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Abstract

About a third of all proteins need to associate with a particular metal ion or metallo-inorganic cofactor to function. This
interplay expands the catalytic repertoire of enzymes and reflects the adaption of these catalytic macromolecules to the
environments they have evolved in. A large portion of this work focuses on the membrane metalloprotein PgsA1 from the
pathogen Mycobacterium tuberculosis and a radical-harboring protein R2 from the pathogen Bacillus anthracis, offering
a glimpse into the metalloprotein universe and the catalysis they perform.
This thesis is divided into two parts; the first part describes a method for high-throughput M. tuberculosis membrane
protein expression screening in Escherichia coli and Mycobacterium smegmatis. This method employs target membrane
protein fusions with the folding reporter Green Fluorescent Protein, allowing for fast selection of well-expressing
membrane protein targets for further structural and functional characterization. This technique allowed overexpression of
M. tuberculosis phosphatidylinositol phosphate synthase PgsA1, leading to its crystallization and the characterization of its
high-resolution three-dimensional structure. PgsA1 is a MgII- dependent enzyme, catalyzing a vital step in the biosynthesis
of phosphatidylinositol – one of the major phospholipids comprising the complex mycobacterial cell envelope. Therefore,
PgsA1 presents an attractive target for the development of new antibiotics against tuberculosis.
The second part of this thesis concerns the structural characterization of the B. anthracis class Ib ribonucleotide reductase
radical-generating subunit R2 (R2b). R2b contains a dinuclear metallocofactor, which is able to be activated by dioxygen
and generates a stable tyrosyl radical; the radical is further used for initiation of nucleotide reduction in the catalytic subunit
of ribonucleotide reductase. R2b proteins utilize a di-manganese cofactor in vivo, but can also generate the radical using a diiron cofactor in vitro, albeit less efficiently. How does R2b achieve correct metallation for efficient catalysis? We show that
the B. anthracis R2b protein scaffold is able to select manganese over iron, and furthermore, describe the structural features
that govern this metal-specificity. In addition, we describe redox-dependent structural changes in di-iron B. anthracis R2b
after reaction with O2, and propose their role in gating solvent access to the metallocofactor and the radical site.
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Abstract

About a third of all proteins need to associate with a particular metal ion or
metallo-inorganic cofactor to function. This interplay expands the catalytic
repertoire of enzymes and reflects the adaption of these catalytic macromolecules to the environments they have evolved in. A large portion of this work
focuses on the membrane metalloprotein PgsA1 from the pathogen Mycobacterium tuberculosis and a radical-harboring protein R2 from the pathogen Bacillus anthracis, offering a glimpse into the metalloprotein universe and the
catalysis they perform.
This thesis is divided into two parts; the first part describes a method for
high-throughput M. tuberculosis membrane protein expression screening in
Escherichia coli and Mycobacterium smegmatis. This method employs target
membrane protein fusions with the folding reporter Green Fluorescent Protein, allowing for fast selection of well-expressing membrane protein targets
for further structural and functional characterization. This technique allowed
overexpression of M. tuberculosis phosphatidylinositol phosphate synthase
PgsA1, leading to its crystallization and the characterization of its high-resolution three-dimensional structure. PgsA1 is a MgII- dependent enzyme, catalyzing a vital step in the biosynthesis of phosphatidylinositol – one of the major phospholipids comprising the complex mycobacterial cell envelope.
Therefore, PgsA1 presents an attractive target for the development of new antibiotics against tuberculosis.
The second part of this thesis concerns the structural characterization of the
B. anthracis class Ib ribonucleotide reductase radical-generating subunit R2
(R2b). R2b contains a dinuclear metallocofactor, which is able to be activated
by dioxygen and generates a stable tyrosyl radical; the radical is further used
for initiation of nucleotide reduction in the catalytic subunit of ribonucleotide
reductase. R2b proteins utilize a di-manganese cofactor in vivo, but can also
generate the radical using a di-iron cofactor in vitro, albeit less efficiently.
How does R2b achieve correct metallation for efficient catalysis? We show
that the B. anthracis R2b protein scaffold is able to select manganese over
iron, and furthermore, describe the structural features that govern this metalspecificity. In addition, we describe redox-dependent structural changes in diiron B. anthracis R2b after reaction with O2, and propose their role in gating
solvent access to the metallocofactor and the radical site.
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1. Preface

1.1 Enzymes
Enzymes are highly specialized proteins, which are fundamental to sustaining all forms of life on Earth. These macromolecules are biological catalysts
that greatly accelerate the rate of chemical reactions, which otherwise would
not occur on a useful timescale to sustain metabolism. Enzymes are able to
perform their task by arranging specific amino acid side chains and solvent
into a particular three-dimensional structure. A specific location in the enzyme
where a dedicated chemical reaction takes place is referred to as the active
site. Some enzymes require additional chemical components for their activity,
termed cofactors and coenzymes. These include inorganic ions such as MgII,
FeII or MnII, or complex (metallo-)organic molecules, such as flavin mononucleotide (FMN) and heme groups. Enzymes, that require metal ions for their
catalytic function are termed metalloenzymes.
All enzymes are grouped into six major classes: Oxidoreductases, Transferases, Hydrolases, Lyases, Isomerases and Ligases. Representatives from
the first two enzyme classes will be discussed in this thesis.

1.2 What can the structure of an enzyme tell us?
The three-dimensional structure of an enzyme defines its properties. Significant effort is often needed to elucidate the details of this spatial atomic
arrangement in a macromolecule of interest. This structural information provides clues about the reaction and regulation mechanisms of the enzyme, and
can reveal how protein complexes are assembled and cooperate to perform
their dedicated function. In addition to the fundamental knowledge generated
from such studies, this information can be used for structure-guided protein
engineering, for establishing effective industrial biological catalysts 1,2 or used
in the development of new pharmaceuticals to advance our quality of life 3,4.
Currently, there are several major techniques available for the determination of detailed three-dimensional structures of proteins: X-ray crystallography, Nuclear magnetic resonance (NMR) and Cryo-electron microscopy
(cryo-EM). X-ray crystallography was the main method employed for structural characterization of the enzymes presented in this thesis and is briefly
described in Chapter 5.
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2. Structural and functional studies of
Mycobacterium tuberculosis membrane
proteins

2.1 Mycobacterium tuberculosis
Mycobacterium tuberculosis was first isolated and described by Robert
Koch in 1882. The organism is a bacterial pathogen that causes Tuberculosis
(TB) in humans; a highly infectious airborne disease mostly affecting the
lungs, which is transmitted by people with active respiratory TB 5.
TB is recognized as the leading cause of death from a single infectious
agent; in 2018 alone about 1.4 million people died of TB and a further 10
million people fell ill with the disease 5. Moreover, up to one quarter of
world’s population is estimated to be infected with the latent form of the disease 6,7. Since the discovery of the first- and second-line antibiotics rifampicin,
isoniazid, and ethambutol in mid-20th century, the recommended TB treatment
regimen has remained unchanged for nearly 60 years. Treatment is long, complex, and may result in drug intolerance and toxicity 8. Together with the adaptive nature of the pathogen, these factors have contributed to the emergence
of multidrug-resistant (MDR) and extensively drug-resistant (XDR) M. tuberculosis strains 5,7.
Inhaled bacteria during tuberculosis infection are phagocytosed by macrophages in the lungs, which migrate into tissue and form granulomas – compact
aggregates of host immune cells, which normally create an environment,
where the infection can be controlled 9. However, granulomas also provide a
suitable environment for long-term M. tuberculosis survival, essentially turning the infected cells into a “Trojan horse” within the host immune system.
This co-evolution and cross-talk with its host has enabled M. tuberculosis to
be capable of surviving while waiting dormant 10; as the immune system weakens, the dormant bacteria may reactivate and cause active TB. In addition to
macrophages, the pathogen can also infect other immune cells: monocytes,
neutrophils and pneumocytes-II 11.
The complete genome of M. tuberculosis H37Rv strain was published in
1998 12 and re-annotated in 2002 13; it consists of 4.4 mega-base pairs and
about 4000 genes 12, of which about 600 are essential 14,15. Surprisingly, out of
all M. tuberculosis genes, about 250 are involved in lipid metabolism; for
comparison, in Escherichia coli there are only 50 such genes 12. Also, many
8

lipid species, found in M. tuberculosis, are specific to Mycobacterium genus
(reviewed in ref. 16).

2.2 Membrane proteins: a brief overview
2.2.1 Plasma membrane
The emergence of biological membranes played a key role in the development of cellular life, by segregating chemical processes and providing a selective barrier for the flow of various solutes across them 17. Biological membranes are composed of amphipathic molecules – lipids which are able to selfassemble into continuous bilayers. The plasma membrane is one type of biological membrane; it is a 3 – 5 nm thick protein-lipid bilayer enclosing the cell
cytoplasm (or vacuole in plants). The fluid mosaic model, proposed in 1972,
explains how proteins and lipids assemble in biological membranes 18. The
core of the bilayer is formed by the hydrophobic hydrocarbon chains of the
lipids. The polar headgroups of lipids, on the other hand, are solvent-exposed
and form the two interfaces of the bilayer – extracellular and intracellular. The
core and the interfaces are chemically distinct; the core is very hydrophobic
while the interface is hydrophilic and highly solvated, forming polar leaflets
approximately 1.5 nm thick with the potential to form electrostatic and weak
van der Waals-type interactions.
Glycerophospholipids, such as phosphatidylinositol [PI], phosphatidylethanolamine [PE], cardiolipin [CL] and phosphatidylserine [PS]), constitute the
majority of lipids in the plasma membrane. The distribution of these glycerophospholipids between the two bilayer interfaces is not symmetric, which
has important biological consequences. For instance, the presence of PS on
the outer leaflet of the plasma membrane marks a cell for destruction. The
lipid composition also influences the charge distribution, membrane curvature, and fluidity, which in turn affects membrane protein function and membrane fusion-related processes 19. The length of the lipid acyl chains dictates
membrane thickness and permeability, while density and fluidity are affected
by the arrangement and structure of the acyl tails. Saturated acyl chains arrange more tightly and render the membrane less fluid, whereas unsaturated
lipids introduce more disorder and render the membrane more fluid and less
dense. At least one of the two chains in most phospholipids is unsaturated,
meaning that the plasma membrane is always fluid at a physiological temperature 20.
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2.2.2 Membrane proteins at a glance
Approximately half of all plasma membrane components are proteins,
which differ in the ways they associate with the membrane (Figure 1). There
are four types of membrane proteins defined as: integral, lipid-anchored, peripheral or amphitropic. (i) Integral or ‘membrane-spanning’ proteins can be
monotopic or multi-pass; these proteins associate with the membrane so
tightly that they can only be extracted using detergents. (ii) Lipid-anchored
proteins are located on membrane surfaces and are covalently attached to lipids in the membrane. (iii) Peripheral membrane proteins associate with the
membrane through electrostatic interactions with lipid molecule headgroups
and can be separated by changes to the pH or salt concentration. (iv) Amphitropic proteins, are found both in cytosol and in association with the membrane. Their affinity to the membrane is regulated by conformational changes
associated with ligand binding. The focus of Papers I and II, presented in this
thesis, is on integral a-helical membrane proteins.
Multi-pass non-cytosolic proteins are often described in terms of their topology; the way in which transmembrane domains and the amino- and carboxy-termini (N- and C- termini, respectively) span the membrane, and how
they are oriented in relation to each other as well as the extracellular/intracellular sides of the membrane. The topology of helical transmembrane proteins
can be predicted based on the distribution of different amino acid types;
smaller hydrophobic residues (glycine, alanine, valine, leucine, isoleucine) are
enriched in transmembrane domains. Tryptophan, tyrosine and histidine, on
the other hand, are prevalent at the membrane interface 21,22. Statistical studies
have established that most membrane proteins follow the so called positiveinside rule and orient themselves in a membrane so that positively charged
residues are predominantly exposed to the intracellular side of the membrane
leaflet 22–24.

Figure 1. Types of membrane proteins, classified by their mode of interaction with
the lipid membrane.

Membrane proteins should never be viewed as separate entities, as the lipid
bilayer environment in which they reside must also be considered. A single
10

layer of lipid molecules enclosing the membrane protein is called an annulus
or annular layer of lipids. There are also lipid molecules that bind between the
transmembrane helices, which are referred to as non-annular. Non-annular lipids are critical for modulating protein function and in maintaining the integrity of large protein complexes 25–29.

2.3 Mycobacterial membrane proteins as drug targets
As membrane proteins are involved in several vital cellular processes 30,
many are targeted by a large proportion of drugs currently on the market 31,32.
Understanding the structure-function relationships of protein targets is of paramount importance for drug discovery, in order to avoid unwanted side effects
and to develop better drugs 33.
Unfortunately, the number of available three-dimensional structures of
these proteins does not fully reflect their importance – only 4% of all deposited
structures in Protein Data Bank (PDB) are membrane proteins, of which only
988* are unique. The reason for this lies in the difficulties associated with
membrane protein production, isolation, crystallization, and structural analysis. Membrane protein research projects often take many years to complete
and are therefore very expensive to pursue.
The mycobacterial proteome is of high scientific interest from a drug discovery, diagnosis and treatment perspective. However, working with mycobacterial proteins is significantly more difficult compared to E. coli proteins
(discussed further below). For example, approximately 1000 unique M. tuberculosis protein structures have been determined to date using various techniques, whereas over 4300 unique E. coli protein structures are available. To
facilitate structural characterization of the M. tuberculosis proteome, TB
Structural Genomics Consortium (TBSGC) was launched almost 20 years ago
34
. However, of the 335† protein structures determined by TBSGC none are M.
tuberculosis membrane proteins.
We have sought to improve the process of M. tuberculosis membrane protein target selection for structural and functional studies, by using a highthroughput protein expression screening approach. This approach utilizes a
folding reporter green fluorescent protein (GFP) as a membrane protein fusion
partner (discussed further below). The GFP fluorescence can be measured in
live growing cells; and the fluorescence levels can be correlated to the amount
of overexpressed membrane protein of interest. Various culturing conditions
and expression hosts can be utilized, allowing for the rapid selection of wellexpressing protein targets. We have applied this strategy to 42 multi-pass a*

https://blanco.biomol.uci.edu/mpstruc/, accessed on December 29, 2019
https://www.rcsb.org/stats/distribution_structural-genomics-centers, accessed on December
29, 2019

†
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helical transmembrane proteins, all of which are essential for M. tuberculosis
H37Rv survival and virulence. In Paper I we show that this approach is suitable for M. tuberculosis membrane protein expression in E. coli and Mycobacterium smegmatis systems. Prior to this project being initiated six years
ago, only a single full-length M. tuberculosis membrane protein structure had
been published; the 3.5 Å resolution mechanosensitive channel MscL 35,36.
Following our study, we were able to over-express, purify, crystallize and
solve the structure of M. tuberculosis phosphatidylinositol phosphate synthase
PgsA1 to 1.8 Å resolution (Paper II). Notably, this was the first high-resolution structure of a full-length M. tuberculosis membrane protein in PDB.

2.4 A few instruments from the toolbox
2.4.1 Recombinant membrane protein expression in Escherichia
coli
As reflected in PDB statistics (Section 2.3), transmembrane proteins are
substantially more challenging for structural analysis compared to cytosolic
proteins. This is due to the innate flexibility of transmembrane proteins, their
hydrophobicity, and dependence on native lipids in their membrane home environment. As most structural projects require large amounts of pure and monodisperse protein material, it is usually necessary to express the target as recombinant protein in an expression host.
The Gram-negative bacterium E. coli is the most widely used host for prokaryotic (and to lesser extent eukaryotic) protein production. The E. coli genome can be easily manipulated for target protein expression. In addition, the
organism is fast-growing (growth doubling time of approximately 20
minutes), inexpensive, and nonpathogenic 37. However, while E. coli remains
a common protein production system, produced membrane proteins often aggregate and from inclusion bodies. While b-barrel type proteins can be refolded from inclusion bodies, membrane proteins with a predominantly a-helical structure are significantly more challenging to refold 37,38.
Mycobacterial proteins present another layer of difficulty in their overexpression due the differences in guanine-cytosine (GC) content between mycobacterial (65.6% GC) and E. coli (50.8% GC) genomes 12,39. It is therefore
likely that E. coli may simply lack some of the necessary machinery for mycobacterial protein production. This issue can often be alleviated by supplementing E. coli with rare codons, expressing mycobacterial membrane proteins in alternative expression systems, generating fusion constructs that aid
protein folding and stability, and exploring different bacterial growth conditions (Paper I) 40–42.
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2.4.2 Recombinant membrane
Mycobacterium smegmatis

protein

expression

in

M. smegmatis is a saprophytic bacterium, which is used as a model organism for pathogenic and slow-growing mycobacterial species. Also, genetically
it is highly similar to M. tuberculosis 43,44. Two M. smegmatis laboratory
strains are widely employed for M. tuberculosis protein expression: mc2155
and mc24517. The mc2155 strain has a high propensity for transformation, and
is therefore the strain of choice for most laboratories working with mycobacteria 45,46. The mc24517, strain, on the other hand, has been engineered to be
compatible with the T7 promoter-based expression systems that were originally designed for E. coli 47,48. M. smegmatis is a fast-growing Mycobacterium
species; depending on the growth media M. smegmatis has a dividing time of
about 3 hours, compared to 24 hours needed for M. tuberculosis 44. This expression system is versatile and is compatible with other promoter types which
provide more stringent gene expression control 49. M. smegmatis mc24517
with the T7 promoter-based expression system was used for M. tuberculosis
membrane protein expression in the study reported in Paper I.
Since M. smegmatis and M. tuberculosis are related species, this expression
system provides several advantages for M. tuberculosis membrane protein expression. In particular, M. smegmatis has a similar plasma membrane structure
and composition, which could provide the specific lipids necessary for membrane protein folding, stability and activity. Furthermore, the organism also
provides specific mycobacterial chaperones, which may assist with correct
protein folding 50,51. M. smegmatis also possesses certain metabolites/ligands,
which are not present in E. coli. The protein Rv0132c, for example, requires
the F420 coenzyme (a 5-deazaflavin derivative) for activity, and so needs to be
co-purified from M. smegmatis, as this coenzyme is absent in the E. coli
metabolome 52.

2.4.3 The folding reporter GFP as an expression marker
Identification of individual membrane protein candidates, suitable for further structural and functional characterization, is a very time- and labor-intensive task. Fortunately, the introduction of the folding reporter green fluorescent protein (frGFP) greatly simplifies this endeavor. The GFP fluorophore
can be easily detected in live cells expressing frGFP fusion proteins, by exposing them to long-wavelength UV light.
Compared to wild-type GFP, frGFP is sensitive to misfolding, has stronger
fluorescence, and expresses well in E.coli as an individual protein or as a fusion partner 53. When frGFP is fused to the C-terminus of a target membrane
protein, it fluoresces only in cell cytoplasm, and if its partner membrane protein is folded and inserted into the membrane; if the membrane protein is aggregated or located in inclusion bodies, then its fusion partner frGFP does not
13

fluoresce 54–56. It was estimated that C-termini of approximately 80% of all
E.coli membrane proteins are located in the cell cytoplasm 57.
frGFP has been used for soluble protein folding studies 53, global topology
mapping of almost the entire E. coli inner membrane proteome 55,57, as a tool
for assessing E. coli inner membrane protein expression 56, and to verify stability during purification prior to structural and functional studies 58,59. While
E. coli remains the most common recombinant protein expression host, similar
GFP-based membrane protein expression studies have also been reported for
the bacteria Lactococcus lactis and M. smegmatis 60–62, and for yeast Saccharomyces cerevisiae 63.

2.4.4 Membrane protein extraction using detergents
Transmembrane proteins are tightly associated with the lipid bilayer and
typically need to be extracted (solubilized) using detergents in order to pursue
their structural and functional studies. Detergents are amphipathic molecules
that are comprised of a polar headgroup and a hydrophobic hydrocarbon tail,
and are therefore similar to membrane lipids in terms of these properties.
There are many types of detergents available; they differ in their headgroup
type and hydrophobic tail length and structure. Detergents are commonly categorized as harsh and mild; harsh detergents have shorter hydrophobic tails
and more charged headgroups compared to mild detergents, and thus have a
higher propensity to denature membrane proteins. When a critical micelle concentration (CMC) of detergent in an aqueous solution is reached, micelles
spontaneously form; where the hydrophobic tails of the detergent molecules
are secluded, while their polar headgroups are exposed to the solvent. When
the detergent concentration exceeds CMC, it is capable of extracting proteins
from the membrane by covering their hydrophobic and normally membraneembedded surfaces. Detergent-protein complexes can then be treated similarly
to water-soluble proteins, simply by keeping the concentration of detergent in
solution above its CMC 27,64.
The selection of an appropriate detergent is an empirical process for every
membrane protein of interest. The detergent of choice should stabilize the protein, keep it monodisperse, and catalytically active (if applicable). In addition,
the concentration of free detergent in solution should be minimized for downstream applications; this is particularly important for activity assays (especially involving water-soluble proteins) and for crystallization 27,65,66. A handful of high-throughput techniques are available for rapid detergent screening
of different types of membrane proteins. One of the most widely used approaches is based on C-terminal membrane protein fusion with GFP, which
enables the monodispersity of the protein-detergent complex to be monitored
using fluorescence-detection size exclusion chromatography (FSEC) 58,59. Alternatively, protein-detergent complex stability can be monitored using modified differential scanning fluorimetry (nanoDSF) 67.
14

2.4.5 Membrane protein crystallization in the lipidic cubic phase,
LCP
Membrane protein crystallization is a highly challenging and iterative process, with many parameters that require optimization. Crystallization as a protein-detergent complex (in surfo) using vapor diffusion or batch crystallization
remains a method of choice for many crystallographers 65,68. The detergent
collar, however, often hampers crystal contact formation and allows unwanted
protein flexibility; this results in weakly diffracting protein crystals or no crystal growth at all. In addition, if free detergent molecules are not carefully removed, this may result in phase separation in the crystallization mixture, again
hindering formation of diffraction quality crystals 66.
Crystallization of membrane proteins in the lipidic cubic phase (LCP, in
meso or in cubo) has attracted a lot of attention as it has been successfully
employed to crystallize G-protein coupled receptors – an important class of
enzymes with high medical relevance 69–72. Fortunately, the concept of membrane protein crystallization in LCP is not limited to G-protein coupled receptors. Many other proteins have been crystallized using this technique 73, including M. tuberculosis phosphatidylinositol phosphate synthase PgsA1 (Paper II).
Lipidic cubic phase is a bicontinuous curved bilayer, that forms non-contacting, but interpenetrating channels, which allow the diffusion of aqueous
crystallization mixture. LCP has a gel-like consistency and is spontaneously
formed by mixing a lipid (typically monoolein), with an aqueous solution
(containing pure, detergent-solubilized membrane protein) at certain proportions and temperatures 74,75. Transmembrane proteins are able to reconstitute
in the monoolein bilayer and diffuse along the interpenetrating channels. Once
the mesophase bolus is exposed to a precipitant solution (typically in glass
sandwich plates), the precipitant is able to diffuse inward and through the interconnecting aqueous channels of the mesophase. A precipitant concentration
gradient is then formed along the diffusion path, which favors crystal nucleation and growth (Figure 2) 73.
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Figure 2. Cartoon representation of the events proposed to take place during the crystallization of an integral membrane protein in LCP. First, the protein (green) is reconstituted into the bicontinuous bilayers of the LCP (left bottom corner). The addition
of precipitant then shifts the equilibrium away from protein stability, leading to phase
separation, with protein molecules diffusing along the continuous bilayer (cross section shown in the middle of the figure). Protein molecules then lock into the lattice of
the advancing crystal face, adding to crystal growth (upper right corner). Aqueous
channels (blue-purple) allow the diffusion of water-soluble components from the crystallization mixture. The lipid bilayer (yellow-orange) is approximately 4 nm thick and
drawn to scale with the outer membrane Vitamin B12 transporter BtuB (PDB: 1NQE,
ref. 76) shown in green. Reproduced from ref. 75 by permission of The Royal Society
of Chemistry.

LCP results in tightly packed type I crystals, and as detergent is stripped
off the membrane protein upon reconstitution into the lipid mesophase, these
crystals typically diffract better than type II crystals grown in presence of detergent collars 73,77. Since the detergent does not obstruct crystallogenesis in
LCP any detergent in principal can be used. However, it is important to keep
the concentration of the detergent as low as possible, as it may disrupt the
mesophase. Other advantages of the LCP crystallization method is its tolerance to impurities in the protein mixture and the possibility to supply specific
lipids, necessary for protein stability and function 69,78. The lipid substrate
CDP-diacylglycerol (CDP-DAG) was added to monoolein prior to M. tuberculosis PgsA1 crystallization in LCP (Paper II).

2.5 The structure of the M. tuberculosis cell envelope
The cell envelope is an important barrier; it protects mycobacterial cells
from mechanical and chemical stresses of the outer environment, presents various virulence factors, and facilitates adhesion to host cells during infection.
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The mycobacterial cell envelope is very hydrophobic due to the abundance of
various lipids, which contributes significantly to the low permeability of the
envelope to broad-spectrum antibiotics 79.
Despite its clear importance, certain aspects of the structure and composition of the mycobacterial cell envelope remained unknown. However, a direct
observation of the arrangement of these different layers in mycobacteria was
recently visualized using cryo-electron microscopy 80. As reported in ref. 80,81
and reviewed in ref. 82,83, the M. tuberculosis envelope is about 70 nanometers
thick and consists of three main components: (i) the outermost layer, also
called the capsule in pathogenic species 84, (ii) the cell wall, which includes a
peptidoglycan-arabinogalactan mycomembrane layer and the periplasmic
space, and (iii) the inner or plasma membrane (Figure 3). While M. tuberculosis is structurally closer to Gram-positive bacteria, it also shares similarities
with Gram-negative bacteria, in that it does not have a true outer membrane
and does not retain Gram stain 85.
Much of what we know about the general composition and structure of the
mycobacterial cell envelope is mostly based on collective studies of M. tuberculosis and closely-related pathogenic and non-pathogenic representatives of
the Corynebacterineae suborder. The composition of each cell envelope compartment has been shown to be dynamic; it changes depending on bacterial
growth phase, nutrient availability, and environmental stresses (reviewed in
ref. 86). The structure of the M. tuberculosis cell envelope and the chemical
composition of each of its main compartments are described briefly below.
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Figure 3. Schematic structure of the M. tuberculosis cell envelope (not to scale).
Abbreviations: GLP, glycolipoprotein; TMM and TDM, trehalose mono- and dimycolates; AG, arabinogalactan; PG, peptidoglycan; PI, phosphatidylinositol; PIM,
phosphatidylinositol mannoside; LAM, lipoarabinomannan; PL, phospholipid (general); IM, inner membrane. Figure based on refs. 81,87,88 and also inspired by ref. 89.

2.5.1 The capsule
The capsule is approximately 35 nm thick and is rich in protein and neutral
polysaccharides (a-D-glucan, D-arabino-D-mannan and D-mannan), while
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being relatively poor in lipids, which comprise only 6% of the M. tuberculosis
capsule 87,90. A research study by Ortalo-Magné et al. demonstrated that phosphatidylinositol mannosides (PIMs), phosphatidylethanolamine (PE), diacyl
trehaloses and phthiocerol dimycocerosates are the lipid species that are most
exposed to the extracellular space 91. Interestingly, the capsule appears to be
weakly bound to the cell wall and can be shed, as observed when M. tuberculosis is grown in detergent-containing medium, or when it is subjected to agitation with glass beads 90.

2.5.2 The cell wall
The mycobacterial cell wall is a core structure of the cell envelope; it is
comprised of three sub-layers: (i) the asymmetric mycomembrane bilayer (8
nm), which is linked to (ii) highly branched arabinogalactan (AG) polysaccharides, which is further covalently attached to a crosslinked layer of peptidoglycan and (iii) the periplasmic space (20 nm). The core structure, excluding the periplasm, is also referred to as a mAGP complex.
The mycomembrane is asymmetrical, meaning that the outer layer is structurally distinct from the inner layer of the membrane. The outer leaflet is primarily composed of free or trehalose-attached mycolic acids, which form trehalose monomycolates and dimycolates. Mycolic acids and their derivatives
are essential to mycobacteria; the inhibition of their synthesis is one of the
primary effects of the first-line antibiotic isoniazid 92. The presence of other
lipid types in the outer leaflet of the mycomembrane is actively debated. However, there is experimental evidence indicating that phospholipids also contribute to the outer leaflet of the mycomembrane 81 – although this feature may
be specific to Mycobacteriaceae 93. The phospholipid moieties of the mycomembrane are decorated with mannose-derivatives, forming PIMs and
lipoarabinomannan (LAM), which are important antigen factors recognized
by the host immune system 94. The inner leaflet is likely formed by a parallel
arrangement of mycolic acids 81. A Study by Chiaradia et al. provided insights
into the protein composition of mycomembrane. Specifically, Mass spectrometry (MS) analysis resulted in the identification of known porins and protein
complexes involved in the modification of mycolate residues. In addition, a
number of new proteins, such a putative MCE (Mammalian Cell Entry) family
proteins, were also discovered 81.
The mycolic acids of the inner leaflet of the mycomembrane are attached
through phosphodiester linkages to the AG layer, which in turn is covalently
linked with peptidoglycan, forming a honeycomb-like structural arrangement.
The peptidoglycan layer provides rigidity to the cell, defining its shape and
helping it to withstand osmotic stress.
The space between the mAGP complex and the plasma membrane is called
the periplasm. While the periplasm is a feature of true Gram-negative bacteria,
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it is sometimes referred to as periplasm-like space or pseudoperiplasm in Mycobacteria.

2.5.3 The inner membrane
The inner membrane of the cell envelope has a conventional bilayer structure; it is approximately 5 – 7 nm thick and is comprised of conventional glycerophospholipids such as PI, PE, and CL, which constitute 0.37%, 0.52%, and
1.15% of the dry cell mass, respectively 88,95. The inner membrane also contains substantial amounts of PIMs and its heavily glycosylated derivatives, lipomannans (LMs) and lipoarabinomannans (LAMs). These complex glycolipids are also acylated; diacetylated PI mannoside (Ac2PIM) is a major inner
membrane component, constituting up to 42% of the dry cell mass 81,88,95. Additionally, small amounts of trehalose mono- and dimycolates together with
currently unidentified apolar lipids (which constitute about 1.1% of the dry
cell mass) are found in the inner mycobacterial membrane 81,88. Interestingly,
the prevalence of certain lipids can vary between different pathogenic and
non-pathogenic Mycobacterium species; also it is largely influenced by the
growth stage and presence of available nutrients 81,86,95. As is the case in other
bacteria, the plasma membrane in M. tuberculosis is the major permeability
barrier; it is rich in biosynthetic protein complexes, many of which are involved in nutrient transport, energy generation, drug efflux, and the biosynthesis of various cell envelope components 81.

2.6 M. tuberculosis PgsA1: a critical enzyme in PI
biosynthesis
PIM, LM and LAM are the most abundant glycoconjugates in the mycobacterial cell envelope, which play a significant structural role and are also
important for virulence and drug-resistance 96–98. They are synthesized by the
sequential addition of mannose and arabinose residues to PI, one of the major
phospholipids in the mycobacterial plasma membrane 88,99. While the structure
and biogenesis of PIM, LM and LAM are reviewed in ref. 97,100–102, the following section will focus on the biosynthesis of PI (Figure 3).

2.6.1 Main PI precursors: CDP-diacylglycerol and myo-inositol
PI is comprised of a phosphatidylglycerol linked to an inositol headgroup,
and is synthesized from two precursor molecules: cytidine diphosphate diacyl
glycerol (CDP-DAG) and myo-inositol. While abundant in eukaryotes (including pathogenic fungi and protozoa) and Archaea, PI is seldom present in
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bacteria; it is only found in a few Actinobacteria, including M. tuberculosis,
and a few hyperthermophilic Eubacteria 81,88,99,103,104.
Phospholipid biosynthesis begins with the acylation of sn-glycerol-3-phosphate to form phosphatidic acid 105, which is further activated by cytidine triphosphate (CTP) to form CDP-DAG. In M. tuberculosis the latter reaction is
catalyzed by the transmembrane enzyme CdsA (Rv2881c). The ortholog of
this enzyme has previously been biochemically characterized in M. smegmatis
106
.
Inositol is a six-carbon cyclic sugar; existing in nine stereoisomers derived
from the epimerization of its six hydroxyl groups, which are often represented
as a mnemonic “Agranoff turtle” cartoon (designed to avoid confusions in the
nomenclature) 107,108. Amongst these epimers, myo-inositol is the most abundant. For simplicity, myo-inositol will be referred to as inositol in this thesis.
In eukaryotes, phosphorylated membrane-bound and soluble derivatives of inositol perform various functions; they are used as common cell signaling molecules or anchor plasma membrane proteins (GPI-anchors) among other functions 103,109,110. In Actinobacteria inositol is a component of mycothiol; an
abundant antioxidant, which protects cells from oxidative damage and is used
as a carbon source reservoir for energy production during the stationary
growth phase 111. In M. tuberculosis a single ino1 gene (Rv0046c) controls the
de novo synthesis of inositol from D-glucose-6-phosphate. M. tuberculosis
Dino1 deletion mutants are only able to grow when their growth media is supplemented with high concentrations of inositol 112, indicating the existence of
inositol import machinery. A study by Newton et al. confirmed the presence
of an inositol transporter in M. smegmatis and have suggested SugI (Rv3331)
could function as its ortholog in M. tuberculosis 113.

2.6.2 Biosynthesis of PI in M. tuberculosis
PI biosynthesis in M. tuberculosis proceeds through the formation of a PI
phosphate (PIP) intermediate, which is catalyzed by an integral membrane
protein called phosphatidylinositol phosphate synthase PgsA1 (Rv2612c),
also known as PIP synthase. PIP is further dephosphorylated by a putative
phosphatase to yield PI (Figure 4). The proposed PI biosynthesis pathway differs among eukaryotes and M. tuberculosis (including other Actinomyces, and
Archaea); in eukaryotes it is a single-step reaction, where PI is synthesized
directly from CDP-DAG and inositol 114. Also, deletion of the pgsA1 gene has
been shown to be lethal in a M. smegmatis conditional mutant 99 and as suggested by transposon mutagenesis data in M. tuberculosis 14,15. Taken together,
these findings open an avenue for drug discovery projects targeting M. tuberculosis PgsA1 115. In Paper II we reported several high-resolution crystal
structures of M. tuberculosis PgsA1, which we hope will facilitate structurebased drug design studies of this promising membrane protein target.
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Figure 4. Illustration of the last two steps in M. tuberculosis PI biosynthesis, which
proceeds through the formation of a PIP intermediate. Modified from ref. 114.

2.6.3 The CDP-alcohol phosphotransferase protein family
M. tuberculosis PgsA1 belongs to a family of CDP-alcohol phosphotransferases (CDP-AP, Pfam‡ entry: PF01066). These enzymes are transmembrane
proteins, which catalyze the cleavage of the phosphoride anhydride bond in
CDP-alcohol, followed by the displacement of CMP through a second alcohol
(Figure 4). CDP-APs play key roles in phospholipid metabolism (Figure 5)
and can utilize substrates with different properties; for example, mitochondrial
CL synthase can use two amphipathic substrates (CDP-DAG and phosphatidylglycerol) 116, whereas M. tuberculosis PgsA1 uses one polar and one amphipathic substrate (inositol-phosphate and CDP-DAG, respectively) 114.

‡

http://pfam.xfam.org/family/CDP-OH_P_transf, accessed on January 4, 2020
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Figure 5. A simplified schematic representation of the key metabolic steps in M. tuberculosis H37Rv phospholipid biosynthesis. CDP-alcohol phosphotransferase genes
are shown in bold. Abbreviations: PA, phosphatidic acid; CDP-DAG, cytidine diphosphate diacylglycerol; DAG, diacylglycerol; CL, cardiolipin; PGP, phosphatidylglycerol phosphate; PG, phosphatidylglycerol; PIP, phosphatidylinositol phosphate; PI,
phosphatidylinositol; PC, phosphatidylcholine; PS, phosphatidylserine; PE, phosphatidylethanolamine. Figure based on the relevant KEGG pathway§ and on refs.
99,105,106,114
.

Despite the diversity of phospholipids synthesized by CDP-APs (Figure 5),
all of these enzymes possess a common sequence signature motif and are dependent on divalent cation (such as MgII, MnII or CoII) for catalysis 117–120. M.
tuberculosis PgsA1 has been shown to require MgII for catalytic activity but
is also active in the presence of MnII, albeit to a much lesser extent 115.
To date, four representative structures from the CDP-AP enzyme family
have been published: (i) bifunctional IPCT/DIPPS (AfDIPP synthase) 121 and
(ii) AF2299 PIP synthase 122 from the hyperthermophile Archaeoglobus fulgidus, (iii) RsPIP synthase from the fish pathogen Renibacterium salmoninarum
123
and (iv) M. tuberculosis PIP synthase PgsA1 (Paper II). All of these structures (including the transmembrane DIPPS domain of AfDIPP synthase) are
homodimers which share a conserved fold comprised of six transmembrane
helices and an N-terminal amphipathic helix, which is located at the membrane-cytoplasm interface of each monomer (aA in Figure 6A). The large active site cavity accommodates a dinuclear metal site, which is accessible from
both the cytosol and the membrane. Metal ions are primarily coordinated by
aspartate residues from the signature motif and are involved in both substrate
orientation and catalysis (Figure 6B – C). The active site cavity also contains
a conserved positively charged pocket in close proximity to the metal site,
which is proposed to be involved in accepting the water-soluble substrate (inositol phosphate in PgsA1 and RsPIP).
§

https://www.genome.jp/kegg-bin/show_pathway?mtu00564, accessed on January 4, 2020
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Figure 6. Overall fold and signature motif of CDP-alcohol phosphotransferases. (A)
Cartoon representation of the M. tuberculosis PgsA1 homodimer. One subunit is displayed with rainbow coloring (blue-green-yellow-red) from N- to C- terminus. The
positions of the N-terminal amphipathic helix and the transmembrane helix bundle in
the cytoplasmic membrane are highlighted (B) Hydrogen bonds and metal coordination network (solid lines) for the CDP-DAG substrate involving key residues from the
signature motif (C) HMM logo of the signature motif**. Figure prepared in PyMOL124
using coordinates of the M. tuberculosis PgsA1 structure (PDB: 6H59 ref. 125) presented in Paper II.

2.6.4 CDP-alcohol phosphotransferases: X-ray crystal structures
elucidate the catalytic mechanism
Significant progress has been made regarding the structural biology of
CDP-alcohol phosphotransferases in the last five years, which has contributed
significantly to our understanding of the structure-function relationships in
this enzyme family (refs. 121–123 and Paper II). The signature motif residues (Figure 6B – C) are primarily involved in forming the binding site for the
CDP-linked substrate and divalent cations; mutations to these residues renders
the enzyme completely inactive 121,126. The binding mode of the CDP-DAG is
best understood, based on crystal structures obtained with this substrate (Paper II and ref. 122,123). In contrast, there are no available crystal structures with
**

http://pfam.xfam.org/family/CDP-OH_P_transf, accessed on January 5, 2020
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the second, water-soluble substrate of CDP-APs (inositol phosphate in PgsA1
and RsPIP).
A study by Clarke et al. showed that PIP formation in RsPIP synthase is
much more efficient when CDP-DAG binds to the metal site first, implying
that the binding of this amphipathic substrate is required to prime the active
site for catalysis 123. It would appear that the metal site is not always pre-assembled, as in most of the substrate-free structures the site is metal-free (Paper II) or the metal ion coordination is uncertain 121–123. It is tempting to speculate that CDP-DAG aids in assembling the metal site, likely acting as a “cation magnet” due to its highly charged pyrophosphate group.
In the study, reported in Paper II, we have shown that fully assembled
(dinuclear) metal sites in M. tuberculosis PgsA1 homodimer are structurally
heterogenous; superposition of two subunits of the homodimer revealed differences in the coordination and position of the catalytic base D89 and the
metal ion in site 2, respectively. We propose that this flexibility has a role in
catalysis. Specifically, the MgII ion in site 2 helps in orienting D89 for deprotonation of inositol phosphate for consequent nucleophilic attack upon the
phosphoride anhydride bond in the CDP-DAG substrate.
CDP-APs utilize a variety of substrates (e.g. inositol, inositol phosphate,
serine or glycerol phosphate), which are precursors for the headgroups of a
variety of phospholipids (Figure 5 and references therein). Only CDP-APs that
utilize inositol phosphate have been structurally characterized to date (Paper
II and ref. 121,123). In the case of AF2299 the substrate remains unknown, but
likewise is proposed to be phosphorylated 122. To date, no research groups
have succeeded in crystallizing the enzyme with inositol phosphate, however
the binding site for this substrate has been characterized indirectly, by functional analysis of mutant proteins and molecular docking. These studies suggest that the phosphorylated substrate (inositol phosphate in PgsA1 and
RsPIP) would bind to the positively charged pocked containing the conserved
RxxR motif (R152xxR155, PgsA1 numbering), in close proximity to the metal
site; this motif is also conserved in other CDP-AP enzymes that use inositol
phosphate as a substrate 122. Amino acid substitutions, designed to alter the
charge of the pocket or to introduce steric hindrance, render the protein completely inactive, or less active depending on the mutation (Paper II and ref.
123
). In addition, this positively charged pocket is occupied by a countercharged molecule such as sulphate, tartrate 122 or citrate (Paper II), in all of
the available structures, indicating the binding position for the phosphate
group of the substrate.
Taking all of these factors into account, we have proposed a refined catalytic mechanism for CDP-alcohol transferases (Paper II).
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3. Radical-generating subunit R2 from
ribonucleotide reductase: structure-governed
metal specificity

3.1 Ribonucleotide reductase, RNR
Both ribonucleic acid (RNA) and deoxyribonucleic acid (DNA) are long
polymers consisting of four different nucleosides (adenosine, guanosine, thymidine, cytidine in DNA and uridine in RNA), linked through a phosphate
backbone. These molecules carry genetic information – the code of life. A difference in oxygen atom count in the sugar moiety (ribo- in RNA vs deoxyriboin DNA) has made a huge difference in selection of DNA to be the universal
genetic material in all cellular organisms and many viruses. DNA is considerably more stable and much less prone to mutations, compared to RNA 127.
Ribonucleotide reductase (RNR) is the key enzyme in the only known de
novo pathway, performing ribonucleotide di- and triphosphate reduction to
their corresponding form of deoxyribonucleotides; essentially connecting the
RNA and DNA worlds 128–130 (Figure 7). RNRs are fascinating enzymes, as
they utilize intricate radical chemistry for the reduction of their substrates. The
radical is commonly generated with the help of a metallocofactor and then
transferred to the active site for subsequent cysteine thiyl radical generation,
which is then used for ribonucleotide reduction 131–133. The substrate reduction
process is highly conserved and is summarized in Figure 7. These enzymes
are also quite complex, in various ways reflecting the adaption of organisms
to the ecological niche they populate. All RNRs are divided into three classes
(I – III) based on the ways these enzymes generate the radical, their oxygen
dependence, substrate preference, and quaternary structure.

Figure 7. Reaction catalyzed by ribonucleotide reductase. The transient cysteine thiyl
radical in the active site activates the substrate through ribose 3’ hydrogen abstraction.
Consequently, the 2’ OH group leaves as water. Then, the substrate undergoes 2-electron reduction and the 3’ hydrogen is returned to the substrate. Adapted from ref. 129.
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Of the three classes, class I RNRs have been the most well-studied. They
consist of two subunits: R1 – essential for ribonucleotide reduction through
the formation of a transient thiyl radical, and R2 – a “pilot light” subunit. The
R2 itself generates a stable radical, which is then shuttled 35 Å away to R1
subunit by proton-coupled electron transfer (PCET) for the initiation of ribonucleotide reduction 133,134. All to date studied R2 proteins share a common
ferritin-like fold and house a di-metal Fe, Mn or mixed Mn/Fe cofactor (with
one exception, discussed further below). Radical generation in R2 proteins of
this class is oxygen dependent. Different metallocofactors and the ways that
they generate a radical will be discussed in more detail below.
Class II RNRs are oxygen indifferent and are found in organisms preferring
anaerobic or facultatively anaerobic environments. Interestingly, in addition
to bacteria, archaea and viruses, class II RNRs are also found in a few unicellular eukaryotes 130,135,136. These enzymes are monomeric or homodimeric and
generate a cysteine thiyl radical via cleavage of deoxyadenosylcobalamin (vitamin B12 coenzyme). Notably, in contrast to the class I enzymes that use diphosphate substrates, class II utilizes either ribonucleotide di- or triphosphates
137,138
.
Class III enzymes are homodimeric and generate a stable, but extremely
oxygen-sensitive glycyl radical in the vicinity of the conserved cysteine pair
of the active site 139. In order to generate the glycyl radical, class III proteins
require a homodimeric activase protein, which carries a 4Fe-4S cluster and Sadenosylmethionine (SAM) cofactor. The glycyl radical is then generated via
SAM reduction by the iron-sulfur cluster. In addition, these enzymes prefer
ribonucleotide triphosphates as their substrates 140–142. Due to the oxygen sensitivity, this class of enzymes is confined to organisms able to thrive in anaerobic environments.
Arguably, ribonucleotide reductase is one of the most important enzymes
to the origin of life and represents a very interesting subject from an evolutionary point of view. While the three different classes briefly described above
share only 10 – 20% sequence identity, there is a striking conservation trend
in the three-dimensional structure of the catalytic subunit, catalytic mechanism itself and in allosteric regulation, suggesting that all of these enzymes
likely have a common origin 129,143. Notably, many organisms encode more
than one class of RNRs, thus adapting to dynamic changes in the environments
they inhabit 130,135,144.

3.2 The radical-generating subunits of class I RNR: metal
requirement and radical types
The radical-generating subunits (R2 proteins) of class I RNRs conserve a
ferritin-like fold – a four helix bundle typically coordinating two metal ions145.
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Nevertheless, they diverge in the nature of the radical species and/or metal
requirement for radical generation. Based on these differences, class I R2 proteins are further grouped into five subclasses: Ia – Ie. Metal sites from representative structures of the different subclasses are shown in Figures 8 and 9.

3.2.1 Class Ia R2: Fe/Fe enzymes and a protein radical
The E. coli class Ia RNR and its R2 subunit (R2a) are often referred to as
canonical and are the best characterized amongst all R2 classes 146. By using
metal chelators, it has been established that the protein activity is metal-dependent, as they render R2a inactive. R2a can then be reactivated after the
metal-free protein is incubated with FeII and O2 147; the active protein generates
a stable organic radical 132,147 . In 1977 Sjöberg and colleagues have confirmed
that the radical is located on tyrosine-122 (E. coli numbering) in proximity to
the metal site 148. Notably, this was the first time an organic radical was observed in proteins 131.
The FeIII /FeIII-tyrosyl radical (Y•) is generated by oxygen activation of the
dinuclear FeII metallocofactor through a series of intermediates (reviewed in
149
). Four electrons are needed for the reduction of oxygen to water. Since FeII
(ferrous) ions are readily oxidized by molecular oxygen, two electrons are
transferred in this process and the ferrous ions are oxidized to a FeIII /FeIII
(ferric) peroxide form. The diferric peroxide is then reduced by one electron
by neighboring W48 side chain (E. coli numbering), forming a tryptophan cation radical (W•+). Consequently, a short-lived FeIII /FeIV species is formed,
denoted as intermediate X. Intermediate X, in turn, oxidizes Y122 to Y• (E.
coli numbering). The W•+ species does not accumulate and is likely taken care
of by the R2b protein itself or by the ferredoxin YfaE 149,150.

3.2.2 Class Ib R2: Mn/Mn enzymes and a protein radical
Enzymes of this class are found in aerobic and facultative anaerobic, and
often pathogenic organisms such as Bacillus anthracis, M. tuberculosis, E.
coli and Salmonella enterica 130,151.
The characterization of class Ib R2 proteins (R2b) is linked to a curious
story of a relevant metallocofactor identification 152,153. Early in vivo experiments indicated that R2b is Mn-dependent. The enzyme co-purified with Mn
was active, however the activity could not be restored after metal removal and
subsequent re-introduction of Mn 154,155. Less active protein, however, was obtained after reconstituting apoprotein with FeII 154. In addition, R2b heterologously expressed in Mn-enriched media did not result in acquisition of an active protein either 156. In part because of these observations R2b enzymes were
thought to be di-iron enzymes, similar to R2a.
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Essentially, R2b metallo-factors assemble the MnII /MnII metal site, but unlike FeII, MnII is unreactive towards O2 directly. Instead, MnII /MnII is oxidized
by the superoxide species (O2•-). The superoxide generates a MnIII /MnIV intermediate, proposed to resemble intermediate X in R2a, which decays to MnIII
/MnIII and Y•. In this case the number of required oxidizing equivalents for
Y• is provided and, in contrast to R2a, the neighboring W side chain is not
oxidized 157.
Turned out that the missing link for the di-MnII metallocofactor activation
in the earlier experiments was NrdI - a small flavodoxin-like protein harboring
the redox active flavin mononucleotide (FMN) coenzyme and expressed by
all organisms containing class Ib RNR 151,158–162. The FMN coenzyme of NrdI
generates the O2•- during the reaction with oxygen, which is then channeled
directly to the metal site through a hydrophilic passage conserved in R2b proteins 157,163.
Importantly, the first metal-coordination shell residues are completely conserved in R2a and R2b (Figure 8A – D), which rises an important question
about the mechanisms of correct enzyme metalation.

3.2.3 Class Ic R2: Mn/Fe enzymes and an inorganic radical
R2a and R2b enzymes, discussed above, rely on tyrosyl radical generation
for the catalytic activity of the RNR. Another group of R2 proteins was discovered in Chlamydia pathogens, in which the residue equivalent to the radical carrying tyrosine is substituted for a phenylalanine, with the significant
homology between R2a and R2b being retained (Figure 8E – F). This group
of R2 proteins was termed Ic (R2c). However, despite the absence of the signature tyrosine, many lines of evidence suggested that this enzyme is active
and uses radical chemistry as well 164,165. At first, the di-iron form of the enzyme was characterized 164. Further studies have shown that R2c uses a mixed
Mn/Fe cofactor and store the radical equivalent on the metallocofactor itself.
Specifically, oxygen activation of the MnII/FeII results in formation of a MnIV
/FeIV intermediate, decaying to an active MnIV /FeIII cofactor 165,166, in agreement with theoretical calculations 167,168.
The immediate metal coordination shell in R2c also differs from R2a and
R2b proteins. The N-terminal carboxylate side chain in R2c proteins is conserved as glutamate, while in R2a and R2b proteins conserved as an aspartate
residue in the equivalent position (Figure 8E – F).
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Figure 8. Representative metallocofactor structures from R2a, R2b and R2c classes
of RNR, and R2lox. (A) E. coli R2a in oxygen-activated form [PDB: 1MXR 169] (B)
E. coli R2a in reduced, di-ferrous form [PDB: 1XIK 170] (C) Corynebacterium ammoniagenes R2b in oxygen-activated form [PDB: 3MJO 160] (D) Bacillus subtilis R2b in
reduced, di-MnII form [PDB: 4DR0 171] (E) Chlamydia trachomatis R2c in di-ferric,
oxygen activated form (oxidized Mn/Fe structure of R2c is not available) [PDB:
1SYY 164] (F) C. trachomatis R2c in reduced Mn/Fe form [PDB: 4M1I 172] (G) Geobacillus kaustophilus Mn/Fe R2lox in oxygen-activated form [PDB: 4HR0 173] (H) G.
kaustophilus R2lox in reduced Mn/Fe form [PDB: 4HR4 173]. Fe and Mn ions are
shown as orange and purple spheres, respectively, solvent and oxo/hydroxo bridging
ligands – as red spheres. Solid lines indicate metal coordinations. Figure prepared
using PyMOL 124.
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3.2.4 Class Id R2: Mn/Mn enzymes and an inorganic radical
One of the very recent additions to the R2 protein family classification is
class Id (R2d). This class of R2 proteins was separated based on peculiar sequence features. R2d enzymes seem to retain the tyrosine residue, which in
classes R2a and R2b harbors the radical, and contain the N-terminal metalcoordinating glutamate, similar to R2c (Figure 9A). In addition, enzymes of
this class appear to have evolved distinct allosteric regulation mechanisms,
compared to canonical RNR 174,175. Surprisingly however, R2d enzymes do
not generate Y• and appear to assemble a MnII /MnII metal site, as in R2b, but
rely on an external O2•- source in generating an active MnIV /MnIII cofactor
without NrdI 174–177. Thus, R2d enzymes may represent a simpler evolutionary
precursor to R2b enzymes. Further studies are needed to show if a dedicated
superoxide source exists for this class of R2 proteins.

3.2.5 Class Ie R2: metal-free enzymes and a protein radical
The growing number of sequenced genomes have raised the chances for
new and unexpected discoveries. A completely new class of metal-free R2
proteins was discovered, denoted Ie (R2e). These RNRs are encoded by gene
operons similar to R2b and likewise require the NrdI activase. Surprisingly,
these enzymes lack three of the conserved metal-coordinating carboxylate residues of the other R2 classes, preventing metal binding. Ribonucleotide reduction in R2e is powered by 3,4-dihydroxyphenylalanine (DOPA) radical, however, the mechanism that generates it is unclear (Figure 9B). Because R2e
RNR are commonly found in human pathogens, metal-free adaption might be
advantageous in metal-starvation conditions triggered by the host immune
system 178,179.

Figure 9. Representative cofactor structures from R2d and R2e classes of RNR. (A)
Flavobacterium johnsoniae R2d in reduced, di-MnII form [PDB: 6CWO 175] (B)
Metal-free Mesoplasma florum R2e in the active form, containing a modified Y126
residue – 3,4-dihydroxyphenylalanine (DOPA) [PDB: 6GP2 179]. Mn ions are shown
as purple spheres, solvent – as red spheres. Solid lines indicate hydrogen bonds and
metal coordinations. Figure prepared using PyMOL 124.
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3.2.6 R2-like ligand-binding oxidase: Mn/Fe enzymes and a Y-V
crosslink
A subgroup of proteins, denoted R2-like ligand-binding oxidases (R2lox),
was identified based on sequence homology to the R2c group discussed earlier. They conserve the phenylalanine residue (equivalent to the radical-carrying tyrosine in R2a and R2b) and the di-metal cofactor-coordinating residues
similar to R2c (Figure 8G – H) 180,181. The crystal structure of M. tuberculosis
R2lox (Rv0233) revealed a remodeled R2-like scaffold with a large hydrophobic cavity, housing a long-chain fatty acid coordinated to a mixed Mn/Fe
cofactor. In contrast to R2 proteins, R2lox performs two-electron redox chemistry, forming a tyrosine-valine ether crosslink in the vicinity of its metal binding site, as a result of the metallocofactor reaction with oxygen. Similarly to
R2c, R2lox is able to reduce O2 via MnIV/FeIV intermediate without any auxiliary factors 173,180,182,183. The physiological role of R2lox proteins, however,
is yet to be described.

3.3 Metal specificity in heterodinuclear Mn/Fe R2 and
R2lox proteins
As noted above, all R2 proteins share a common fold and, with the exception of class Ie – similar metal-coordinating residues (Figures 8 and 9A). At
the same time, they utilize a variety of different metallocofactor types to perform ribonucleotide reduction through an evolutionary conserved mechanism.
How do these enzymes ensure the correct assembly of their metallocofactors
and what are the factors involved in this process? Clearly, a wrong metallation
would result in reduced or no protein activity at all, which in vivo could have
deleterious consequences 153,184.
Typically, transition metal-ligand complex stability is described by the Irving-Williams (IW) series (MnII < FeII < CoII < NiII < CuII > ZnII) 185. Stability
of the complex indirectly reflects metal-ligand affinity. Some metals, like CuII,
bind to protein ligands tightly and therefore are commonly chaperoned or segregated in the cell environment, and generally found in low abundance 186.
However, MnII and FeII represent a special case, because both are abundant,
bind weakly to their protein ligands, and prefer similar coordination environments.
Recent studies show that heterodinuclear Mn/Fe ferritin-like family proteins R2c and R2lox do not follow the expected IW order. It is worth mentioning, that IW series theory is empirical and describes simple metal-ligand complexes in solution 185. Proteins are more complex than that and have evolved
to create specific environments for dedicated catalytic activities. Crystallographic and solution experiments with in vitro metal-reconstituted protein
show that both R2lox and R2c are able to select Mn in their N-terminal metal
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site (site 1) and Fe in their C-terminal metal site (site 2) (Figure 8F – H), to
assemble a functional cofactor 172,173,187,188. The routes of cofactor assembly
however, are different in these proteins 189. Thus, the data infers that the protein scaffold itself is able to tune metal site architecture and electronic structure to facilitate the binding of the correct metal for the assembly of catalytically functional cofactor. Unfortunately, we are currently unable to explain
this very important process fully 188.
Despite similar ligand preference, redox chemistry catalyzed by Mn and Fe
is far from interchangeable. The differentiation lies in their redox potentials
and, consequently reactivity towards their substrate (O2, as in the case of R2
proteins). A study on superoxide dismutases MnSOD and FeSOD elegantly
shows this difference 190. Both enzymes conserve the primary metal coordination shell and yet MnSOD is inactive with Fe and, in turn, FeSOD is inactive
with Mn. The study concludes, that the second metal ligand coordination
sphere is involved in tuning the electronic environment of the metal site in
such a way, that the enzyme can catalyze the reaction 190. Similarly, the rearrangement of metal-chelating carboxylate ligands in R2 proteins (so called
carboxylate shift) and metallocofactor oxidation are inseparable events, fundamental for the reversible process of radical generation and transfer. Therefore, a protein is likely to create a favorable environment for the binding of
the correct metal, even if the process includes outcompeting a less favorable
binder as shown for R2c 189. The impact of second coordination shell residues
on metallocofactor assembly in R2lox was recently reported 191. In this study,
a glycine residue, directly preceding N-terminal metal-chelating carboxylate
ligand (E69 in Figure 8G – H) and conserved in R2lox group, was substituted
to leucine, a hydrophobic sidechain often found in R2b proteins. Surprisingly,
this single mutation was able to convert R2lox to an R2c-like one-electron
oxidant cofactor precluding the tyrosine-valine crosslink formation. This
study, therefore, highlights the importance of the second metal coordination
shell residues in tuning the environment for the physiologically relevant metalation 191.

3.4 Bacillus anthracis R2b as a model system
The assembly of the mixed metallocofactor in R2c and R2lox groups is
relatively well-studied 172,173,187,188, but no such studies are reported for R2 proteins, utilizing a single type of metal. Therefore, we have set a target to investigate whether the R2b protein scaffold also determines the selectivity towards
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Mn, the physiologically relevant metal ion, or follows the IW order. We have
used Bacillus anthracis R2b protein as a model system in these studies.
Bacillus anthracis is a Gram-positive spore-forming bacterium, commonly
found in soil and infecting grazing animals. It can also occasionally infect humans through the consumption of contaminated meat or by the inhalation of
bacterial spores. For the latter reason B. anthracis is considered as a biological
weapon 192. The genome of B. anthracis encodes two RNRs: class Ib and class
III. R2b is well-characterized biochemically and resembles a “classic” R2b
enzyme, generating a Y• from di-MnII site and O2•- with the help of NrdI or
directly from di-FeII site and O2 144,161,193, but its three-dimensional structure
had not been published.
Here we have performed metallocofactor reconstitution experiments in
metal-free B. anthracis R2b protein crystals by providing MnII and FeII in large
excess and equal concentrations. To account for the possible role of O2 activation, these experiments were performed in aerobic and oxygen-depleted
conditions.
Since R2lox contains a conserved Gly residue in the second coordination
shell 181,191, we have created an R2lox-like mutation in B. anthracis R2b by
substituting Leu61 to Gly and performed similar metal-reconstitution experiments as for the wild-type R2b protein. Further, we have determined the sitespecific metal content and relative amounts of bound Mn and Fe in metalloaded protein crystals using the quantitative anomalous dispersion method187.
The results of this study are reported in Paper III.
Furthermore, to investigate if MnII or FeII binding induce any differences
in metal-coordination geometry in B. anthracis R2b, we have loaded apoprotein crystals with a single type of metal, either MnII or FeII, aerobically and in
oxygen-depleted conditions. In Paper IV we report several high-resolution
crystal structures of B. anthracis R2b in metal-free form, as well as in complex
with Mn or Fe. We were also able to trap partially oxidized di-iron metallocofactor state in one of the crystal structures. We discuss the structural changes
associated with metallocofactor oxidation event and suggest their physiological relevance.
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4. Summary of main findings

4.1 Paper I
The membrane proteome of M. tuberculosis remains a terra incognita for
structural biologists, largely because of the challenges in mycobacterial membrane protein expression and the selection of well-expressing protein targets
suitable for further investigations.
To facilitate the selection of such targets, we have streamlined the M. tuberculosis H37Rv a-helical transmembrane protein expression screening by
adapting the folding reported GFP (frGFP) fusion approach, previously used
for E. coli inner membrane proteins 194. In this procedure frGFP florescence
can be correlated to the expression levels of its fusion membrane protein partner, which can be measured in growing cells. We have constructed two protein
expression vectors, well suited for target protein production in E. coli and Mycobacterium smegmatis. Both vectors are also compatible with ligation independent cloning (LIC), a universal and high-throughput approach.
In this study we have applied this frGFP-based technique to 42 a-helical
transmembrane proteins, all of which are potential drug targets due to their
essentiality for M. tuberculosis virulence and survival. We show that protein
expression media and choice of expression host have a profound influence on
target protein production both qualitatively and quantitatively, suggesting the
basic conditions for routine protein expression tests. Interestingly, several protein targets from our library express better without the addition of IPTG (isopropyl β-d-1-thiogalactopyranoside) inducer or in autoinduction media. The
increased protein yield in these cases is likely associated with slower production rates of target membrane proteins and, consequently, reduced strain on
the machinery for their insertion into the membrane. In addition to these general observations, we describe conditions allowing high-level expression of
more than 25 essential proteins from our library. Importantly, this approach
allowed the overexpression of PgsA1 protein, leading to its successful crystallization and structure determination, reported in Paper II of this thesis.
As this is a study in progress, the expression and integrity of several target
proteins still have to be verified. Nevertheless, we hope that our findings will
encourage further M. tuberculosis membrane protein research.
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4.2 Paper II
The structure of the cell envelope is a hallmark of the Mycobacterium genus
(Figure 3). M. tuberculosis heavily relies on the integrity of its cell envelope
for protection from the host immune response, environmental factors, as well
as for virulence. Because lipids constitute a very large proportion of the envelope, targeting enzymes involved in lipid biosynthesis pathways is advantageous for antitubercular drug development.
M. tuberculosis phosphatidylinositol phosphate synthase (PgsA1,
Rv2612c) is one such potential target; it is an integral plasma membrane enzyme, belonging to the CDP-alcohol phosphotransferase (CDP-AP) protein
family. PgsA1 is an essential enzyme, and deletion of the pgsA1 gene renders
the pathogen nonviable 99. This enzyme is involved in the biosynthesis of
phosphatidylinositol phosphate (PIP), a precursor for phosphatidylinositol
(PI), which is an abundant phospholipid in the mycobacterial cell envelope.
PI functions as the first building block and lipid anchor for the synthesis of the
structurally complex glycoconjugates phosphatidylinositol mannosides, lipomannan and lipoarabinomannan, which comprise the cell envelope of the
pathogen (Figure 3) 97. Unlike what is observed in eukaryotes, PI biosynthesis
in M. tuberculosis is a two-step process 114. In the first step, PgsA1 catalyzes
the conjugation of the 1’ hydroxyl group of D-myo-inositol-3-phosphate (inositol phosphate) with a lipid tail of the acceptor substrate cytidine diphosphate
diacylglycerol (CDP-DAG), resulting in the formation of PIP. In the second
step, a putative phosphatase removes the 3’ phosphate from the PIP, forming
PI.
In this study we report three crystal structures of M. tuberculosis PgsA1: a
substrate-free form (to 2.9 Å resolution), a metal-substituted (Mn-) form
bound with citrate (to 1.9 Å resolution) and a Mg-containing form that was
co-crystallized with the substrate CDP-DAG (to 1.8 Å resolution). The structures reveal a homodimer with the characteristic CDP-AP fold; an amphipathic juxtamembrane N-terminal helix and a six transmembrane helix bundle, arranged to house a large solvent-accessible pocket and a dinuclear metal
site in each subunit of the homodimer (Figure 6A – B).
PgsA1 requires MgII for catalysis 114,115, however we could not initially locate the metal ions in the apo structure. Therefore, we co-crystallized PgsA1
with MnII; a cation that also supports PgsA1 catalysis, and which additionally
allows for anomalous dispersion experiments. We were able to unambiguously identify and locate two metal ions per protomer of the PgsA1 dimer. The
MnII ions were coordinated by four strictly conserved aspartate side chains
from the CDP-AP signature motif. Unexpectedly, some of the MnII associated
with citrate ions, which originated from the crystallization solution. These
Mn-citrate complexes were clearly recognizable in the electron density and
were located in the solvent-accessible positively charged pocket, comprised
of a number of conserved arginine and lysine side chains. It was previously
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hypothesized that this positively charged pocket (and specifically the
R152xxR155 motif; PgsA1 numbering), may be involved in binding of the
phosphate moiety of the substrate inositol-phosphate 122. To test this hypothesis, we introduced several point mutations that were expected to alter the local
charge of the pocket, or which would sterically obstruct the binding of inositol-phosphate. Protein activity was then assayed in proteoliposomes. The mutated sidechains in close proximity to the R152xxR155 motif (i.e. the apical
side of the pocket), did indeed render the protein significantly less active compared to the wild-type. We also attempted to co-crystallize PgsA1 with inositol-phosphate, but this was not successful. This is likely due to the inositolphosphate being outcompeted by the sulphate ions in the crystallization solution, which were essential for the formation of well-diffracting crystals. Furthermore, the addition of 10 mM inositol phosphate to apoprotein crystals
grown in lipidic cubic phase (LCP) led to lipid phase change and crystal deterioration (unpublished data). Nevertheless, the results of the inositol-phosphate binding site mutational studies were further confirmed by molecular
docking experiments, additionally suggesting a plausible orientation for the
substrate relative to the metal site and the catalytic aspartate residue.
A previously reported 3.6 Å crystal structure of another member of the
CDP-AP enzyme family, RsPIPS protein from a fish pathogen Renibacterium
salmoninarum 123, revealed the binding site of CDP-DAG, which is also a substrate of M. tuberculosis PgsA1. However, the limited resolution of this structure hindered the analysis of structural details in the active site. We were able
to solve a co-crystal structure of M. tuberculosis PgsA1 in complex with CDPDAG to 1.8 Å resolution, by supplementing the LCP with this substrate. The
structure revealed clear electron density for CDP-DAG, which coordinated the
binuclear MgII site in both protein chains of the homodimer. However, the
long acyl chains of the substrate were disordered, indicative of their flexibility
along the protein surface.
Notably, a metal ion in site 2 (coordinated by the catalytic residue D93) in
both in MnII and MgII-containing structures exhibited a certain degree of mobility, when the two protein chains that comprise the protein dimer were compared. Specifically, in one of the protein chains both metal ions were closer
together (we denoted this state as “tight”) and were further apart in the second
protein chain (we denoted this state as “relaxed”). We propose that this flexibility has a functional implication in catalysis; it is required for orienting the
correct hydroxyl group of the inositol-phosphate towards the catalytic base
D93 and CDP-DAG. Finally, we proposed a refined 121–123 catalytic mechanism for CDP-AP enzymes (Figure 10). The high-resolution crystal structures
presented in this study provide an excellent basis for structure-guided drug
design against M. tuberculosis.
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Figure 10. Proposed model for substrate-induced catalysis initiation. (A) Resting “relaxed” state with CDP-DAG bound. (B) Binding of D-myo-inositol-3- phosphate (inoP) leads to a carboxylate shift in D93 accompanied by a shift in the metal position of
Mg2 resulting in the “tight” state. In step I, the catalytic base D93 deprotonates the 1′
hydroxyl of D-myo-inositol-3-phosphate. In step II, D-myo-inositol-3-phosphate performs a nucleophilic attack on the β-phosphorus of the CDP-DAG substrate. (C) Presumed penta-coordinated transition state. (D) Release of the reaction product phosphatidylinositol phosphate (PIP) and the return of the active site to the resting “relaxed” state. Aspartate residues undergoing the carboxylate shift are marked with blue
filled circles. Figure adapted from Paper II 125.

4.3 Paper III
The heterodinuclear ferritin-like family of proteins R2c from Chlamydia
trachomatis and R2lox from Geobacillus kaustophilus defy the Irving-Williams series (IW) and selectively assemble their Mn/Fe metallocofactor, instead of the expected Fe/Fe cofactor 172,173,187,188. Furthermore, both proteins
have been shown to assemble their cofactors differently 189, suggesting that
the protein scaffold itself determines metal selectivity through mechanisms
we currently do not fully understand. Following these observations, we decided to investigate whether the R2b enzyme (di-manganese in vivo) from Bacillus anthracis can also select the physiologically relevant metal ion, or if it
follows the IW series instead.
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We employed the quantitative X-ray anomalous dispersion (Q-XAD 187)
technique to estimate the relative amounts of Mn and Fe bound in the metal
sites, using two different strategies of metallocofactor reconstitution:
(1) Incubating metal-free B. anthracis R2b protein crystals with excess and
equal concentrations of MnII and FeII in oxygen-depleted conditions. In
this setup no oxygen activation is expected, and metals remain in their
reduced state.
(2) Incubating metal-free B. anthracis R2b protein crystals with excess and
equal concentrations of MnII and FeII in aerobic conditions. In contrast
to the previous setup, oxygen activation is possible.
Q-XAD data showed that irrespective of the presence or absence of oxygen,
B. anthracis R2b assembled a di-manganese cofactor, thus defying the IW
series. Considering that metal-coordinating ligands are completely conserved
in R2a and R2b groups, selective binding of Mn in R2b was not expected.
Many broad questions remain to be answered in future experiments: (a) What
are the steps in metallocofactor assembly in R2b? (b) Does R2b assemble transient Mn/Fe, Fe/Mn or Fe/Fe cofactors? (c) If it does, why do these cofactors
not activate oxygen as is the case with R2c, R2lox and R2a proteins? (d) R2a
enzymes are active with a di-iron cofactor in vivo and in vitro, and conserve
identical metal-coordinating residues as R2b proteins. However, would an
R2a enzyme select for iron from a mixed pool of labile MnII and FeII?
We introduced an R2lox-like point mutation in the second metal coordination sphere of B. anthracis R2b. This residue is a conserved glycine in R2lox
proteins, which directly precedes the N-terminal carboxylate ligand (E69 in
Figure 8G – H), coordinating the metal ion in site 1 181,191. In contrast, there is
no obvious sequence conservation of this residue in the R2 group, although it
is generally hydrophobic; in the R2b group a leucine is often found in this
position (L61 in B. anthracis) 191. We therefore crystallized the apo L61G variant of B. anthracis R2b and performed metallocofactor reconstitution as described in procedures (1) and (2) for the wild-type protein. Similarly, we analyzed the site-specific metal content in the L61G mutant by Q-XAD and compared this data with the metal quantification results obtained for the wild-type
R2b protein. Q-XAD data showed that in the absence of oxygen during metallocofactor reconstitution (procedure 1), the L61G variant still assembled a
di-manganese cofactor as was observed for the wild-type enzyme, however it
did become slightly more permissive to iron binding in both metal sites (Figure 11). In contrast, when the L61G variant was reconstituted with divalent
Mn and Fe in aerobic conditions, the protein changed its metal preference and
assembled the Mn/Fe cofactor, similar to what is observed for R2lox and R2c
enzymes (Figures 8F – H and 11).
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Figure 11. Relative amounts of Mn and Fe in the two metal binding sites of (A) wildtype and (B) B. anthracis R2b L61G variant. The corresponding representative anomalous difference electron density maps derived from Q-XAD data are shown. Difference density maps for Mn and Fe are shown as purple and orange mesh, respectively.
For the wild-type and anaerobically prepared L61G mutant metallocofactors maps are
contoured at 5 s. Maps for aerobically reconstituted L61G crystal are contoured at
4 s. Figure adapted from Paper III.

In addition to quantitative studies, we also obtained several high-resolution
crystal structures of the wild-type protein and the B. anthracis R2b L61G variant in a metal-free state as well as after metallocofactor reconstitution, following the procedures (1) and (2), described above. Compared to wild-type
R2b, the L61G variant displayed significant rearrangement in the metal site
coordination sphere. Briefly, the L61G mutation created a vacant space for
side chain rearrangement in close proximity to the radical-generating residue
Y100. Consequently, metal-chelating carboxylates were also rearranged,
likely due to the absence of steric obstruction normally created by the secondshell of bulky hydrophobic sidechains.
As a consequence of the carboxylate rearrangement both MnII ions were 6coordinated and solvated in the anaerobically prepared L61G protein. For
comparison, in the FeII and MnII-containing wild-type protein, site 1 is 4- coordinated and site 2 is 5-coordinated with no metal-coordinating solvent molecules visible in the electron density maps (Ref. 195 and Paper III). Rearrangements in the second metallocofactor coordination shell were present in L61G
crystal reconstituted in presence of O2 as well. However, the metal site was
significantly more disordered, as reflected by the refined occupancies of the
metal ions in each binding site, as well as the flexibility of the metal-chelating
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carboxylates. Notably, the mixed Mn/Fe cofactor in L61G mutant appears to
be able to activate O2. Taking into account the extreme sensitivity of R2 proteins to photo-reduction 196, observation of even partially oxidized
(aqua/oxo/hydroxo-bridged metallocofactors) is surprising – this particular
crystal survived three rounds of X-ray data collection (Mn-, Fe- and near-Se
edges). Further investigation is required to show if a tyrosyl radical (Y•) is
formed during the oxygen activation process, or if the metallocofactor is irreversibly trapped in its oxidized state.
In summary, we have shown that the protein scaffold of the R2b enzyme
selects Mn over Fe. Similar to R2lox enzymes, the second coordination shell
environment of R2b proteins is able to constrain metal-chelating residues, for
physiologically relevant metal ion selection. In addition, we provide experimental evidence that the second coordination shell environment is involved in
tuning the metallocofactor redox potential for O2 activation in R2 proteins.

4.4 Paper IV
In this study we focused on the structural characterization of B. anthracis
R2b, complexed with Mn or Fe. While a number of orthologs from closelyrelated Bacillus species have already been structurally characterized (e.g. B.
cereus R2b 197 and B. subtilis R2b 171, which share 99% and 59% protein sequence similarity, respectively), we investigated whether the type of metallocofactor (i.e. di-Mn or di-Fe) would have an immediate impact on the metal
site geometry in B. anthracis R2b.
We have solved five high-resolution B. anthracis R2b crystal structures:
one in a metal-free state, and four structures which were obtained by metallocofactor reconstitution in protein crystals, using two different procedures:
(1) Incubating metal-free crystals with excess of MnII or FeII in oxygendepleted conditions. In this setup no oxygen activation is expected, and
metals remain in their reduced state.
(2) Incubating metal-free crystals with an excess of MnII or FeII in aerobic
conditions. In this setup oxygen activation of the FeII /FeII cofactor is
expected, leading to the formation of an oxo-bridged FeIII /FeIII state
and Y•, as in R2a 144,149.
Since one of the aerobically Fe-loaded protein structures (denoted Fe2-aer
in this study) clearly represented a reduced metallocofactor state and metal
coordination geometry, we concluded that its metal sites must have been
photo-reduced during data collection. Photoreduction is not uncommon in R2
proteins 196, and in metalloproteins in general 198. The metallocofactor structure in Fe2-aer is identical to cofactors in anaerobically prepared Fe and Mncontaining B. anthracis R2b structures reported in this study. We therefore
concluded that the structure of the metallocofactor does not change depending
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on the metal type bound, at least when the metal ions remain in their reduced
(II) state.
To decrease the possibility of photoreduction during data collection, we
collected another X-ray dataset from a B. anthracis R2b crystal. This crystal
was aerobically prepared with FeII, and was expected to form an oxo-bridged
FeIII /FeIII cofactor and the Y•, as in R2a. This time this crystal was exposed
to highly attenuated X-ray beam (unfortunately, total radiation dose for any of
these datasets was not recorded). Following this procedure, we were indeed
able to obtain a B. anthracis R2b structure with a partially oxidized di-iron
metallocofactor. The photo-reduction could not be avoided completely in both
chains of the R2 homodimer, and so the metal coordination geometry represents a mixture of oxidized and reduced states. This structure is denoted Fe2semiox.
Intriguingly, positive difference density maps of the Fe2-semiox structure
indicated significant rearrangements in helix E. This helix possesses a stretch
of amino acids engaging in p-type/310-type hydrogen bonding (Figure 12). The
distorted topology of helix E is retained across members of the ferritin-like
protein family, suggesting it has a functional role 145,199. For example, this helical segment undergoes reorganization upon regulatory subunit binding in
bacterial multicomponent monooxygenase 200,201. In B. anthracis R2b, helix E
donates one of the metal-chelating carboxylates, E161, which coordinates to
metal in site 2. The reason why R2 proteins conserve this energetically expensive structural feature remains enigmatic. However, since the rearrangements
in helix E are linked to oxidation of the metallocofactor, we have proposed a
functional role associated with this event.
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Figure 12. Distorted topology of helix E and model of structural rearrangements occurring upon metallocofactor oxidation in B. anthracis R2b. (A) Residues participating in i + 5 interactions are shown in green and the respective hydrogen bonds are
shown as dashed black lines. The residues participating in 310-type (i + 3) interactions
are shown in yellow and the respective hydrogen bonds are shown as solid black lines.
Metal ions are shown as spheres (B) Helix E in Fe2-semiox is modeled as in reduced
structures; however, the positive difference electron density (shown as blue mesh)
suggests structural rearrangements upon oxidation (C) Model of helix E rearrangements upon metallocofactor oxidation, as suggested by positive Fo–Fc electron density. The 2Fo–Fc electron density map is contoured at 1.2 σ and is shown as a grey
mesh within a 1.2 Å radius from the residues. The Fo–Fc electron density map is
contoured at 2.5 σ and shown as a blue mesh within 2.0 Å radius of the residues.
Figure adapted from Paper IV 195.

By comparing the structure of the putative superoxide passage in the Fe2semiox structure to a reduced di-iron R2b-NrdI complex from B. cereus 197,
we have noted that oxidation-related rearrangements in the first and second
coordination shells of the metal sites in Fe2-semiox render the superoxide passage closed. Specifically, the Y166 side chain, located on helix E, likely forms
a hydrogen bond with a residue S196 on the neighboring helix F (Figure 13).
While we could not model this interaction in our structure due to the poor
quality of the positive difference density for Y166, this interaction is unambiguously observed in the oxidized di-manganese structure of C. ammoniagenes R2b 160. We propose that these conformational changes in the
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metallocofactor first and second coordination shells are required to seal the
superoxide passage in order to avoid the loss of formed Y• to solvent.

Figure 13. Proposed gating of the NrdI–R2b superoxide passage. (A) Docked model
of the FMN-bound NrdI and Fe2-semiox R2b (based on the B. cereus complex, PDB
id: 4BMO 197). A surface-slice view of the open superoxide passage (blue arrows),
which connects the FMN coenzyme and the metal cluster (modeled as reduced) in
B. anthracis R2b. (B) Upon oxidation of the metal cluster, the distorted helix E segment rearranges; Y166 seals the superoxide passage (red arrow) by making a polar
interaction with S196 on helix F. Metal ions are shown as large spheres. Residues,
gating access to the superoxide channel, are highlighted in bold. The protein surface
is shown in translucent grey. Figure adapted from Paper IV 195.
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5. Brief description of the crystallographic
methods used in this thesis

5.1 X-ray crystallography
X-ray crystallography is by far the most widely used technique†† for macromolecular (e.g. protein) three-dimensional (3D) structure determination,
able to reach atomic resolution. As the name of technique implies – formation
of protein crystals is an essential pre-requisite and often remains a major bottleneck in structural biology, as many proteins resist crystallization.
Protein crystals are made of orderly 3D arrays of repeating units of protein
molecules, interacting with each other non-covalently in a very regular way.
In a typical X-ray data collection experiment a protein crystal is exposed to a
focused monochromatic X-ray beam, and its diffraction pattern is recorded by
rotating the crystal as the X-rays pass through it. X-rays are scattered from the
molecules in the crystal lattice and, if in phase, result in constructive scattering
and a diffraction pattern. Each spot (or reflection) in the diffraction pattern
contains contributions from all atoms in the unit cell – a minimal repetitive
unit of the crystal. Spot distribution in the diffraction pattern may provide information about crystal space group (molecule organization in 3D in the unit
cell), distance between them – about the unit cell size. The intensity of each
reflection describes the atomic contents of the unit cell.
X-rays can be described as a wave function. With the X-ray wavelength
known, amplitudes are calculated from the intensity of each reflection. However, the phase information, essential for electron density map reconstruction,
cannot be measured and has to be estimated indirectly. This represents the
phase problem in X-ray crystallography. Commonly, the phase problem solution is aided by the molecular replacement method, or using experimental
phasing techniques, such as isomorphous replacement or anomalous dispersion methods. Atomic resolution (1.2 Å and better) protein structures can be
solved using direct phasing – a common technique for solving the phase problem in small molecule crystallography 202,203.
Once phases are available, electron density map can be calculated using
complex mathematical operations (Fourier transform). Electron density represents distribution of electron clouds in 3D space, indicating the location of
††

https://www.rcsb.org/stats/summary, accessed on January 12, 2020
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protein atoms, and therefore structural features of the crystallized protein. The
crystallographer then reconstructs a structural model of the protein by interpreting the electron density maps via iterative cycles of model building, refinement and validation.
Many excellent books about X-ray crystallography have been written; for
detailed theory and practice, recent books from Bernhard Rupp 204 and Gale
Rhodes 205 are recommended.

5.2 X-ray anomalous dispersion, XAD
XAD, is a technique in X-ray crystallography widely used for phasing
and identification of chemical elements (atoms) in macromolecules of interest.
The method employs a property of atoms to absorb some X-ray photons, if
particular conditions are met. Specifically, if the X-ray wavelength energy is
near the absorption energy of an atom, the atom will strongly absorb some
radiation, ionize and emit a photoelectron with an altered energy and phase
(i.e. compared to elastic scattering, when photon energy of X-rays is reflected
by the atom, this type of scattering is anomalous). This absorption event has
a measurable effect on diffraction, because it affects scattering magnitude and
a phase of scattered rays. The scattering differences between X-rays scattered
in an elastic way and anomalously provide the basis for anomalous difference
electron density map calculation 202,203. Since synchrotron X-ray wavelength
energy can be tuned for specific element absorption; generated anomalous difference density maps can provide information about the location of specific
atoms of interest in the protein structure. Additionally, XAD is a powerful
technique in metal ion identification (Figure 14).
Furthermore, XAD can be used as a quantitative technique – for estimation
of relative amounts of metal ions bound in the same site of a protein (i.e. different subsets of protein molecules in a crystal bind different metals) 187.
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Figure 14. X-ray anomalous scattering. The absorption edges of transition metals, i.e.
Fe (orange sphere) and Mn (purple sphere), are accessible by synchrotron radiation.
The graph shows energy distributions of theoretical X-ray scattering factor components f´ (real) and f´´ (imaginary) for Mn, Fe, Cu and Zn (the scattering factors for
each element can be obtained from ref. 206) 202. The insets show anomalous difference
density of G. kaustophilus R2lox metallocofactor (contoured at 4 electrons/Å3), derived from data collected at the Mn (purple) and Fe (orange) absorption edges 173. At
Mn edge, only Mn displays an anomalous signal, but at the Fe edge – both Mn and Fe
display an anomalous signal. Figure reproduced from ref. 188.

5.2.1 Radiation damage and photo-reduction in metalloprotein Xray crystallography
X-ray radiation is ionizing. Crystallographers and those interested in using
structures obtained by X-ray crystallography must be aware of the effects and
defects this irradiation may introduce. Metalloenzymes are especially susceptible, as X-ray induced photoreduction may alter the structure of the metallocofactor and its environment 198.
X-ray photons interact with electrons of matter by (i) a non-absorbing event
(i.e. elastic or coherent scattering of a photon), by (ii) inelastic scattering of a
photon (i.e. incoherent), when part of its energy is absorbed and scattered at
lower energy together with the ejection of a free recoil electron (Compton
effect), and by (iii) photoelectric absorption – all photon energy is absorbed
and a photoelectron is ejected from an inner atomic shell. At synchrotron energies, photoelectric absorption accounts for over 90% of energy absorbed by
the protein crystal 207. The ejected photoelectron can give rise to the ionization
of up to 500 neighboring atoms, resulting in the formation of radical species
able to diffuse and introduce further ionization and excitation events 207,208.
Clearly, this is the limitation of X-ray crystallography used in redox active
protein cofactor studies, because transition metals act as electron sinks resulting in photo-reduction during X-ray data collection. Metallocofactors in R2
proteins are no exception (Papers II and III) and are photo-reduced extremely
fast 196. Still, X-ray-induced radiation damage can be used in a positive way –
for phasing 209.
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6. Popular summary

Enzymes are special kind of proteins; accelerating chemical transformations in all living organisms and sustaining all forms of life on Earth. In
living cells, enzymes are assembled from just 20 different building blocks
called amino acids, in various combinations. Enzymes may also incorporate
metal atoms and metallo-organic molecules, which help these proteins to perform a dedicated chemical reaction; such proteins are called metalloenzymes.
My work, presented in this thesis, largely focused on these types of enzymes.
In particular, we aimed to understand what these protein molecules look like
in three-dimensional atomic detail, in order to relate their structures to their
functions. Needless to say, such knowledge is an important piece of the puzzle
in regard to understanding the workings of nature. Structural characterization
of enzymes also greatly advances our quality of life, for example, through the
development of novel pharmaceuticals against deadly pathogens or other diseases.
In the first half of my thesis I have focused on membrane proteins from the
pathogen Mycobacterium tuberculosis, the causative agent of tuberculosis
(TB) – a deadly infectious disease affecting millions of people worldwide.
M. tuberculosis is a highly adaptive pathogen that has evolved to escape the
defense mechanisms of our immune system; it may even wait dormant in the
body until the immune system weakens, following which it causes active TB.
In addition, there are strains of M. tuberculosis which have evolved resistance
to the antibiotics which are currently used to treat the disease. Therefore, the
development of new effective pharmaceuticals to fight this pathogen is of the
utmost importance. Membrane proteins, as the name would suggest, are found
in the membrane – the outermost shell of the cell. If a bacterial cell was compared to a town, the membrane would be the town wall, and the membrane
proteins would be the gate keepers; allowing communication with the outside
world, importing food, exporting waste, and ensuring that the town is safe
from invaders. Membrane proteins are therefore perfect candidates to be targeted by new antibiotics; if we can break through the wall, then we can conquer the city.
Protein structural analysis requires large amounts of pure protein material.
Unfortunately, membrane proteins are not very abundant in cells and are difficult to express (produce) in large amounts. In Paper I we describe an
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approach that helps to identify well expressing M. tuberculosis membrane proteins. In this approach, 42 membrane proteins were tagged by green fluorescent protein (GFP), which can easily be detected in growing cells by measuring its fluorescence. In this experiment the fluorescence intensity is assumed
to be proportional to the produced amount of the membrane protein of interest.
In this study we used two protein production “factories” Escherichia coli and
Mycobacterium smegmatis, to explore the effects of different bacterial growth
conditions on the yields of 42 GFP-tagged membrane proteins. We established
production conditions for more than 25 M. tuberculosis membrane proteins,
all of which are essential for growth and virulence of M. tuberculosis and are
therefore attractive drug targets.
The structure of the M. tuberculosis cell wall is unique, compared to bacteria from other genera; it consists of numerous proteins, fats, complex sugars
and their conjugates, forming a thick waxy amour for the pathogen. The GFPbased screening approach, described in Paper I, helped us to produce the M.
tuberculosis membrane metalloenzyme PgsA1, and we were able to determine
its three-dimensional structure and catalytic mechanism. PgsA1 is involved in
biosynthesis of phosphatidylinositol (PI), one of the major phospholipids (fat
molecules), that comprises the membrane “town wall”. This enzyme is absolutely essential for the growth of M. tuberculosis, and the pathogen is unable
to survive when the pgsA1 gene is removed. Mycobacteria synthesize PI in a
two-step chemical transformation, in contrast to humans where the reaction is
performed in a single step. The three-dimensional structures described in Paper II provide an excellent basis for the design of antibiotics, that inhibit
PgsA1, and which hopefully kill M. tuberculosis.
The second half of this thesis concerns another metalloprotein – the R2
subunit of ribonucleotide reductase (RNR). The RNR enzyme makes the
building blocks for DNA; the molecule that carries the genetic code. Different
organisms contain different types of RNR proteins, depending on the ecological niche they populate (e.g. oxygen requirement, lifestyle, availability of micro-elements). RNR enzymes are rather unique as they utilize radical chemistry to perform their dedicated chemical transformation; besides RNR only a
handful of other radical enzymes have been described. Radicals are typically
very reactive and cause harm to organic molecules if they are not contained or
cleared by special systems in our bodies. All organisms that require oxygen
for survival harbor an RNR that consists of at least 2 proteins working together, called R1 and R2. R2, the subject of my thesis, is a small protein that
commonly requires two metal atoms in order to function: two iron atoms, two
manganese atoms, or one of each. In some instances, the metal atom pair reacts
with oxygen in the air and this reaction forms a radical inside the R2 protein.
The radical is then relayed to its partner protein R1, which then uses it to make
the DNA building block product. This contrasts with the di-manganese R2
proteins, which do not react with oxygen directly and which also require a
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third protein for their RNR complex, called NrdI; this protein partners with
R2 in order to modify oxygen to a superoxide radical (oxygen with an additional electron). The superoxide is then relayed to the manganese pair in the
R2 protein, allowing the generation of the radical, which is then transferred to
R1. RNRs were discovered about 60 years ago, but nevertheless remain a subject of active research and a source of unexpected discoveries.
All metal-dependent R2 proteins can only generate the radical efficiently
in the presence of a specific type and combination of metal atoms. If the protein is “miss-metallated”, the enzyme is not functional and the organism may
be unable to survive. How the protein selects the right metal from its environment and furthermore, how it is able to distinguish between manganese and
iron (two very similar metals) is an intriguing area of research. In Paper III
we studied the metal selection process in R2 protein from the pathogenic bacterium Bacillus anthracis by exposing the metal-free protein crystals to a mixture of manganese and iron in equal concentrations. The protein exclusively
chose manganese, the relevant metal type for this metalloenzyme from which
we concluded that B. anthracis R2 is able to distinguish between the two metals. We then aimed to elucidate the features in the three-dimensional structure
of R2 which govern the metal ion selection. Specifically, when we substituted
one of the conserved amino acids in close proximity to where two manganese
atoms bind, the R2 protein suddenly changed its metal ion preference. In the
presence of air, the B. anthracis R2 mutant protein selected manganese in one
of the metal binding sites and iron in the other. Taken together, our findings
show that B. anthracis R2 has control over the selection of relevant metal atoms, and that amino acids in the vicinity of the metal binding site play direct
roles in the differentiation between metal ions. In addition, we also investigated how the binding of manganese and iron affects the three-dimensional
structure of the B. anthracis R2 protein, before and after the metal reaction in
the presence of oxygen. Interestingly, we found that reaction with oxygen in
the iron-containing protein triggers local structural changes in the core of the
protein. Based on available data reported in Paper IV, we hypothesize that
these rearrangements are important for containing the radical produced by the
R2 protein.

50

7. Populärvetenskaplig sammanfattning

Enzymer är en grupp proteiner med mycket speciella egenskaper; de har
förmågan att öka hastigheten för de kemiska omvandlingsreaktioner som ligger
till grund för allt liv på jorden. Liksom andra proteiner är enzymer uppbyggda av
långa kedjor bestående av 20 olika byggstenar, så kallade aminosyror, som sitter
ihop i olika kombinationer. Enzymer kan även innehålla metaller som hjälper
proteinet att utföra den kemiska reaktionen. Sådana enzymer
kallas metalloenzymer, och i det arbete som presenteras i denna avhandling har
jag framför allt fokuserat på just denna typ av enzymer.
Mitt arbete har syftat till att ta reda på hur dessa proteiners tredimensionella
struktur ser ut, det vill säga hur aminosyrorna och de individuella atomerna sitter
i förhållande till varandra, för att försöka förstå hur enzymerna utför sitt arbete.
Denna kunskap är i sin tur mycket viktig för våra möjligheter att förstå hur naturen
runt om kring oss fungerar. Dessutom kan kunskap om enzymernas
tredimensionella struktur förbättra vår livskvalité, bland annat genom att
möjliggöra rationell design av nya läkemedel mot sjukdomar.
Den första halvan av min avhandling är inriktad på membranproteiner
från Mycobacterium tuberculosis; bakterien som orsakar tuberkulos. Tuberkulos
är en mycket farlig sjukdom som mer än en miljon männsikor dör av varje år, och
något tiotal miljoner insjuknar i. Tuberkulosbakterien är en mycket
anpassningsbar bakterie, som genom evolutionen har lärt sig att undvika vårt
immunförsvars olika mekanismer. Den kan till och med ”övervintra” slumrande i
kroppen till den dag immunförsvaret av någon anledning försvagas, varvid
bakterien ”vaknar” igen och patienten insjuknar i tuberkulos. Dessutom finns
stammar av tuberkulosbakterien som utvecklat resistens mot många av de
antibiotika som i dagsläget används för att behandla tuberkulos, och därför är det
extremt viktigt att hitta nya läkemedel mot denna bakterie.
Membranproteiner sitter som namnet antyder i membranet – cellernas yttersta
skal. Om vi för enkelhetens skull liknar en cell vid en stad, skulle membranet vara
stadsmuren och membranproteinerna vakterna vid stadens portar. Dessa
portvakter tillåter kommunikation med omvärlden, transporterat in mat,
transporterar ut sopor och ser till att skydda staden från inkräktare. Portvakterna
är jätteviktiga för alla celler; även för Tuberkulosbakterien. Dess
membranproteiner är därför perfekta kandidater för att rikta in sig på vid
utvecklingen av nya läkemedel. Om vi slår ut portvakterna kan vi erövra staden!
Analys av ett proteins tredimensionella struktur kräver som regel väldigt
mycket protein. Tyvärr finns det inte så mycket av varje membranprotein i cellen,
och membranproteiner är som regel extra svåra att producera i större
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mängder. Artikel I beskriver ett nytt tillvägagångssätt, som hjälper oss att
identifiera de membranproteiner från Tuberkulosbakterien som är lätta att
producera. Genom att sätta ihop 42 olika membranproteiner med ett grönt
fluorescerande protein – GFP – kan vi se proteinerna lysa i cellen. Mängden grön
fluorescens är proportionell mot mängden membranprotein (eftersom varje
membranprotein sitter ihop med ett GFP-protein). Vi har använt oss av två
”proteinfabriker”; bakterierna Escherichia coli och Mycobacterium smegmatis,
för att titta på hur tillväxtbetingelserna påverkar hur mycket som produceras av
de 42 membranproteinerna. Vi har hittat bra betingelser för att producera 25
sådana proteiner, som alla är mycket viktiga för Tuberkulosbakteriens överlevnad
(och därmed potentiella måltavlor för utveckling av nya läkemedel).
Ett av dessa proteiner är PgsA1, som är inblandat i tillverkningen
av fosfatidylinositol, en av de viktigaste byggstenarna i cellmembranet
(”stadsmuren”). Detta enzym är absolut nödvändigt för tuberkulosbakteriens
överlevnad; den klarar sig helt enkelt inte utan det. Tuberkulosbakterien tillverkar
fosfatidylinositol i två steg, medan vi människor gör det i ett steg, vilket gör denna
process extra intressant för läkemedelsutveckling, eftersom man kanske kan
påverka bakterien utan att samtidigt riskera biverkningar. Den tredimensionella
strukturen för PgsA1 beskrivs i artikel II, och utgör en perfekt grund för att
designa nya läkemedel som kan hämma enzymets funktion.
Den andra halvan av min avhandling handlar om ett annat metalloprotein
– ribonukleotidreduktas, ett enzym som tillverkar byggstenarna till DNA;
molekylen som lagrar våra gener. Olika organismer har olika varianter av
ribonukleotidreduktas, beroende på hur de lever (exempelvis tillgång på syre och
olika näringsämnen). Ribonukleotidreduktaserna är lite speciella såtillvida att de
använder sig av kemiska radikaler i omvandlingsprocessen, vilket endast ett fåtal
enzymer gör; radikaler är nämligen skadliga för de andra molekylerna i cellen.
Alla organismer som använder syre har ett ribonukleotidreduktas som består av
åtminstone två proteiner som arbetar ihop; R1 och R2. R2-proteinet, som är det
protein min avhandling handlar om, behöver två metallatomer för att fungera:
Antingen två järn, två mangan, eller en atom av vardera sort.
För de flesta av dessa R2-proteiner fungerar det på så sätt att de två
metallatomerna reagerar med syret i luften, varvid en radikal bildas inuti proteinet.
Denna skickas sedan vidare till R1-proteinet, som använder radikalen vid
tillverkningen av DNA-byggstenar. De R2-proteiner som har dubbla
manganatomer fungerar dock lite annorlunda; de reagerar inte direkt med syre,
utan behöver ett tredje protein, NrdI. NrdI hjälper R2-proteinet att göra om syre
till radikalen superoxid (syre med en extra elektron), som skickas vidare till de
två manganatomerna i R2. Dessa använder superoxidmolekylen för att göra den
”vanliga”
radikalen
som
sedan
vidarebefordras
till
R1.
Ribonukleotidreduktaserna upptäcktes redan för omkring 60 år sedan, men de
utgör fortfarande ett stort och viktigt forskningområde och är källa till många nya
överraskande upptäckter.
De metallinnehållande R2-proteinerna kan bara bilda radikalen om de har en
särskild kombination av metallatomer. Om proteinet blir ”fel-metalliserat”
fungerar inte enzymet alls, vilket kan bli förödande för organismen. Hur R252

proteinerna väljer ut metallerna från omgivingen och hur de lyckas skilja på
mangan och järn, två kemiskt snarlika metaller, är ett mycket aktivt och
spännande forskningsfält. I artikel III studerar vi hur R2-proteinet från Bacillus
anthracis (antraxbakterien, som orsakar mjältbrand) väljer sina metallatomer. Vi
gör det genom att blanda kristaller av helt metallfria R2-proteiner med lika delar
mangan och järn. Resultaten visar att detta R2-protein alltid väljer två
mangatomer, vilket också är det naturliga tillståndet för just detta R2-protein. I
nästa steg försökte vi ta reda på vilka av proteinets komponenter som styr valet
av metall, genom att undersöka den tredimensionella strukturen. När vi bytte ut
en av de aminosyror som sitter nära platsen där metallerna binder ändrade plötsligt
R2-proteinet sina metallpreferenser; det valde mangan i det ena metallbindande
positionen, men järn i den andra. Sammantaget visar våra resultat att R2-proteinet
noga kontrollerar vilka metallatomer som inkorporeras, och att aminosyror som
sitter intill metallpositionerna påverkar valet av metall.
Vi undersökte även hur bindningen av mangan och järn påverkar den
tredimensionella strukturen för antraxbakteriens R2-protein, och fann att den
kemiska reaktionen med syre orsakar förändringar i strukturen, djupt i proteins
inre. Baserat på de resultat vi beskriver i artikel IV drar vi slutsatsen att dessa
strukturella förändringar sannolikt är viktiga för att den farliga radikal som skapas
av R2-proteinet ska kunna hållas ”inlåst”, så att den inte kan orsaka skador på
andra molekyler i cellen.
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