lters (30 kDa) and an Eppendorf 5810 R centrifuge by

spinning at 4,000 rpm until the sample was less than 1 mL. The process of bu�er exchanging was repeated

three times. SDS-polyacrylamide gel electrophoresis (SDS-PAGE) revealed a single polypeptide band at 48

kDa, consistent with previous studies. Puri�ed protein was aliquoted, 
ash-frozen, and stored at -80� C.

Ultraviolet-Visible absorbance spectroscopy. Prior to each cysteine desulfurase assay, protein aliquots

were combined to the desired volume and centrifuged at 13,000 x g for 5 minutes using an Eppendorf 5424

centrifuge to separate any precipitate. Following centrifugation, protein concentration was determined

using the absorbance at 280 nm on a Shimadzu UV-2600i spectrophotometer. The molar extinction

coe�cient of SaSufS andBsSufS were calculated using their known amino acid sequence on Expasy.[135]

Protein concentration was calculated using the Beer-Lambert law and absorbance measurement at 280 nm

in triplicate, where "280 = 41,830 cm-1M -1 for SaSufS and"280 = 44,250 cm-1M -1 for BsSufS. PLP

occupancy was determined prior to each cysteine desulfurase assay as described previously with minor

modi�cations.[118] Varying amounts of SaSufS or BsSufS were diluted in 100 mM MOPS, pH 8.0, 10%

glycerol to 800 � L. 200 � L of 5 M NaOH was added, and samples were incubated at 75� C for 10 minutes.

Then, 85 � L of 12 M HCl was added, and samples were centrifuged at 15,000 x g for 5 minutes using an

Eppendorf 5424 centrifuge. The supernatant was transferred to a cuvette and the absorbance was

measured at 390 nm. A standard curve of known PLP concentrations ranging from 0-100� M under

identical experimental conditions was used to quantify the PLP concentrations.

Cysteine desulfurase assay. Cysteine desulfurase activity was determined using a 96-well plate as

previously reported.[129, 134, 136] Ala production was quanti�ed using a developing reaction with

napthalene-2,3-dicarboxaldehyde (NDA), which forms a 
uorescent adduct with Ala. All assays were

prepared using an Eppendorf Xplorer multichannel pipette, a black 96-well plate, and plastic multichannel
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reservoirs. For the room temperature kinetic analysis, 120� L reactions were carried out containing 100

mM MOPS at pH 8.0, 2 mM TCEP, and 50 � M SaSufS or BsSufS with varying concentrations of Cys

(0-1500� M). 60 � L of each Cys concentration examined was added to 60� L of 100 � M SaSufS or BsSufS

to initiate the reaction, and 24 � L of 6% trichloroacetic acid (TCA) was added to quench the reactions at

1-, and 2-minute timepoints (for a �nal concentration of 1% TCA). TCA was added to SaSufS or BsSufS

prior to adding cysteine for the 0-minute timepoints. Once all reactions were quenched, a developing

reaction was set up. A solution of 88 mM KCN and 880 mM sodium borate pH 9 was made immediately

prior to setting up the developing reaction. A stock solution of NDA (dissolved in methanol) was combined

with the KCN/sodium borate mix. 56 � L of the NDA/KCN/sodium borate mix was added to each well to

a �nal concentration of 2 mM NDA, 20 mM KCN, and 200 mM sodium borate. The plate was incubated in

the dark for 30 minutes, and then the resulting 
uorescence was measured using a BioTek Synergy Neo2

multimode plate reader using an excitation wavelength of 390 nm and an emission wavelength of 440 nm.

The Ala-NDA adduct was quanti�ed using a standard curve of Ala under identical reaction conditions for

each concentration of Cys to account for any background 
uorescence from the unstable Cys-NDA adduct.

Initial velocities were calculated from the slope of nanomoles of Ala produced over time.

For the pH studies, all reactions were carried out with 2 mM TCEP, 50 � M SaSufS, and 1,500� M

cysteine. Di�erent bu�ers were used for each pH range: 100 mM MES (pH 5.5-6.5), 100 mM MOPS (pH

7-8), 100 mM bicine (pH 8.5-9), 100 mM CAPS (pH 9.5-11.5). To account for bu�er e�ects, experiments

were repeated in triplicate in 100 mM MES (pH 7), 100 mM MOPS (pH 6.5 and 8.5), 100 mM bicine (pH 8

and 9.5), and 100 mM CAPS (pH 9). SaSufS precipitated immediately in pH 5 and below. For the solvent

isotope studies, 100 mM MOPS pH 8 bu�er was prepared in H2O and D2O. For the 100 mM MOPS bu�er

prepared in D2O, the pH was adjusted by the addition of NaOD and corrected for deuterium by adding 0.4

to the reading of the pH electrode.[137] Ala, Cys, and TCEP bu�ers were prepared in varying

concentrations (0-100%) D2O. All development reactions were carried out as described for the substrate

saturation experiments.

Data processing. Data were �t in Python (Python Software Foundation, Wilmington, DE). All data

were taken in triplicate and each plot represents the means of a minimum of three samples. As a result,

error bars represent standard error, with the number of total triplicate samples indicated in the �gure

caption. Error was propagated from experimental data to logarithmic plots using a calculus-based

approach detailed in the supplemental information (Equation S1, S2). Speci�c activity data were �t to the

Michaelis-Menten equation. The coe�cient of determination R 2 alone was deemed insu�cient for model

selection because the models used to evaluate the pH and isotope e�ect data are multivariate and

non-linear.[138, 139] In service of model selection, several common information criteria were implemented
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in Python, namely the Akaike information criterion (AIC), bias-corrected AIC (AICc), and the Bayesian

information criterion (BIC).[140{142] As there is no standard Python library for the implementation of

these information criteria for non-linear scienti�c data �tting, the code used represents a novel

Python-based approach to model-selection in enzymology. The equations used for all the model evaluation

metrics are detailed in the supplemental material (2.6). BIC was selected as the primary decision criteria

as it is optimized for model selection, but it must be noted that for all models evaluated, the AIC, AICc,

and BIC results agreed with each other.[139, 140]

Molecular Dynamics. All simulations were performed in GROMACS 2024.[143, 144] The CHARMM36

force �eld was used, and the system solvated explicitly with the sTIP3P water model.[145] The preparation

and execution of production MD runs largely followed established methods.[146] Brie
y, two main sets of

simulations were run: the �rst on the C364A EcSufS structure with the trapped aldimine intermediate

(C6P) (PDB: 6O11), and the second on the WT SaSufS structure (PDB: 8D8S). For the �rst set, the

enzyme was mutated back to wildtype (i.e. C364 restored) using PyMol and the resulting WTEcSufS

structure with C6P was prepared using the pdb2gmx tool in GROMACS. Hydrogens were added to C6P in

PyMol, and the resulting structure was parameterized using the CGenFF webserver.[147] For the second

set, the SaSufS andEcSufS structures were aligned in PyMol and visually inspected to ensure good active

site alignment. The LLP cofactor in SaSufS was mutated to Lys in PyMol, and the C6P ligand from the

EcSufS structure superimposed into the active site pocket to generate a C6P-boundSaSufS structure. As a

means of verifying the structural alignment of the C6P ligand in the active site, the LLP cofactor in

SaSufS was mutated to Lys and then C6P was docked into the active site with Gnina using the Vicardo

scoring function, and both this structure and the structure using the superimposed C6P position from the

EcSufS structure were simulated.[148] For all simulations, the time step was 2 fs, energies and coordinates

were saved every 10 ps, Particle Mesh Ewald long-range electrostatics were used, and a salt concentration

of 100 mmol NaCl was used to loosely mimic an isotonic salt concentration. Energy minimization was

performed until the maximum system force was< 10 kJ/(mol*nm), which is about the root mean square

(rms) force exhibited by a nitrogen and a proton modeled as a weak harmonic oscillator at room

temperature. Following this, the system was subjected to pressure and temperature equilibration with a

modi�ed Berendsen thermostat and C-rescale pressure coupling. Simulations were performed on an

in-house computer cluster, and all simulations were performed in triplicate.

2.4 Results and Discussion

Assay development and kinetic parameters for SaSufS with Cys as a substrate. Measurement of cysteine

desulfurase kinetic activity is particularly challenging due to the lack of a substrate or product with
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spectrophotometric signatures. In recent work, two methods have been primarily used to measure cysteine

desulfurase activity: detection of sul�de or alanine production.[117, 118, 129, 134, 136, 149{151] Sul�de

detection involves the reduction of the persul�de formed on the catalytic Cys residue using a reducing

agent such as dithiothreitol (DTT). Reactions are quenched and subsequently reacted with N,

N-dimethyl-p-phenylenediamine sulfate (DMPD) and FeCl3 under acidic conditions to form methylene

blue, which has an absorbance maximum at 650 nm. Since sul�de detection is carried out in acidic

conditions, H2S gas is produced, which requires the use of sealed containers.[129, 150] Conversely, the

second detection method measures the production of Ala, which requires derivatization of Ala with

naphthalene 2,3-decarboxaldehye (NDA). Like the sul�de assay, the enzymatic reaction is quenched prior

to derivatization to the Ala-NDA adduct, which is formed in the presence of KCN under basic conditions

providing 1-cyano-2-alkyl-benz[f]isoindole. This 
uorescent adduct is measured at both its excitation and

emission wavelengths of 390 nm and 440 nm, respectively.[120]

For both the sul�de and alanine detection methods, a standard curve prepared under the same

conditions is necessary due to the interference of reaction products. In the case of sul�de detection,

reaction with the bu�er, reducing agent, or Cys may lead to the reduction of methylene blue to its colorless

form. For Ala detection, a primary amine such as Cys can react with NDA to form a less stable 
uorescent

adduct, and the formation of the Ala-NDA adduct can vary with development time. The sul�de detection

method has lower sensitivity (1 nmol) compared to the Ala method (0.1 pmol).[129] High sensitivity is

ideal for measurement of type II cysteine desulfurase activity in the absence of their sulfur transfer

counterpart, which has shown signi�cant activity stimulation for most organisms.[117, 129, 150] Given the

advantages of the Ala detection method, it was used to determine the kinetic constantkcat for SaSufS in

the absence ofSaSufU, which allowed for the independent investigation of the PLP-dependent reaction

mechanism ofSaSufS. PLP occupancy was quanti�ed forSaSufS by releasing PLP and measuring its

absorbance at 390 nm. The average PLP occupancy was found to be 66± 4% for SaSufS and 49± 12% for

BsSufS for all kinetic experiments performed. Attempts to supplement puri�ed SaSufS orBsSufS with free

PLP did not increase occupancy. In comparison, Selbachet al.[129] reported an occupancy of 93%± 60%

for BsSufS, indicating a possible higher PLP occupancy forBsSufS, but given the large error, it is most

likely that both SufS enzymes have similar PLP occupancies.

Ala formation for cysteine desulfurase activity has been detected through both high-performance liquid

chromatography (HPLC) and 96-well plate analysis.[129, 134, 136] In an adaption to the previous 96-well

plate Ala-NDA detection assay, four subtle but signi�cant changes were made. First, the Cys concentration

was increased to 1.5 mM along with increasing the NDA concentration to 2 mM, so that NDA is in excess

of the total concentration of primary amine (Ala produced and Cys added). The increased substrate
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concentration is critical as the maximum velocity (V max ) of the reaction for SaSufS with Cys asV max was

not achieved at lower Cys concentrations.[129] Second, theSaSufS concentration was increased from 5 to

50 � M due to the relatively low reaction rates observed for SaSufS (2 to 4 to min-1). Third, the linear

initial velocity for the reaction of Cys by SaSufS was observed from 0-2 minutes, while initial velocities for

SufS from other organisms was reported to be 0-4 and 0-9 minutes.[129, 134] Finally, TCEP was kept in

the reaction mixture to reduce the persul�de formed on Cys389 inSaSufS for maximum catalytic turnover.

Under these reaction conditions, highly reproducible kinetic parameters were obtained.

Kinetic parameters for SaSufS with Cys as the substrate in 100 mM MOPS bu�er, pH 8.0 at 20� C were

obtained by plotting speci�c activity versus Cys concentration and �tting these data to the

Michaelis-Menten equation (Figure 2.2). For SaSufS, akcat value of 4.1± 0.5 min-1 and a K m value of 600

± 170 � M were obtained, based on 66% PLP occupancy, resulting in a catalytic e�ciency (kcat K m ) of

6,800± 2,700 min-1M -1 (Table 2.1). Previous work on SaSufS suggested that 4± 2 nmol of Ala was

produced by 1.6� M SaSufS in the presence of 8.88� M SaSufU over 7 minutes with 500� M Cys.[118]

When increasing the Cys concentration to 1,500� M, 50 � M SaSufS produces 48± 20 nmol of Ala after 2

minutes, indicating the assay development undertaken, such as increasingSaSufS and Cys concentrations,

revealed a more accurate representation of the initial velocity ofSaSufS. For comparison, thekcat andK m

values forBsSufS were also determined under identical assay conditions described forSaSufS and based on

49% PLP occupancy (Figure 2.2B and Figure 2.2D), akcat value of 4.9± 0.7 min-1 and a K m value of 440

± 190 � M, resulting in a catalytic e�ciency ( kcat / K m ) of 11,100± 6,400 min-1M -1 were obtained. These

data indicate that SaSufS andBsSufS catalyze the conversion of Cys to Ala at similar rates and substrate

binding a�nities. The kcat and K m values for BsSufS using Cys as the substrate was previously reported

in the presence of excessBsSufU and found to be 52± 5 min-1 , a nearly eleven-fold increase in activity

upon the addition of BsSufU.[129] Similarly, the K m value for BsSufS in the presence ofBsSufU using Cys

as the substrate was 86± 1 � M, a nearly �ve-fold decrease compared toBsSufS lone.[129] In addition,M.

tuberculosis SufS in the presence ofMt SufU using Cys as the substrate was reported to be 103� M (no

error reported).[117] The signi�cantly weaker K m values observed forSaSufS andBsSufS towards Cys in

the absence of SufU, compared to theK m values reported forBsSufS andMt SufS in the presence of excess

SufU, suggests SufU may increase the a�nity of Cys for SufS, consistent with the observed enhancement in

kcat .[129] Finally, kinetic studies on EcSufS monitored the formation of the Cys-aldimine (enolimine) at

340 nm using stopped-
ow spectroscopy to determine a kinetic rate constantkcat of 1.4 ± 3 s-1 .[132] Since

our data indicate a kcat of 4.1 ± 0.5 min-1(0.07 ± 0.01 s-1), the formation of the Cys-aldimine likely occurs

faster than subsequent steps of the cysteine desulfurase mechanism, including the desulfurization of the

Cys-ketimine intermediate and subsequent steps to release Ala.

27



Figure 2.2 Substrate saturation curves and Lineweaver-Burke plots forSaSufS andBsSufS (A,B and C, D
respectively) determined at pH 8.0 in 100 mM MOPS bu�er at 20� C using Cys as the substrate �t to
Michaelis-Menten equation. Speci�c activity is measured in nmol alanine produced per minute per mg of
enzyme with PLP. Error bars: standard error (9 trials). Kinetic parameters �t from saturation curves and
Lineweaver-Burke plots di�ered by less than 10% of the standard deviation of each parameter.

Table 2.1 Kinetic parameters for SaSufS andBsSufS at pH 8.0 in 100 mM MOPS bu�er at 20� C using Cys
as the substrate based on a PLP occupancy of 66% forSaSufS and 49% forBsSufS

Organism kcat (min -1) K m (� M) V max (nmol Ala/min/mg) kcat / K m (min -1M -1

S. aureus 4.1 ± 0.5 600± 170 83± 15 6,800± 2,700
B. subtilis 4.9 ± 0.7 440± 190 98± 18 11,100± 6,400

Kinetic pH pro�le for SaSufS . To gain insight into the catalytic mechanism of SaSufS, thekcat value

was determined forSaSufS with Cys as the substrate as a function of pH over the range 5.5 to 11.5. A

Dixon-Webb plot was constructed for log(kcat ) vs. pH (Figure 2.3),[152] which displayed a 
at-topped

curve indicative of a monobasic acid/base species. Attempts at measuring theK m of SaSufS at low or high

pH proved unreliable, so only a log(kcat ) versus pH plot could be reproducibly generated. Analysis of the

Dixon-Webb plot provides mechanistic information on relevant pK a values for enzyme-substrate
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complexes.[153] A rate equation (2.1) consistent with the observed data (Figure 2.3) was �t, where the

k'cat value is the theoretical maximal velocity, and pK ES1 is the ionization constant of the

enzyme-substrate complex (ES) (Figure 2.4). Kinetic equations for pH studies typically report ionization

constants and hydrogen ion concentration, i.e. KES /[H + ]. We have converted these values to be in terms of

pH, rather than [H + ], using the quotient rule of logarithms. This approach puts the variables in the

equation into a more understandable form, as the impacts of pH are generally considered on the pH scale

rather than the [H + ] scale. An added bene�t, when combined with least-squares regression for non-linear

�tting, is that it brings the variables in the least-squares �t into generally the same order of magnitude,

which aids in regression. A �t of the observed log(kcat ) vs. pH data to 2.1 provided a pK ES1 value of 6.1±

0.2 and akcat value of 6.0± 0.4 min-1 (Table 2.2), which is in good agreement with the observedkcat value

of 4.1 ± 0.5 min-1 . This model was tested against several competitor models for validation and for accurate

comparison by information criteria methods. The details of this validation are discussed in the supporting

information (2.6). Brie
y, all the competitor models generated a pK ES1 value that was identical to the one

extracted with eq. 1 (within error), but all the other models tested added additional pK ES values that were

either not supported by the data within error, physiologically illogical, or statistically improbable, allowing

us to con�dently select equation 2.1 and the scheme shown in Figure 2.5 as the correct kinetic model.

Figure 2.3 Dixon-Webb plot of SaSufS with Cys as the substrate. Log(kcat ) as a function of pH is shown in
black while the vertical dotted line indicates a �t p K ES value, the horizontal dashed line indicates the
theoretical maximum kcat values derived from the �t. Error bars are the standard error for three trials.
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Figure 2.4 Scheme model forSaSufS reacting with Cys.

log(kcat ) = log
�

k0
cat

(1 + (10 pK ES 1 � pH ))

�
(2.1)

Table 2.2 Fit parameters of pH kinetic curve for cysteine desulfurization bySaSufS

pKES1 6.1 ± 0.2
kcat ' 6.0 ± 0.4 min-1

Measurements of SufS activity as a function of pH have been previously reported forEcSufS and

BsSufS in the presence of their corresponding SufU protein; however, no pK ES values were reported for

either EcSufS andBsSufS in the absence of SufU.[136, 149] Kinetic data for theBsSufS-BsSufU complex

indicated an in
ection point in % activity at near-physiological pH indicating a residue must be

deprotonated for catalytic activity.[149] Assigning the observed pK ES1 value for SaSufS reacting with Cys

in the absence ofSaSufU provides new mechanistic insight as no pK ES1 values for just SufS have been

reported. The acidic pK ES1 value observed forSaSufS of 6.1± 0.2, indicates that an active site residue

must be deprotonated for catalysis. The likely active site residue is His147 as it is homologous across all

SufS enzymes and has been shown to be essential forEcSufS catalysis by deprotonating the catalytic Cys

residue.[132] In general, His residues have pKa's in the range 5.5 to 7 in most protein

environments,[154, 155] placing the observed pK ES1 value for SaSufS squarely in the range, allowing

His147 to be reasonably assigned to the observed pK ES1 value.

Solvent isotope e�ect studies. Kinetic isotope e�ect studies provide a simple way to gain insight into the

nature of the rate-limiting step and provide information about the transition-state.[156] Solvent isotope

e�ect studies were performed onSaSufS using Cys as the substrate at pH and pD 8.0 and 20� C in 100 mM

MOPS bu�er by substituting hydrogen ( 1H) with deuterium ( 2H). kcat values for Cys were measured at

several di�erent ratios of H2O and D2O and the results were plotted as atom fraction of deuterium vs

Vn /V 0 where Vn is the observedkcat at n fraction of D2O whereasV0 is the observedkcat in H2O

(Figure 2.5). The overall kinetic solvent isotope e�ect (KSIE) was observed to be� 0.9. In a simple enzyme
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system, a KSIE of 0.9 would correspond to an almost featureless protein inventory curve, which stands in

contrast to the observed behavior ofSaSufS. Isotope studies with cysteine desulfurases are limited;

however, one study onSynchecystissp. PCC 6803 CD0387 revealed both an inverse KSIE and a normal

KSIE, but was unable to quantify the magnitude of these e�ects and did not perform kinetic analyses at

varying concentrations of D2O.[157] This previous study concluded that the identity of the residue that

deprotonates the � -proton in the aldimine intermediate remained unknown, that residues with unusual

fractionation factors were involved, and that no single step involved in the formation of the persul�de,

including persul�de formation itself, was rate limiting.

Figure 2.5 Kinetic isotope e�ects on SaSufS at pH 8.0 in 100 mM MOPS bu�er at 20� C using Cys as the
substrate. The combined model is shown as a black dashed line. Error bars: standard deviation (3 trials).

The observed shape of the solvent isotope e�ect (SIE) curve (Figure 2.6) was �t to models based on the

Gross-Butler equation (2.2) to generate proton inventory,[156] where n is the atomic fraction of deuterium,

vT and vR represent the number of protonic sites in the transition- and reactant-states, respectively, and

� T
i and � R

j represent the fractionation factor for the i th and j th sites in the transition or reactant state

where � is de�ned by equation 2.3 whereX D
i and X H

i are the mole fractions of deuterons and protons

respectively at the i th state and n is the atom fraction of deuterium.

Vn

V0
= � vT

i (1 � n + � T
i )=� vR

j (1 � n + n� R
i ) (2.2)

� = ( X D
i =X H

i )=(n=(1 � n)) (2.3)
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The strongly \bowl shaped" curve observed forSaSufS suggests that there is more than one reaction

channel or there is a combination of normal and inverse isotope e�ect contributions.[158] A \bowl shaped"

curve (the slopes on either side are the same) can indicate more than one rate-determining step, while the

presence of a minimum or maximum in the curve requires a competition between normal and inverse

isotope e�ects.[158] A small KSIE combined with strong SIE at the midpoint indicates that the normal

isotope e�ect contribution be counteracted by a strong inverse isotope e�ect at higher concentrations, or

vice versa. The proposed SufS mechanism includes seven steps (Figure 2.1) that would be a�ected by

isotopic substitution, so it is not unreasonable that several of these steps could be rate-determining at

di�erent D 2O concentrations. Additionally, as the His123Ala and Cys364AlaEcSufS mutants retain

roughly 8% and 6% activity, respectively, the presence of parallel reaction channels representing other

ionizable residues cannot be ruled out.[132]

For purposes of easy comparison with published fractionation factors, which are largely transition-state

fractionation factors, reactant-state fractionation factors reported here are reported in reciprocal to

generate a transition-state equivalent using the following equivalence (Table 2.3):

� R = 1=� = � T
equiv (2.4)

Table 2.3 Fractionation factors for isotope study of SaSufS with Cys determined from the optimal model.

Isotope E�ect � R / � T
equiv �

Inverse 1.9± 0.1 0.53± 0.03
Normal 39.0 ± 3.5 0.026± 0.002

Initial attempts at �tting the observed isotope e�ect curve to simple models, multisite models, and

multichannel models in the styles of Venkatasubban or Schowen, all yielded results that largely de�ed

physiological plausibility (Figure 2.15 and equations 2.11-2.16).[156, 158] The failure of simple models to

recapitulate the observed data is a useful control as only a multisite model generated a visually reasonable

�t in which one-proton in the reactant state contributes a normal isotope e�ect (rate decreases as %D2O

increases) with a fractionation factor � R = 0 :02 while multiple protons in the transition state contribute to

an inverse isotope e�ect (rate increases as %D2O increases) with a fractionation factor of� T = 43.

Other multichannel models generate �ts that seem visually reasonable, so to distinguish between them,

assumptions must be made about what constitutes reasonable fractionation and weighting factors. The

possible secondary reaction channels suggested forEcSufS exhibit, at minimum, roughly 5% activity.[132]

Therefore, because weighting factors describeVn =V0, where Vx is the rate of a particular channel at a

varying %D2O, we might expect weighting factors to be on the order of> 0.05 or < 0.95. Additionally, we
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can expect fractionation factors to be within physiologically relevant bounds, so on the order of

10� 2 � 102.[158] Two models loosely meet these criteria: one where, again, the normal isotope e�ect

contribution is from one proton in the reactant state ( � R = 0 :05), with multiple protons in the

transition-state generating the inverse isotope e�ect contribution with a very strong fractionation factor

(� T = 119) modi�ed by a very strong weighting factor ( w = 0 :991), which generates a weighted observed

e�ect of 0.966. In the other model, both contributions are from one-proton in the reactant-state, with a

weight-adjusted normal isotope e�ect fractionation factor � R = 0 :03 and a weight adjusted inverse isotope

e�ect fractionation factor � R = 1
0:09 � 0:103 = 87:8 (w = 0 :103). In both cases, the fractionation factor

associated with the normal isotope e�ect is physiologically reasonable only if tunneling is present in the

mechanism.

Typically, protons \in 
ight" in rate-limiting steps contribute normal isotope e�ects, as the lighter

isotope tends to accumulate where binding at the isotopic center is weakest. Fractionation factors simply

describe the ratio of isotopes present in an exchangeable group versus the ratio in solvent. Fractionation

factors greater than one indicate the site has a preference for the heavier isotope, contributing an inverse

isotope e�ect, while fractionation factors less than one indicate the site has a preference for the lighter

isotope, contributing a normal isotope e�ect.[158, 159] In cases with tunneling, the heavier isotope (in this

case, deuterium) will be exponentially less likely to tunnel as a result of particle mass and so the normal

isotope e�ect is strong, so� T
equiv is small.[158, 160, 161] Optimal tunneling occurs when the reaction

coordinate is narrow, yet the reaction barrier is high. In enzyme systems, this generally requires minimal

rearrangement and low proton-acceptor distance to narrow the reaction coordinate.[161, 162] These normal

isotope e�ects are largely solvent kinetic isotope e�ects (SKIEs), as opposed to solvent equilibrium isotope

e�ects (SEIEs). Put another way, the fractionation factors observed for normal solvent isotope e�ects

typically correspond to fractionation across a rate-limiting kinetic step.

To probe the possibility of tunneling, further investigation is required. Due to the complexity of the

SufS catalytic mechanism and the challenges encountered with trying to obtain reliableK m data at higher

deuterium fractions,[163] treatments like those of Tianet al.[164] are unsuitable in this case for simplifying

the rate equations to isolate forward and reverse commitment coe�cients.[164] To date, there is no

discussion of proton tunneling within the literature for cysteine desulfurases, but the most logical place for

tunneling within the proposed SufS reaction mechanism (Figure 2.1) is the deprotonation of the� -hydrogen

of the Cys substrate after its bound to PLP (Cys-aldimine) by Lys250. This reaction is likely unfavorable

as the pK a of � -hydrogens in amino acids is much higher (typically 15-17) than that of Lys250.[165] The

pH data doesn't indicate a pK a value in the 10.5-11.5 range where most Lys pK a values are observed, so it

is unlikely that the protonation of Lys250 is driven by solvent pH.[155] Additionally, isotope e�ect work on
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