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Tan spot of wheat is an economically significant disease caused by the fungal

pathogen, Pyrenophora tritici-repentis. Certain races of the fungus secrete Ptr ToxA

(ToxA), a 13.2 kDa proteinaceous host-selective toxin that is responsible and

sufficient to cause disease in susceptible wheat varieties. Disease symptoms develop

oniy when the ToxA gene in the fungus and a single gene in the wheat host are

expressed. The understanding of this gene-for-gene interaction could be instrumental

towards control of the disease and is also being developed as a model system for

understanding host-pathogen interactions. Here, this effort is given a solid structural

foundation through crystallographic analysis of the ToxA structure.

The ToxA structure was solved at 1.65 A resolution using the anomalous

signal from inherently present sulfur atoms. The monomeric toxin adopts a I-

sandwich fold of two anti-parallel 3-sheets composed of four strands each. The

mapping of existing mutation data onto the structure reveals that a sequence of Arg-

Gly-Asp (RGD) and surrounding residues required for activity are present on a

solvent-exposed ioop thereby making them potential candidates for recognition events

that are required for ToxA activity. Unexpectedly, after a simple circular permutation,
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the ToxA structure is topologically identical to the classic mammalian RGD-

containing fibronectin type III (FnIII) domain, and furthermore the RGD residues are

topologically equivalent. These results support the hypothesis that ToxA, like FnIlI,

interacts with an integrin-like receptor on the host plant cell surface.

There has been a renewed interest in the method of using the anomalous signal

from sulfur atoms to solve protein structures. As a spin-off of the structure solution

work, the data were systematically analyzed to study the effects of crystal decay,

resolution and data redundancy on the ability to locate the sulfur positions and

subsequent phasing of the protein. The analyses show that the choices made about data

redundancy and resolution limits may be crucial for the structure determination and

that anomalous correlation coefficients are helpful indicators in making these choices.
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Crystallographic Studies of Pyrenophora tritici-repentis ToxA

Chapter 1

Thesis Overview

This thesis is the culmination of the work I have carried out over the past five

years on two separate projects that both employ X-ray crystallography to further our

understanding of structure-function relationships of proteins. The first involves the

structural studies of a fungal toxin, Ptr ToxA from Pyrenophora tritici-repentis. The

second project involves the structural studies of two Plasmodiumfalciparum redox-

active proteins, glutathione reductase (PJGR) and anti-oxidant protein (PJAOP). At the

request of my thesis committee, in order to present a more cohesive thesis, the first

project is presented in the main body of the thesis and the second project is separated

and included as appendices.

The crystallographic studies of Ptr ToxA are presented in Chapters 2 through

4. P. tritici-repentis is a fungal pathogen that causes the economically significant tan

spot disease of wheat. The interaction between the fungus and the host is being

developed in Dr. Lynda Ciuffetti's laboratory as a model system for understanding

host-pathogen interactions. Chapter 2 provides an introduction to the host-selective

toxins of P. tritici-repentis and summarizes our present knowledge about ToxA. To

extend the boundaries of our understanding of this toxin, we have solved the structure

of the 13.2 kDa protein using sulfur single-wavelength anomalous dispersion data. The

structure provides atomic level information that was used to rationalize existing

biochemical data. The structure solution also laid a foundation on which future

mutational and biochemical experiments can now be designed. This work has been

accepted for publication in The Plant Cell and is included as Chapter 3. In a follow-up



2
study, the anomalous scattering signal in the ToxA diffraction data was

systematically analyzed to learn more about the various parameters that influence the

ability to solve the ToxA structure. These analyses are included here as Chapter 4 and

will be submitted to Acta Crystallographica D: Biological Ciystallography in the near

future.

The second project, described in the appendices of this thesis, was carried out

in collaboration with Drs. Heiner Schirmer and Katja Becker in Germany. The

structures of PJAOP, reported in Appendix 1, and PJGR, reported in Appendix 2, were

undertaken as part of a program to pursue oxidative stress as a potential avenue for

drug development against malaria, one of the most devastating diseases in the tropical

regions of the world. In both cases, our collaborators provided purified protein and

crystallization conditions and the structures were solved by molecular replacement.

The structures of these two Plasmodial proteins now provide a framework for

structure-based drug design. Each of these studies has been published in the Journal of
Molecular Biology.



3
Chapter 2

Introduction

2.1 Tan spot disease of wheat

Tan spot disease of wheat is caused by the fungal pathogen, Pyrenophora

tritici-repentis. This economically significant disease has been identified in the major

wheat-growing countries of the world. In the United States, the disease was first

observed in the late-1930s in New York and then in Kansas in the early-1940s '.Later,

the disease was observed in the Central and the Southern Plains2 In 1974, the first

serious outbreak of the disease occurred in the United States and since then annual

crop losses have ranged from 3 to 50% in the Central Plains of the United States and

Canada 2-4

The geographic extent of this disease has increased since then, with wheat

losses reported in other countries including Mexico, Paraguay, Brazil, Argentina,

regions in North Africa, AzerbaIjan and Australia The increase in the incidence of

tan spot of wheat is now universally considered to be related to a change in

agricultural practices: there has been a shift from conventional to minimum to zero

tillage and also a trend to move away from residual crop burning ". The result of

these practices is that there is residual crop left on the surface of the soil, resulting in

an increased likelihood of the fungus surviving from one season to the next.

Furthermore, shorter rotation periods between crops or continuous wheat cultivation

instead of crop rotation has also contributed to pathogen survival and thus contributed

to the increase in disease incidence 8,12-14 Finally, growing highly susceptible cultivars

also enhanced the spread of this disease and increased crop losses 10,15

2.2 The pathogen

2.2.1 Taxonomy

The word Pyrenophora means the presence of a seed or kernel within the

ascocarp, which is the fruiting body of some fungi. Historically, this fungus was first

observed and isolated from grasses in the early 20th century 6 In particular this fungus

was observed to infect the aggressive weed, Agropyron repens (commonly known as



El

quackgrass). It has been proposed that the pathogen might have evolved within

quackgrass to a virulent form before moving into modem wheat, Triticum aestivum

While quackgrass has long been known to be the host of this fungus, wheat has now

emerged as a primary host. The hyphenated name, Pyrenophora tritici-repentis, thus

acknowledges its association with the grass and the economic impact it has on wheat

production.

2.2.2 Symptoms

The fungus is known to penetrate the epidermis and grow intracellularly

through the leaf mesophyll and cause necrosis or chiorosis or both 1648 Necrosis is

defined as cell death and tissue decay that can be extensive throughout the plant.

Chiorosis, on the other hand, is a loss of coloration in the tissue (Figure 2.1).

Advanced symptoms are observed only in wheat species that are susceptible to the

fungus. On resistant wheat, the lesion size is reduced andno chiorosis or necrosis is

observed 19
Wheat varieties are classified as susceptible and resistant based on

whether the fungus can cause disease on that particular variety of wheat.

Early on, necrosis and chiorosis were considered as just two symptoms of a

single kind of tan spot disease of wheat and various classification systems based on

the lesion size 20 the percent infection 21 or a combination of the both22 were

proposed. However, Lamari and Bernier showed that these symptoms were in fact,

distinct from each other 23
and that the expression of each of these symptoms was

based on specific interactions between certain fungal isolates and certain wheat

varieties 23,24

2.2.3 Host range

Using this information, fungal isolates were originally classified into four

pathotypes (or races) based on the ability to cause chlorosis or necrosis in certain

wheat cultivars. These four types were necrosis and chiorosis (neck chi', pathotype 1),

necrosis only (neck chl, pathotype 2), chiorosis only (nec ch[, pathotype 3) and no

necrosis or chiorosis (nec chF, pathotype 4) 23 The majority of the P. tritici-repentis

isolates that were identified based on their activity on one of the four wheat genotypes

were found to belong to pathotype 1. This symptom-based classification was found to

be flawed in that it could not accommodate new virulence patterns 25
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Currently there are eight races of the fungus, shown in Table 2.1, that have

been characterized based on the responses they induce in three wheat cultivars,

Glenlea, Katepwa and 6B365 7,23,2628 Also included in Table 2.1 is a fourth wheat

cultivar, Salamouni that is resistant to all known isolates of the fungus. The races of

the fungus can have simple or complex patterns of virulence. Races 3 and 5 follow a

simple pattern; they produce a single toxin and attack only one cultivar of wheat each

causing chiorosis. Race 2 also produces a single toxin and is capable of infecting two

wheat cultivars. Races 1, 6, and 7 produce two toxins and are capable of attacking two

lines of wheat and so form a more complex virulence pattern. The most virulent of all,

race 8 produces three toxins and is capable of attacking the three wheat cultivars

(Table 2.1) 7,27,25 As new isolates are tested, it is expected that the number of races

will increase.

Races of P. tritici-repentis cause either necrosis or chlorosis in the host wheat

cultivars in a highly specific manner, suggesting an involvement of host-specific

pathogenicity factors or toxins to produce the symptoms associated with infection 19

has been shown that this is indeed the case, as the different races of P. tritici-repentis

do produce different toxins or combination of toxins that cause symptom development

in various wheat cultivars 29,30 Each toxin is active against certain cultivars of wheat

but not others. Such patterns of specificity of a toxin to a single host have been well-

documented in other fungi (reviewed by Wolpert et al. 31) and such toxins are called

host-selective toxins (HSTs).

The HSTs produced by P. tritici-repentis are both proteinaceous and non-

proteinaceous in nature and so far, three HSTs Ptr ToxA, Ptr ToxB, and Ptr ToxC

have been discovered that fully account for the pathogenicity profile observed for the

8 P. tritici-repentis races (Table 2.1).

Ptr ToxA: Ptr ToxA (hereafter called as ToxA) was the first proteinaceous

HST that was isolated from a fungal pathogen 3235 This 13.2 kDa toxin is produced

by races 1, 2, 7 and 8 28 (Table 2.1) and is known to cause necrosis in the Glenlea and

Katepwa cultivars of wheat 30 The gene ToxA that encodes this protein is present in

only those races known to produce the toxin and not in other races 36,37
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Table 2.1. Host range of different Fyrenophora tritici-repentis races a

Wheat Varieties

Glenlea Katepwa 6B365 Salamouni

Race 1 N (ToxA) N (ToxA) C (ToxC) R

Race 2 N (ToxA) N (ToxA) R R

Race 3 R R C (ToxC) R

Race4 R R R R

Race5 R C(ToxB) R R

Race 6 R C (ToxB) C (ToxC) R

Race 7 N (ToxA) N (ToxA) R R
C (ToxB)

Race 8 N (ToxA) N (ToxA) C (ToxC) R
C (ToxB)

a
The toxins produced by the races are in parentheses. The symptoms caused by each

race is abbreviated as necrosis, N; chiorosis, C; resistant, R.
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It has been clearly shown that transformation of fungal isolates that do not produce

this toxin with the ToxA gene, results in toxin production and pathogenicity Since

the structural determination of this toxin is one of the primary objectives in this thesis,

it will be discussed in greater detail later (see below).

Ptr ToxB: This toxin was the second HST to be identified and characterized

from P. tritici-repentis 38, Like ToxA, this toxin is also proteinaceous in nature.

However, while ToxA cause necrosis in certain wheat cultivars, ToxB causes chiorosis

in sensitive wheat cultivars. Races 5 through 8 produce this toxin and cause chlorosis

in the wheat cultivar, Katepwa27'28 (Table 2.1). The ToxB gene has been shown to be

present in multiple copies While the protein is synthesized as a 87-amino acid

nascent protein, the N-terminal 23 residues are cleaved off and the mature 64-residue

(6.6 kDa) toxin is secreted 27,39
Interestingly, a cryptic toxb gene has been found and

characterized in non-pathogenic isolates of the fungus 40, The presence of this gene is

interesting because so far, HST genes have been found only in those races that

produce the respective toxin. In the isolates that have the toxb gene, no transcription of

the toxin is seen and it has been suggested that the genes ToxB and toxb differ in the

transcriptional level 40

Ptr ToxC: ToxC, the third toxin in P. tritici-repentis, is partially characterized

and appears to be a polar, low-molecular weight molecule 41 This toxin, produced by

races 1, 3, 6 and 8, uniquely causes chiorosis in the wheat cultivar, 6B365 24,27,28,42

Difficulty in purifying this toxin has been the hindrance for its characterization 'k'.

2.3 Host-selective toxins

HSTs, in general, are molecules that act as agents of pathogenecity or

virulence. As discussed in the earlier cases, these toxins are absolutely essential for

pathogenesis. These molecules are produced by the pathogenic strains of certain fungi

and are known to have diverse structures. Before the discovery and characterization of

ToxA, all known HSTs were small molecular weight compounds that are generally by-

products of metabolic pathways. For example, Victorin, a HST from Cochliobolus

victoriae causes victoria blight of oats. Similarly, T-toxin produced by



Cochliobolus heterostroplus race T causes Southern corn leaf blight disease Of

the few exceptions, ToxA and ToxB are the two proteinaceous toxins from P. tritici-

repentis.

In the case of P. tritici-repentis, as discussed earlier, the fungal races are

distinguished by the toxins they produce. In addition to the HST, a single gene in the

host plant also determines the specificity of the toxin. Thus for disease occurrence

there is a requirement for not only the HST but also the product of a gene present in

the host plant.

The concept of the requirement of two gene products one in the pathogen and

one in the host - is not new and has been described before in a different context.

Before the discovery of the HSTs, the major paradigm for relationships between

pathogen and host was the phenomenon of avirulence.

In the phenomenon of avirulence, resistance by a plant to a pathogen occurs

when the resistance (R) gene product in the plant directly or indirectly recognizes a

pathogen that expresses a corresponding avirulence (Avr) gene product. This is an

important concept that has been termed as the "gene-for-gene" interaction 46,47 This

specific recognition of the pathogen by the host results in the activation of signal

transduction pathways in the host that include protein phosphorylation and the

generation of reactive oxygen species 48 These signals result in the activation of genes

that encode plant cell wall proteins, proteinase inhibitors, hydrolyticenzymes,

peroxidases and other defense related proteins. These signals also activate the

hypersensitive response (HR) that results in the death of those plant cells thatare in

direct contact with the This prevents the spread of the pathogen to

nearby healthy plant cells. The HR also triggers the release of signals that confer non-

specific resistance throughout the plant. This phenomenon is called 'systemic acquired

resistance' which when activated provides resistance to a whole range of pathogens

for a few days.

Via the HR, the expression of the resistance gene in the host makes it

incompatible to the pathogen expressing of the corresponding Avr gene product.

Hence these avirulence factors in the pathogens have been termed 'agents of
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incompatibility'. In this classic concept, the absence of the gene, either the R gene

in the host or the Avr gene in the pathogen results in the disease.

Thus, in the classic "gene-for-gene" hypothesis, resistance is brought about by

the presence of a gene in the pathogen and a corresponding gene in the host. The HSTs

on the other hand, show a gene-for-gene interaction that is the mirror image of that

seen in avirulence 31
In the case of HSTs, sensitivity is brought about by the presence

of a gene each in the host and the pathogen. In the absence of one or both genes,

resistance results.

2.4 Pyrenophora tritici-repenlis ToxA

2.4.1 Isolation and initial characterization

ToxA was the first HST isolated that was shown to be a protein. Three groups,

working independently of one another, isolated and carried out the initial

characterization of ToxA 3234 The proteins were named Ptr necrosis toxin 32, Ptr

toxin33, and ToxA All the proteins had an approximate molecular weight of 13 to

14 kDa and showed similar heat stability properties; when heated and then gradually

cooled, they retained activity, however, when heated in the presence of a reducing

agent and then cooled, the proteins lost activity. This suggested the presence ofa

disulfide that is important for the proper folding of the protein Sequence analyses

showed that these proteins were identical and revealed the presence of two cysteine

residues. In an effort to standardize the nomenclature, the name Ptr ToxA was

adopted52. In all three cases, the activity of the toxin was confirmed by infiltrating

susceptible wheat cultivars; the development of necrosis, similar to when the fungus

infects, has proven to be a reliable assay for testing the activity of this toxin 3234

2.4.2 Structure-function studies

HSTs have long known to be secondary metabolites of biochemical pathways.

Secondary metabolites are low-molecular weight compounds synthesized by the

fungus that are not essential for the basic metabolism. ToxA, on the other hand, results

from the expression of a single gene and only a single copy of the ToxA gene is

present in the fungal genome. The protein is expressed as a pre-pro-protein 36,37

(Figure 2.2). The pre-region or the N-terminal peptide (residues 1-22) has been shown
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to be involved in the secretion of the protein The pre-region is followed by the

4.3 kDa N-domain (pro-region; residues 23-60) and the 13.2 kDa C-domain (residues

6 1-178). The N- and C-domains together form the pro-protein and the C-domain is the

mature toxin that is secreted by the fungus. After the pre- and the pro-regions are

cleaved, ToxA undergoes post-translational modification with the cyclization of the

terminal Gin to form a pyroglutamate. The presence of the pyroglutamate in the N-

terminus of ToxA was confirmed by mass spectrometric analysis and enzymatic

treatment with pyroglutamate amino peptidase 34,51 However, it is unlikely that this

modification is essential for activity of the mature toxin since recombinant pro-ToxA

has been shown to be completely active.

A heterologous expression system in Escherichia coli was developed to obtain

various ToxA constructs for further studies 51 ToxA (C-domain) and pro-ToxA (NC-

domain) were both expressed in this system as His-tagged proteins. When the

activities of these recombinant proteins were compared with natural ToxA, it was seen

that recombinant ToxA was only 10 to 20% as active but recombinant pro-ToxA was

equally active. This result suggested that the N-domain (pro-region) facilitated the

proper folding of the protein, possibly by positioning the two cysteines for disulfide

formation 51
The necessity of the pro-region for the proper folding of the toxin is

reminiscent of the requirement of the pro-region of insulin for proper positioning of

the cysteine residues for disulfide formation and therefore the correct folding of the

hormone Further, the expression system was also used to produce green fluorescent

protein (GFP) tagged pro-ToxA with GFP attached to the N-terminus of pro-ToxA

(GFP-ToxA). Using leaf infiltration studies, it was seen that the GFP-ToxA construct

showed complete toxic activity by causing necrosis in susceptible wheat varieties

The expression and activity of the GFP-ToxA provided a tool for visualizing the

internalization and also the site of ToxA action.

Some biophysical analyses were also carried out to glean structural

information about the protein. Circular dichroism (CD) spectroscopy revealed that the

protein is mostly composed of 13-strands ('-' 40%) with a low fraction (- 8%) of -

helical residues and gel filtration revealed that it behaved as a monomer 34,37,56
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proToxA
ToxA

S N-Domain Cys64 C-Domain Cys 160

61 178

Figure 2.2. The domain structure of pre-pro-ToxA. The pre-domain or the signal
sequence (S), the pro-region (N-domain), and the mature toxin (C-domain) are
labeled. The N- and C-terminj are labeled and so are the first residues of the N- and C-
domains. The position of the disulfide formed in mature ToxA is also indicated. (This
figure is reproduced from Sarma et al.

53; Copyright American Society of Plant
Biologists).
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2.4.3 Structural information from mutation data

A search of the sequence database did not yield any potential homologs. So, in

the absence of atomic-level structural information about the toxin, the sequence of

ToxA was compared to other protein sequences using the comparison tool,

PROSITE57 to obtain any information on motifs or residues that could be important for

function. PROSITE identified two potential myristolyation sites six potential

phosphorylation sites and a potential Arg-Gly-Asp (RGD) cell attachment

motif35'37'58 that, in a manner analogous to the mammalian systems, could be involved

in adhesion to or entry into the plant cell In order to probe their functions, the

Gly residues that represent putative myristolyation sites, the Thrresidues that

represent the potential phosphorylation sites, and the RGD residues along with the

surrounding residues were mutated to Ala and their activity tested using leaf

infiltration assays. Of the 20 mutations that were carried out, 7 mutants showed wild-

type activity, 2 were partially active while the remaining 11 showedno activity. When

mutated to Ala, the two Gly residues, potential myristolytion sites, showed partial or

no activity. Of the six potential phosphorylation sites, only two mutants showed partial

or no activity, suggesting that they could be phosphorylated in the plant The

results of the mutation analyses confirmed that the ROD and the surrounding residues

were essential for activity of the toxin However, in the absence of structural

information, it is not possible to know if the loss in activity is due to disruption of the

structure or due to a specific disruption of interaction with a specific host protein.

2.4.4 ToxA internalization

To study the ToxA site and mechanism of action, sensitive wheat varieties

were infiltrated with GFP-ToxA. Surprisingly, not only is ToxA recognized, but is

also internalized by the host cell (Figure 2.3). Such import of a protein from the

extracellular space across the plant cell membrane is unprecedented. Further, it

appears that ToxA associates with the chioroplasts of the host cells (Figure 2.3). The

internalization process is very robust since it accommodates co-transport of a 28 kDa

GFP that is attached to the N-terminus of a GFP-ToxA fusion protein.
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(h)

Figure 2.3. Internalization and Localization of GFP-ToxA in ToxA sensitive
wheat. Fluorescence microscopy on whole leaf tissue of ToxA insensitive (a) and
sensitive (b) wheat leaves treated with GFP-ToxA shows that GFP-ToxA is localized
to the chioroplasts only in sensitive leaves. (This figure is reproduced from Manning
et al.

55; Copyright American Society of Plant Biologists).
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The interaction of an RGD sequence and surrounding residues with integrin

receptors has been well documented in the case of animal cells 6O-63 Internalization of

proteins that interact with integrin receptors has also been seen 64-67 Although no

integrin or integrin-like proteins have been isolated from plants yet, it has been shown

that RGD-containing peptides disrupt the interaction between the plant cell wall and

the plasma membrane 68,69

2.5 ToxA as a model system for studying host-pathogen interactions

The unprecedented phenomenon of internalization followed by the localization

of ToxA could serve as a model for understanding the mechanisms involved in disease

susceptibility of plants when exposed to a pathogen. The available mutation data also

provides several clues as to mechanism of ToxA action. Another major advantage of

adopting ToxA as a model system for studying host-pathogen interactions lies in the

fact that ToxA is a protein that is expressed by a single gene. With the heterologous

expression system in place and the availability of GFP-ToxA as a tool, the toxin is

now poised to become a model system. The work reported in this thesis is to provide a

firm structural foundation for the study of ToxA mechanisms of action.
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3.1 Abstract

Tan spot of wheat, caused by the fungus Pyrenophora tritici-repentis, has

significant agricultural and economic impact. Ptr ToxA (ToxA), the first discovered

proteinaceous host-selective toxin, is produced by certain P. tritici-repentis races, and

is necessary and sufficient to cause cell death in sensitive wheat cultivars. We present

here the high-resolution crystal structure of ToxA in two different crystal forms,

providing four independent views of the protein. ToxA adopts a single domain, -

sandwich fold of novel topology. Mapping of the existing mutation data onto the

structure supports the hypothesized importance of an Arg-Gly-Asp (RGD) and

surrounding sequence. Its occurrence in a single, solvent-exposed loop in the protein

suggests that it is directly involved in recognition events required for ToxA action.

Furthermore, the ToxA structure reveals a surprising similarity with the classic

mammalian RGD-containing domain, the fibronectin type III (FnIII) domain: the two

topologies are related by circular permutation. The similar topologies and the

positional conservation of the ROD-containing loop raises the possibility that ToxA is

distantly related to mammalian FnJII proteins and that to gain entry it binds to an

integrin-like receptor in the plant host.

3.2 Introduction

Pyrenophora tritici-repentis is a fungal pathogen that causes tan spot of wheat

in sensitive cultivars. This disease is found throughout the major wheat-growing

regions of the world and is characterized by either necrotic lesions or chlorosis or

both. As for a number of fungi, disease is associated with the production of host-

selective toxins (HSTs; reviewed in ref. 1, 2). P. tritici-repentis produces various

HSTs each of which uniquely leads to progression of disease on wheat cultivars that

are sensitive to that particular toxin (reviewed in ref. 3-5). Of the three HSTs thus far

characterized from P. tritici-repentis, two Ptr ToxA 6-9 and Ptr ToxB 10_ have been

shown to be proteins, whereas Ptr ToxC is a low molecular weight compound

* This chapter includes figures that are published as supplemental information in the

The Plant Cell article.



24
For Ptr ToxA (hereafter called ToxA), the first protein HST to be isolated 6-9

sensitivity is conditioned by the presence of a single host locus Tsn], on the 5BL

chromosome 12-15
and the ToxA gene in the fungus 16,17; disease occurs only when both

the genes are present.

As a host-selective toxin, not only is ToxA required for toxicity but infiltrating

leaves of sensitive wheat cultivars with ToxA alone results in symptom

development 6-8
As shown by Manning and Ciuffetti green fluorescent protein

tagged ToxA (GFP-ToxA) exerts its toxic effect via internalization into sensitive

wheat mesophyll cells. After internalization, it appears to localize to chioroplasts, but

the mechanisms involved in cell death remain unknown. Because ToxA itself plays a

pivotal role in toxicity, its structure is of great interest.

The ToxA gene encodes a pre-pro-protein 16,17 (Figure 3.1). The pre-region (i.e.

the signal peptide; residues 1-22) targets the protein to the secretory pathway. The pro-

region (also known as the N-domain; residues 23-60) is cleaved off prior to secretion

of the mature, 13.2 kDa ToxA (i.e., the C-domain; residues 6 1-178) 8,17 Evidence

suggests that the N-domain, much like the pro-peptide of insulin, is required during

folding for the proper formation of the disulfide in the C-domain that stabilizes the

active, native conformation of ToxA 19

A database search for proteins similar to ToxA did not yield any potential

homologs. In the absence of structural or sequence conservation information to guide

mutagenesis experiments, sequence motif searches were carried out to find potential

functional sites. The searches revealed putative sites of phosphorylation (Thr residues

115, 123, 126, 132, 139, and 167) 9,17 of myristoylation (Gly residues 62 and 93) 17

and of cell attachment (an RGD-containing motif; residues Asn136 through

Phe 147)91720. Mutagenesis studies have identified a number of residues, including the

RGD motif, that may be important for function 18-20, but without structural information

it was not possible to conclusively deduce which residues were important for

structural reasons and which might be directly involved in recognition events. Here,

we present the high-resolution, crystal structure of natural, mature ToxA, and correlate

the structure with biochemical results.
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proToxA
ToxA

S N-Domain Cys& C-Domain Cys 160

61 178

S S

Figure 3.1. The functional domain structure of nascent ToxA. The pre-domain or
the signal sequence (S), the pro-region (N-domain), and the mature toxin (C-domain)
are labeled. The N- and C-terminj are labeled and so are the first residues of the N-
and C-domains. The position of the disulfide formed in mature ToxA is also indicated.
The complete sequence of the mature toxin is shown in Figure 3.2c.



Data collection and phasing Sulfur SAD - form-I Native - form-I Native form-Il Native - form-IT
(in-house) (synchrotron) (synchrotron) (in-house)

Resolution 100-1.90 (1.97-1.90) 100-1.65 (1.71-1.65) 100-1.90 (1.97-1.90) 100-3.00 (3.11-3.00)
Reflections (total! unique) 808412! 12883 147079/19469 191032! 31109 60556! 8241
Completeness 99.9 (100.0) 99.9 (99.8) 99.4 (100.0) 99.9 (99.9)
RmCas

h
8.2 (50.7) 8.0 (50.2) 6.8 (56.8) 10.3 (39.5)

Rrnrgd.Fb 2.8 (12.5) 7.9 (40.9) 7.2 (43.2) 8.9 (27.5)
1/cr 62.9 (56.0) 13.9 (2.6) 11.3 (2.2) 19.0 (5.4)
FOM/ p (°) Miphare c 0.2/66
FOM/p(o)_DMc 0.7/51

Refinement Form-I (synchrotron) Form-IT (synchrotron)
Resolution (A) 100-1.65 (1.69-1.65) 100-1.90 (1.95-1.90)
Number of reflections 19430 31030
Number of amino acids 103 315

Number of solvent atoms 105 165

Number ofNi2 ions 8

Number ofSO42 ions 2 -

Total number of atoms 968 2668
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0
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Refinement Form-I (synchrotron) Form-Il (synchrotron)
Average B (all atoms) (
D (0/
1tC,.)Si /0

Rjree (%)

Rmsd bonds (A)

Rmsd angles (degrees)

core region (%) d

28

15.7 (21.6)

18.3 (26.3)

0.012

1.435

iisiai

45

18.3 (24.5)

22.6 (31.3)

0.008

1.097

98

Numbers in parentheses correspond to values in the highest resolution shell.
b
Rmeas is the multiplicity weighted merging R-factor and Rmrgdp is an indicator of the quality of reduceddata67
Figure of merit, average absolute phase difference between experimental (Mlphare/ DM) and final refinedphases.d
Ramachandran plot quality as defined by Kleywegt and Jones 68 In chain B of the form-Il structure, Asn77 (, p = -i11, 730) and

Asn127 (, 4 -135°, -159°) lie in the non-core region.

=
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3.3 Results and Discussion

3.3.1 Structure solution

The structure of mature ToxA was solved in two different crystal forms. The

structure in form-I crystals (with one molecule in the asymmetric unit) was determined

at 3.0 A resolution using in-house, sulfur single-wavelength anomalous dispersion

(SAD) data collected to 1.9 A resolution. Refinement against 1.65 A resolution data

collected at a synchrotron (see Methods) led to a model with a fmal Rfree of 18.3% and

good geometry (Table 3.1). The form-Il crystal structure (with three molecules in the

asymmetric unit) was determined by molecular replacement using the form-I structure

as the search model. The structure was refined at 1.9 A resolution to a final Rfree of

22.6%. In both form-I and -II crystals, ToxA is present as a trimer (the trimer in form-I

is generated by the crystallographic 3-fold axis). Having four independently refined

molecules provides insight into the variability of structures. Based on Luzzati

analysis21'22, the estimated coordinate accuracies of the well-ordered parts of the

models are 0.2 A and 0.3 A for the form-I and form-Il structures respectively. The

root-mean-square deviation (rmsd) between the Ca atoms of the three chains of form-

II is Ca. 0.3 A. The rmsd's between the form-I structure and the three monomers of

form-Il are Ca. 0.6 A indicating small differences exist. Even though crystal form-I is

at a higher resolution, we have prepared figures using the form-lI structure because the

structures are very similar and the form-LI structure has a better ordered RGD-

containing loop.

The majority of the main chain in both crystal forms has clear electron density

(Figure 3.2a). The exception is about 15 residues near the N-terminus that, due to

disorder, have little or no density and have not been modeled (see Methods). One last

feature requiring comment is the disulfide bond between the Cys64 and Cysl6O 19

The electron density seen for Cys64 and Cysl6O in form-I! shows that the sulfurs are

unexpectedly 3.5 A apart in a non-bonded interaction (and in form-I no electron

density is seen for Cys64). A control data set collectedon our in-house X-ray source

(Table 3.1) reveals an intact disulfide, so the cleavage is an artifact of synchrotron data

collection as has been seen for other proteins 23,24 For this reason, we will treat it in

this paper as a disulfide.



Figure 3.2. Tertiary structure of ToxA. (a) Electron density map quality and the
RGD-loop structure. A stereo diagram of the 2F0F electron density map contoured
at 1.0 Pnns shows clear density for the main chain atoms and most of the side chain
atoms of the RGD loop of chain B in the form-I! crystals. The residues are labeled,
and four water sites observed in all four molecules of ToxA are shown. Hydrogen
bonds are indicated by broken gray lines. This figure was prepared using BobScript 25

and Raster3D 26 (b) The overall structure of the ToxA monomer. A stereo ribbon
diagram of ToxA monomer emphasizing the f3-sandwicb fold with the secondary
structural elements labeled and colored ((3-strands in green and a-helix in blue). The
Ca positions of the RGD residues are denoted by semi-transparent spheres and the
four ordered N-terminal residues (including Pca6l) are shown as ball-and-stick
models. The separation of the Sy atoms of Cys64 and Cys 160, actually disulfide
bonded in the native protein, is indicated by a dotted yellow line. The possible path of
the umnodeled residues is drawn as broken lines. The figure was prepared using
Molscript27 and Raster3D 26 (c) The topology and main chain hydrogen-bonding of
ToxA. A schematic representation of the ToxA fold is shown with the secondary
structural elements labeled. The two (3-sheets are shaded green and labeled while the
residues of the a-helix are shaded blue and boxed. Amino acids are numbered and
indicated by standard three-letter code. The residues not visible in one or more chains
of ToxA are shown as broken circles. Main chain hydrogen bonds are indicated by
arrows drawn pointing from the amide nitrogen to the carbonyl oxygen. A 3-bu!ge
present in strand (36 involves Phe 147 which has unusual 13-sheet torsion angles (
86°, ip = 47°). (d) Backbone mobilities of ToxA. The average main chain B-factors of
form-I (thick), and form-lI chains A (thin), B (dashed) and C (dashed-dotted) are
plotted against residue numbers. Locations of the secondary structure elements and the
RGD tripeptide are shown below the plot. As expected, loops and regions not
stabilized by crystallographic packing interactions have B-factors higher than average,
while (3-strands forming the protein core have lower B-factors. For the loops with B-
factors approaching 90 A2, the most mobile residues have weak main chain density
(<1 p) but the chain path is still easily interpretable.
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Figure 3.2 (continued)
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3.3.2 Overall structure

ToxA is a single domain protein having a f3-sandwich fold with two anti-

parallel f3sheets composed of four strands each enclosing the hydrophobic core

(Figure 3 .2b). At the N-terminal region of the mature protein that includes

pyroglutamate-61 (Pca6l) 19,

only the first two residues in form-I and first four in

form-Il show interpretable density (Figure 3.3), which are followed by 15-16

disordered residues before the first (3-strand. The strands are numbered sequentially

from (31 to (38 with sheet I composed of strands (31, (38, (35 and (36 and sheet II

containing strands (32, 133, (34 and (37. A single one-turn a-helix (al) is present

between (31 and (32. The topologies of the sheets are shown in Figures 2.2b and 2.2c.

As seen in Figure 3 .2d, the 13-strands form a rather rigid protein core (low B-factors)

and the ioops are more mobile (high B-factors).

Among the seven loops connecting the secondary structural elements, three are

tight turns (3-4 residues) connecting adjacent anti-parallel strands (loops (32-133, (33-

f34, and 136-137), and the other four are longer (4-6 residues), bridging strands and

helices on opposite sides of the sandwich. The RGD residues (140-142) hypothesized

to be functionally important are located in the 135-136 loop (Figure 3.2b). In the form-I,

the loop conformation is influenced by the binding of a sulfate ion to the side chain of

Arg 140 and main chain amides, but it is nevertheless highly mobile (Figure 3.2d). In

form-IT, Arg 140 interacts with another chain in the trimer (see below) resulting in

lower mobility when compared to the cubic form (Figure 3.2d).

3.3.3 Trinier structure

Although ToxA is present as a strongly interacting trimer in both the crystal

forms (Figure 3 .4a), during gel filtration it runs at an apparent M of 13 kDa (see

Methods; Figure 3.5), suggesting that it is a monomer in solution 8,28 Sedimentation

equilibrium results were consistent with the existence of a monomer-trimer

equilibrium in solution with an association constant (1(a) 1 x 10 M2 (see Methods;

Figure 3.6a and b). This Ka implies that at ToxA concentrations showing toxicity

during infusion experiments 1 .tM) 19 pure ToxA would be> 99% in the

monomeric form.
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Figure 3.3. N-terminal residues of ToxA. The 2F0 F electron density map
contoured at 1.0 Prms shows unambiguous density for residues 61 through 64 situated
at the trimer interface in the form-Il crystals. The residues, including the
pyroglutamate 61 (Pca6 1), are labeled and the orientation and the coloring scheme are
identical to that of Figure 3.4a. The figure was generated using Pymol
(www.pymol.org).
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Figure 3.4. The crystallographic trimer of ToxA. (a) A ribbon diagram of the ToxA
trimer as seen in the asymmetric unit of the form-IT structure looking down the 3-fold
axis is shown. The three chains are labeled and shown in green, blue and purple. The
four N-terminal residues and the RGD residues are shown as stick models. (b) The two
trimerization surfaces of ToxA. For this image, the 'green' molecule from (a) is
separated from the others and rotated 900 around the vertical. The narrow spine-like
interface interacting with the purple molecule (colored purple) is facing the reader.
The broad vise-shaped interface interacting with the blue molecule (colored blue)
faces down. For trimer assembly, the blue surface of one molecule meshes with the
purple surface of another. Residues having? 40 A2 surface area buried at the interface
are labeled. The 3-fold axis is indicated and labeled. This figure was generated using
Pymol (www.pyrnol.org).
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Figure 3.4 (continued)
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Figure 3.5. Gel filtration analysis. Size-exclusion chromatography elution profiles of
ToxA (curve A) and His-tagged proToxA (curve B) shows the existence of
predominantly monomeric species. Arrows above the profiles indicate the elution time
of the standard proteins: Peak 1-Bovine serum albumin (67 kDa), Peak 2-Ovalbumin
(43 kDa), Peak 3-Rnase A (13.7 kDa), and Peak 4-Aprotinin (6.5 kDa).
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Figure 3.6. Sedimentation equilibrium analysis. (a) The 30 data sets resulting from
three independent scans of four different ToxA concentrations at three different speeds
are shown as dots and the curves are the best global fit of all of the data to a monomer-
trimer model. (b) The residuals of the fits for each of the 30 data sets. Similarly, (c)
shows the 9 data sets from three independent scans of proToxA at three different
speeds with the data fit to a single-component ideal model, and (d) shows the residuals
of the fit.
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Figure 3.6 (continued)
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Figure 3.7. The trimerization interface of ToxA. A stereo representation showing
the interactions at one of the trimer interfaces. The orientation and the coloring
scheme are identical to that of Figure 3.4a and the 3-fold axis is highlighted by a gray
triangle. The residues involved in the trimer interactions are represented as ball-and-
stick models. To maintain clarity the side chain atoms of Phe 147, Tyrl5O, Leu 152 and
Gln154 are not shown and residues Thr126, A1a151, Leu152, G1n154, Gly 155,
G1y157, waters 31 and 41 are not labeled. Arg128, Asp149, and Glu177 from all three
chains form a symmetrical hydrogen-bonding network with water molecules and a
Ni2 at the 3-fold. The burial of many hydrophobic residues also contributes to the
stability of the trimer interface. Hydrogen bonds bridging the different monomers are
represented by dotted gray lines. Residues having? 40 A2 surface area buried at the
trimer interface are (in parentheses are buried surface areas in A2): Pca6 1 (62), Ser63
(47), Thr 126 (55), Arg128 (65), Argl4O (91), Tyr144 (123), G1u145 (74), Leu146
(97),Asp149(48),A1a151 (55),11e153 (117),Arg156(115),Ser158(55)andGlul77
(74). The figure was prepared using Molscript 27 and Raster3D 26
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Furthermore, the recombinant proToxA molecule that is fully active behaves as a

stable monomer according to both gel filtration and sedimentation equilibrium

(Figures 2.5 and 2.6c,d). Because ToxA would appear to act as a monomer, it is

important to describe the trimer interactions in order to understand how the monomer

structure may differ from the trimer that is seen in the crystal. Also, since the

interaction of ToxA with other proteins may enhance trimer formation, it is still

possible that ToxA acts as a trimer sometime during its function.

The overall shape of the trimer is that ofa three-blade pinwheel (Figure 3 .4a).

The trimer interface buries ca. 1200 A2 of surface area per monomer and involves a

concave broad surface of ToxA binding like a vise around a narrow spine of another

monomer that is created largely by 136 (Figure 3.4b). In all, 37 residues participate to

create a network of salt bridges near the three-fold (involving Arg128, Asp149, and

Glul 77 from all three chains), a 13-sheet interaction between strand 136 (residues

Va1143 through Leu146) of one chain and strand 137 (Arg156 through Phe159) of a

neighboring chain, and the burial ofmany non-polar side chains (see Figure 3.7 for

details). In the form-TI structure, hydrogen bonds involving the side chains of Arg 140

and Argl56 further tie down the tip of the RGD-containing loop (Asn136 through

Va1143).

What are the implications of this for the monomer structure? First, because the

13-ribbon involving the ends of the strands 135 and (36 (Trp134 Asn136 and Asp142

Tyr144) extend beyond the main 13-sandwich core (see Figures 2.2b and 2.2b), we

predict that in the absence of the interchain vise-like interactions stabilizing this

conformation, these residues will form a much more mobile and larger (up to 11-

residue) loop. A second expectation is that the N-terminal region (residues 61-64) will

also be much less ordered in a monomer.

3.3.4 Rationalization of existing mutant data

Combining the mature ToxA structure with existing mutagenesis data allows

us to gain insight into ToxA structure-function relationships. To date, published

mutation analyses of ToxA include 20 single mutations 18-20 that targeted the residues

in the RGD-containing segment (Asn136 through Phe147) and residues that
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Table 3.2. Correlation of ToxA mutations with structure, a

Mutation Structural Accessible side
location chain area (A2)

Active

SS6G 1 60

G96A 132 11

T1I5A 135 32

T123A 134-135 loop 65

T126A 134.-135 loop 61

V138A 135-136 loop 124

T167A 137-138 loop 15

G168A 137-138 loop 34

Impaired

Structurally disruptive

G93A (32 25

T132A (35 3

F147A (36 33

Structurally nondisruptive

G62A N-terminus loop 26

C64G N-terminus loop 15

N136A (35 73

T137A (35 45

T139A (35-136 loop 92

R14OA (35-136 loop 137

G141A 135-136 loop 21

D142E (36 83

V143A (36 25

Y144A (36 109

E145A (36 91

L146A (36 66

This study b

Meinhardt et al. 20

Manning et al. 20

Manning et al. 20

Manning et al. 20

Manning et al. 20

Manning et al. 20

Manning et al. 20

This study b

Manning et al. 20

Manning et al. 20

This study b

Tuori et al. 19

Manning et al. 20

Tuori et al. 19

Manning et al. 20

Manning et al. 20

Manning et al. 20 Meinhardt et al. 20

Manning et al. 20 Meinhardt et al. 20

Manning et al. 20

Manning et al. 20

Manning et al. 20

Manning et al. 20
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Table 3.2. (continued)

a
All reported mutants were created and tested in the context of proToxA, and behaved

well during expression and purification.
b

Residues G1y62 and G1y93 are potential myristoylation sites; S86G was a PCR
induced mutation.

T132A and L146A are partially active; all other mutants in this category were scored
as inactive.
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Figure 3.8. Mapping of site-directed mutagenesis results onto the ToxA structure.
The molecular surface of ToxA is colored to highlight the sites of fully active mutants
(green), partially active or inactive mutants that are expected to disrupt the structure
(yellow) and partially active or inactive mutants that are expected to be non-disruptive
(purple). All residues except Thri 32, Gly 141, and Val 143 are visible in these views.
The surface on the left is in the same orientation as Figure 3.2b while the surface on
the right is rotated 1800 around the vertical to show the other side of the protein. The
figure was generated using Pymol (www.pymol.org).
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represented potential phophorylation sites (Thr residues 115, 123, 126, 132, 139, and

167) or myristoylation sites (Gly residues 62 and 93) (Table 3.2). In addition to these

mutants, we present here data for a further three mutated residues (see Table 3.2 and

Methods). Of all the mutants, eight are active, two are partially active, and 13 are

inactive. All of the mutation sites have unambiguous density in one or both crystal

forms and Figure 3.8 shows how these mutation sites map onto the structure.

Eight residues (Ser86, G1y96, Thri 15, Thr123, Thr126, Va1138, Thr167 and

Gly 168) when mutated to Ala or Gly resulted in variants that retained toxicity. The

side chain of each of these residues is solvent exposed, where the mutation wouldnot

be expected to disrupt ToxA folding or stability. Their unperturbed activity indicates

that these surface regions (green in Figure 3.8) are not crucially involved in receptor

recognition or other interactions required for ToxA function.

In the case of partially and fully inactive variants, the location of each mutated

residue allows us to distinguish whether that mutation would be expected to

destabilize the protein (yellow in Figure 3.8) or not (purple in Figure 3.8). If

destabilization is unlikely then that site is implicated as a potential point of direct

involvement in receptor recognition or another interaction required for ToxA function.

Among the partially and completely inactive mutants, three (G1y93, Thr132 and

Phe 147) are in environments where the mutation would be expected to disrupt the

structure. The structure reveals that Gly93, located at the start of strand f32, adopts

main chain torsion angles (, ip 1050, -22°) that are unfavorable for non-Gly

residues, so the mutation to Ala would destabilize the local conformation. Thr132, one

of the potential phosphorylation sites, is mostly buried in the ToxA monomer by

nearby side chains of Trp 134 and G1n175, and we expect mutation to Ala would

disrupt these interactions and destabilize and/or alter ToxA structure. We conclude

Thrl 32 plays a structural role, but since it is partially exposedwe cannot rule out that

it may play a direct role, such as to be phosphorylated inpianta. For Phe 147, the side

chain is buried in the core of the monomer where mutation would likely disturb the

structure.
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The remaining twelve residues have partly or fuiiy exposed side chains

where, based on the folded protein structure, the mutations would not be expected to

disrupt the structure. As seen in Figure 3.8, these sites are mostly located on one

protrusion of the fold, which is the ROD-containing loop between 5 and 6. The only

exceptions are G1y62 and Cys64. Interestingly, it is possible that these two residues

represent a special case where the mutations would be compatible with the folded

conformation, but they alter the folding process so that the native fold is never

reached. Evidence that Cys64 is an important player in the folding process is that the

disulfide involving Cys64 is properly formed during in vivo folding of proToxA, but

does not properly reform during in vitro refolding of reduced ToxA Thus it is

plausible that mutations of Cys64 and its neighbors (like G1y62) would interfere with

folding.

The clustering of the inactive, non-disruptive mutations on the RGD containing

loop is consistent with the original hypothesis 9,17-20 that ToxA may interact with plant

cell integrin-like receptors in a maimer analogous to mammalian proteins such as

vitronectin and fibronectin. In mammals, recognition of RGD residues is highly

specific and exquisite in a variety of contexts 29-32 ToxA is similar in that even a

subtle Aspi 42Glu mutation results in loss of recognition, but it is different in that not

just the RGD but also many surrounding residues are also required for recognition.

The interest of the RGD residues for ToxA function is further highlighted by the fact

that interaction in animal cells of some RGD-containing proteins with integrins results

in their internalization. In particular, this route is used by certain viruses as a cell entry

mechanism While this phenomenon has not yet been seen in plants, that RGD-

containing peptides are known to disrupt the plasma membrane-cell wall

continuum 3 8-40

provides circumstantial evidence for the existence of integrin-like

proteins in plants.



49
3.3.5 Comparison with mammalian RGD-proteins: a possible evolutionary

relationship

In order to gain further insight from the ToxA structure, a search for

structurally similar proteins was carried out using the program DALI 4t The top

matches were all proteins with f3-sandwich folds but the Z-scores (highest 4.2) were

well below the cutoff of 6.0 suggested by DALI as indicative of a reliable structural

homolog. Interestingly, among the top scores were known RGD-containing

mammalian proteins that are based on a fibronectin type III fold (FnIII) also a

sandwich structure. Therefore, the structure FnIII was compared to that of ToxA. A

study of the topology diagrams revealed that the proteins could be made to have a

similar topology through a simple circular permutation ofToxA (Figure 3.9a). The

circular permutation event connects the N- and C-termini of ToxA and new termini are

formed by the cleavage of the p6-137 loop. In this comparison, strands f2 and 3

ToxA are insertions relative to FnIII, and strand A of FnIII is an insertion relative to

ToxA (Figure 3.9). Thus, after circular permutation, ToxA and FnIII can be aligned

using a common six-stranded core of the same topology.

A new DALI search with a circularly permuted ToxA yielded the RGD-

containing structures of the tenth domain of fibronectin39 (FnIIIio) and the third

domain oftenascin42'43 (Fn1113) among the top matches (Z-scores 7.5). Since the

structures of Fn11110 and Fn1113 are highly similar (rmsd of 1.1 A for 73 Ca atoms), the

former is used as a representative for comparisons with ToxA. The structural overlay

of ToxA with Fn11110 is shown in Figure 3.9b, and a particularly striking feature of the

overlay is that the RGD containing loops are at a common position in the structure (in

the 135-136 loop) (Figure 3.9).

Structural similarity after circular permutation combined with the spatial

conservation of key functional residues is a well-documented phenomenon44'45 that

generally leads to the proposal that the proteins in question are homologs even in the

face of no significant overall sequence similarity (e.g. Murzin et al. 46) The match of

the position of the RGD-containing loop could easily be a result of convergent

evolution, but nevertheless, the similar fold and positional conservation of the RGD-

containing loop in the six-stranded circularly permuted ToxA and FnIII plus their
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Figure 3.9. Circular permutation of ToxA. (a) Topological comparison of ToxA and
the tenth domain of fibronectin (FnIIIio) shown as a representative for the FnIII
domain using the strand nomenclature proposed by Leahy et al. 42 Open arrows and
rectangles represent elements that are common to both the structures and striped ones
represent elements unique to each structure. The positions of the conserved RGD
residues are also indicated. (b) Stereoview of the ToxA (pink) FnJ IIio (blue)
comparison, with the unique elements of each chain indicated (striped). The Ca
positions of RGD residues are shown as semi-transparent spheres. The view is
identical to that of Figure 3 .2b. The secondary structural elements are labeled in both
panels. The connection of the N- and C-termini (dashed line) and the cleaving of the
I36-37 loop (solid arrowhead) define the changes involved in the circular permutation.
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similar functions in terms of binding to a cell surface receptor provides an attractive

case for the existence of a common ancestor, especially given the evidence that the

plant cell wall is the functional equivalent of the mammalian extracellular matrix47'48.

Isolation of the plant protein that serves as a ToxA receptor and structural and

functional characterization of fibronectin-like proteins from the cell wall, such as the

putative one recently isolated ', may provide clues to the evolutionary origins and

mode of action of ToxA.

3.4 Methods

3.4.1 Purification and crystallization

ToxA was purified from culture filtrates as previously described A

procedural modification involved dialyzing the protein against Epure water

(Barnstead) instead of 30 mM TRIS, pH 9.0 and the concentration was determined

using an extinction coefficient 2280 = 18 mM1cm1 Prior to crystallization, the

protein was diluted to 1.5 mg/ml in 0.01 M HEPES, pH 7.0 and stored at 4 °C.

Two crystal forms of ToxA were grown at room temperature using the

hanging-drop vapor diffusion method. Form-I crystals exhibited cubic morphology

and grew from a 1:1 drop using a reservoir solution containing 0.5 M (NH4)2 SO4, 15%

dioxane, and 0.1 M MES, pH 6.5. Crystals grew over two weeks to a final size of Ca.

(0.15 mm)3. For data collection, the cubic crystals were flash-frozen in liquid nitrogen

after a 2 mm incubation in a cryo-protectant consisting of the reservoir plus 15%

glycerol. Form-Il crystals were obtained by mixing equal volumes of the protein stock

with a reservoir of 7.5% PEG 400 (v/ v), 0.2 M NiCl2, and 0.1 M HEPES-Na, pH 7.0.

These tetragonal-shaped crystals appeared within 24 hours and grew in one week to a

size of Ca. 0.15 x 0.15 x 0.10 mm3. Divalent cations were essential for crystallization

with Co2, Ca2, Cd2 ions able to substitute for Ni2. For data collection, the form-Il

crystals were progressively soaked for 5 mm each in a step-wise manner through

solutions of 15, 22.5 and 30% v/v (final concentration) PEG 400 plus reservoir and

then flash-frozen in liquid nitrogen.
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3.4.2 Data collection

For structure determination, highly redundant, single-wavelength anomalous

dispersion (SAD) data were collected using a form-I crystal and in-house, Cu-Ka

radiation (Rigaku RU-H3R rotating anode operating at 50 kV, 100 mA and a R-Axis

IV image plate detector; A. = 1.54 A, \4= 10, 540 15 mm images) (Table 3.1). For

structure refinements, 1.65 A resolution native data were collected at beamline 8.2.1

of the Advanced Light Source (ALS; Berkeley National Laboratory; high resolution

pass: A. 1.0 A, í4 = 1°, 40 20 s images; and low resolution pass: A. = 1.0 A, A4 = 10,

40 5 s images) for the form-I crystals and 1.90A data (A. = 1.0 A, A4 = 10, 160 15 S

images) were collected for the form-Il crystals. A low-resolution, in-house data set

extending to 3 A (A. = 1.54 A, = 10, 99 15 mm images) was also collected on a

form-Il crystal to confirm the presence ofa disulfide bond. All data sets were

processed using the HKL suite of programs 50 (Table 3.1).

The form-I crystals belong to the cubic space group P213 with unit cell

dimensions a = b = c = 78.2 Awith one molecule in the asymmetric unit and a solvent

content of 60%. Form-lI crystals belong to the tetragonal space group P4122 with unit

cell dimensions of a = b = 74.5 A and c 137.3 A, and have three molecules in the

asymmetric unit with a solvent content of 50%.

3.4.3 Structure determination and refinement

The 13.2 kDa ToxA structure was determined from form-I crystals at 3.0 A

resolution using the weak anomalous signal arising from inherently present sulfur

atoms. The expected Bijvoet ratio from the four sulfur atoms two Met and two

Cys present in the 13.2 kDa protein at 1.54 A wavelength is Ca. 0.8%. It was later

observed that two of the four sulfurs (one Cys and one Met) were disordered, but the

presence of a single well-ordered sulfate ion in the asymmetric unit led to three sulfurs

contributing to the phasing of the 13.2 kDa protein.

In order to determine the low-resolution cutoff for structure solution, the 540-

image data set was split into two consecutive 270-image data sets (images 1 through

270 and 271 through 540) and the anomalous correlation coefficients between the two

sets were calculated using the program XPREP (Bruker Analytical X-ray Systems). At

3 A resolution the correlation coefficients fell below 20% and this was chosen as a
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cutoff The program SHELXD 52 was used to locate the positions of the sulfurs. The

100 search trials resulted in a clear solution (ca. 50% success rate) with a correlation

coefficient of 39% (all data) Heavy atom refinement (positions and occupancies)

and phasing were carried out using the program MLPHARE Density modification

by DM resulted in experimental maps that were of superior quality. A more detailed

analysis assessing how much diffraction data was required to solve the structure will

be presented elsewhere (Sarma, G. N and Karplus, P. A, in preparation).

Prior to model building and refinement, 10% of the data were set aside for

cross-validation. The automated model building program ARP/wARP 56 was used to

extend the 3 A phases to 1.65 A and to build ca. 90% of the model. Further the

program was used to pick waters using the following criteria: (1) a peak of? 3 P in

the F0F map and a peak of? 1 Pnns in the 2F0F map, and (2) a distance of? 2.5 A

and 3.5 A to nearby hydrogen bond donor or acceptor. Manual rebuilding was

carried out using 0 TLS refinement as incorporated in REFMAC 58 followed by

positional and individual B-factor refinements resulted in a final R/Rfree of 15.7%!

18.3% respectively. The final model has 103 residues (61-62 and 78-178), 105 waters,

2 sulfates, with alternate conformations seen for Ser86, 11e95, Arg 117, Ilel 31, Glnl 54,

Arg173, G1u177, and for waters 28, 35, 37, 40, 55, 62, 64, 65. Residues 63 through 77

did not have any visible density and were not modeled.

For form-TI structure solution, a crystallographic trimer generated using the form-I

monomer (without waters) was used as a search model for molecular replacement at 4

A using the direct Patterson search as implemented in the program CNS Cross-

rotation and translation searches yielded a clear solution with a correlation coefficient

of 0.550 versus 0.114 for the next best solution. The trimer was refmed to 1.9 A using

REFMAC 58
with 10% of the data set aside for cross-validation. No NCS restraints

were used during refinement. Waters were picked (using the criteria reported above)

and alternate conformations were modeled for 11e95 in chain A, Argl 13 in chain B,

and waters 94 and 126. In one of the chains (chain B), a 6-residue stretch (residues 74-

79) forms an additional 3-strand that interestingly lies on a crystallographic two-fold

axis and shows weak but clear main chain electron density. Thus, in the crystal, this

loop shares the space with the exact same segment from another trimer in the crystal.



55
Accordingly, it was modeled with half occupancy (Figure 3.10). The weak density

for the loop is consistent with the high temperature factors for this region of the

protein (Figure 3.2d). Strong electron density peaks for Ni2 ions were seen on the

crystallographic 2-fold axes. Additional Ni32 ions were located using anomalous

difference maps calculated from another data set optimized for Ni anomalous signal (?

1.487 A; data not shown). Occupancies for the Ni ions not on special positions were

estimated by carrying out test refinement runs with occupancies of 0.2, 0.4, 0.6 and

0.8, and for each Ni, the occupancy that yielding a B-factor most similar to the

surrounding protein atoms was chosen. The eight Ni2 ions ranged in occupancy from

0.2 to 0.5. Unsuccessful attempts to solve the structure of the form-Il crystal using Ni

multiple wavelength anomalous dispersion (data not shown) could be explained by the

low occupancies and high temperature factors of the Ni2 ions.

Iterative cycles of model building and refinement yielded an R/ Rfree of 20.8%!

26.4%. TLS refinement, with each monomer as a rigid body, lowered the R andRfree to

18.3% and 22.6% respectively. The final model has 315 amino acids (103 chain A,

109 chain B and 103 chain C), 165 waters and 8 Ni2 ions with residues 65-79 (chains

A and C) and residues 65-73 (chain B) not modeled due to weak electron density.

Since discretely ordered solvent molecules are an integral part of the structure

and function of the protein, the preferred hydration sites 60 in each crystal form were

numbered according to their electron density strength (Water 1 being the highest) from

I to 105 in form-I and to 165 in form-Il. In forms-I and -II crystals, respectively, 84

and 141 of the sites are present in the first solvent shell (making at least one hydrogen

bond with the protein).

3.4.4 Structural comparison and analyses

Secondary structure assignments were made using DSSP 61 and also by visual

inspection. Hydrogen bonding geometries were calculated using HBPLUS 62

Structure-based sequence alignments were done using HCORE (Karplus, P.A,

unpublished) with a distance cutoff of 3.0 A.
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Figure 3.10. Residues on a crystallographic 2-fold axis. A stereo diagram showing
the 2F0 F electron density contoured at 0.7 Prms at the crystallographic 2-fold axis
near chain B of the form-Il crystals. The residues that have been modeled with half-
occupancies are indicated as stick models and labeled. The identical residues from the
crystallographically related molecule that share the space in the crystal are shown as a
semi-transparent model and also labeled. One chain makes a parallel interaction with
strand 132 and the other is anti-parallel. The way this disorder works is that half of the
molecules in the crystal have one of the chains ordered and half have the other chain
ordered. This means that the crystallographic symmetry is broken locally, but is
maintained for the crystal as a whole. The 2-fold axis is shown for reference. The
figure was prepared using BobScript 25 and Raster3D 26
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3.4.5 Site-directed mutagenesis

Of the three mutants newly reported in this study, G62A and G93A, were

generated by site-directed mutagenesis using the following primers (one of the

complementary pair): G62A 5'

CTACAGGAGCGGCAGGCAAGCTGCATGTCAATC 3'; G93A 5'

CTCGGACGACTTGCTGCTATAGGCTCGTGG 3'. The S86G mutation was

generated inadvertently during PCR cloning of the proToxA into pTRC99-HPro All

mutant proteins were expressed in Escherichia coli and assayed for bioactivity as

described by Manning et al. 20

3.4.6 Gel filtration

The existence of the ToxA monomer in solution (0.5 mg/mI in 100 mIvl NaC1,

10 mM sodium phosphate, pH 7.0) was confirmed by gel-filtration chromatography

using a Superdex-75 10/300 GL size-exclusion column (Amersham Biosciences) at a

flow rate of 0.5 mI/mm. Using identical conditions, proToxA at 0.17 mg/mi was also

chromatographed. Fractions were collected every minute and activity was assayed by

infiltrating peak fractions into the sensitive wheat cultivar, Katepwa. For ToxA, the

major active fraction and over 80% of the A230 absorbing material ran at an elution

volume corresponding to a molecular weight ofCa. 13 kDa and for proToxA,> 95%

of the absorbing material ran at an elution volume corresponding to a molecular

weight of ca. 19 kDa (Figure 3.5).

3.4.7 Analytical ultracentrifugation

Sedimentation equilibrium analytical ultracentrifligation experiments were

performed with a Beckman Optima XL-A analytical ultracentriftige at 20 °C using a

four-hole AN-6OTi rotor and double sector charcoal! Epon-filled centerpieces. Buffer

densities and viscosity corrections were made according to data published by Laue et

al. 63
The partial specific volume of ToxA was estimated from the protein sequence to

be 0.727 cm3/g, using the method of Perkins 64

The centrifugation experiments were carried out according to the protocol

described by Ausio et al. 65
in a solution containing 100 mlvi NaCl, 50mM sodium

phosphate, pH 7.0. Four 120 tL samples of ToxA were sedimented to equilibrium: 3.4
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tM and 10.1 M samples were run at 22000 and 30000 rpm, and 7.8 jtM and 23.4

tM were run at 22000, 26000 and 30000 rpm. Scans were collected with absorbance

optics at wavelengths between 230 and 280 nm. The radial step size was 0.00 1 cm,

and each c versus r datapoint was the average of 15 independent measurements.

Wavelengths were chosen so that no points exceeded an absorbance of 1. Equilibrium

data spanning this concentration range were examined by global fitting using

UltraScan software for the Linux operating system (www.ulirascan.uthscsa.edu).

Equilibrium data were fit to multiple models using global fitting of all data66 The

monomer-trimer equilibrium fit resulted in a monomer of molecular mass of ca. 13.4

kDa, which is in good agreement with the molecular mass of 13.2 kDa calculated from

the ToxA sequence. Fitting the data to monomer-dimer and monomer-dimer-trimer

model also resulted in reasonable fits giving monomer molecular weight of 12.9 and

13.6 kDa, respectively. The monomer-trimer model had the best statistics, the lowest

systematic errors based on inspection of the residual patterns, the monomer molecular

weight is closest to the true value, and is consistent with the formation of trimer in the

crystal.

For proToxA, one sample at a concentration of 33.8 M was analyzed. The

speeds and scans were done as for ToxA. The data fit well to a single-component ideal

model that yielded a molecular mass of 19.7 kDa, exactly matching the calculated

molecular mass of a monomer.

3.4.8 Coordinates

The coordinates and the structure factors have been deposited in the Protein

Data Bank (www.rcsb.org/pdb/) as entries 1ZLD (form-I) and 1ZLE (form-Il).
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4.1 Introduction

The first structure to be solved using the anomalous signal of sulfur atoms

intrinsic to a protein was that of crambin in 1981 Six cysteine sulfur atoms

contributed to the phasing of this 46-residue protein based on anomalous data

collected using a Cu-Ku source. Further novel structures were not determined by

sulfur SAD (single wavelength anomalous dispersion) until the late 1990s. Now, as

recently reviewed by Dauter 2
advances in sub-structure solution, phasing algorithms

and the availability of synchrotron beamlines have renewed the interest in S-SAD.

Sulfur anomalous data can be collected using synchrotrons or the fixed

wavelength, in-house Cu-Ku or Cr-Ku source. While the anomalous signals are

comparable in-house and at a synchrotron, collecting S-SAD data at a synchrotron is

still the preferred choice. This is possibly because of the variable wavelength, the

shorter times required to collect a highly redundant dataset, and the expectation of

higher data quality. The wavelength range normally used to solve structures is 1.5 to

2.0 A 3-12

However, there is a trade-off: the intense and longer wavelength radiation at

the synchrotrons enhance the anomalous signal but at the same time, result in faster

crystal decay due to greater absorption of the lower energy X-rays. This problem of

rapid crystal decay is partly alleviated by using the weaker intensity, in-house Cu-Ku

X-ray source. Novel and test structures have been solved using this approach 13.18

The first modem structure solution using in-house sulfur anomalous data used

a fairly low-resolution cutoff for determining the sulfur sub-structure 19 Contrary to

these data, it has been now been generally accepted that higher resolution data is

needed to solve the sulfur sub-structure with the majority of the structures mentioned

above solved at resolutions better than 2.0 A. More recently, this dogma is being

questioned with structures being solved at lower resolution 6-8,15,20 The expected

Bijvoet ratio 1

in nearly all these cases were in the range of 0.9 3.1%. Simulations

carried out using idealized data by Wang21 suggested that a single disulfide per 120

residues with a Bijvoet ratio of 0.6 % would be enough to solve the structure. Thus in

all the cases involving in-house sulfur SAD phasing, the Bijvoet ratios were much

higher than would have been theoretically required, indicating that these proteins have

a high sulfur content. Additionally, in all the cases, the exposure time per image
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(where reported) was in the range of 5 120 seconds, which indicates that these

crystals diffracted very well.

We have recently solved the structure of a 13.2 kDa protein, Ptr ToxA from

Pyrenophora tritici-repentis using laboratory-based S-SAD data 22 The anomalous

signal of 0.6 8% 1

from three sulfur sites, 1 Met, 1 Cys and 1 sulfate ion, is only

slightly higher than the limit of 0.6% predicted by Wang 21 as a theoretical minimum

required to solve a protein structure using the anomalous signal from sulfurs. In

solving the structure of Ptr ToxA, we were surprised to find that we were unable to

solve the structure using sulfur SAD data collected at a synchrotron at ? = 1.75 A, but

were able to solve it using data collected using the laboratory Cu-Ka source. To

further understand this unexpected result, we undertook a systematic analysis of the

data quality requirements and the effects of resolution on sub-structure solution and

phasing using only the sulfur anomalous signal. Our results reveal that phasing success

is a complex function of data redundancy, quality and resolution cutoff.

4.2 Materials and Methods

4.2.] Purification and crystallization

The purification of mature ToxA, crystallization and flash-freezing procedures

have been described elsewhere 22
The protein crystallizes in the cubic space group

P213 with unit cell dimensions of a = b c = 78.2 A, a solvent content of 60% and one

molecule in the asymmetric unit. The crystals had cubic morphology and dimensions

of ca. (0.15 mm)3.

4.2.2 Data collection

As summarized in Table 4.1, two single wavelength anomalous diffraction

(SAD) datasets were collected from frozen crystals in an attempt to solve the structure

using the anomalous signal from the sulfur atoms. For both datasets, no special data

collection strategies, such as collecting Bijvoets close in time, were employed.

The first dataset (SYNC), extending to 2.3 A resolution, was collected from a

single ToxA crystal using ?. = 1.75 AX-rays at beamline 8.2.1 of the Advanced Light

Source (ALS; Berkeley National Laboratory; Table 4.1).



Table 4.1. Data collection statistics a

SYNC

Data collection

Number of images

Wavelength (X)

Exposure times per image

Resolution limits

Unique observations b,

Multiplicity

Completeness (%)

Average I! o

Mosaicity

D d

d
AmrgdF

82

10

1.75 A

3Osec

100-2.30A (2.38 2.30)

7326

9.5 (9.4)

100 (100)

13.6 (5.5)

0.22°

13.8 (43.3)

8.9 (23.9)

1260

1°

1.54 A

20mm

100-1.90 A(1.97 1.90)

12754

112.3 (98.8)

99.9 (100)

47.4 (14.2)

0.42°

11.2 (66.8)

2.5 (11.7)

a
Numbers in parentheses correspond to values in the highest resolution shells.

b
IFI/ o)Fj ? 0 cutoff was used for data processing.

' Bijvoets were not merged.
d

Rmeas is the multiplicity weighted merging R-factor and Rmrgd.F is an indicator of the
quality of reduced data
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The second dataset (LAB), extending to 1.9 A resolution, was collected

from a crystal that was not fully fresh, but had been exposed to synchrotron radiation

(ALS; ? = 1.75 A; 13 mm total exposure). For the in-house data collection, the

crystal was rotated around the 4)-axis to collect a total of 1260 images (-- 17 days of

total exposure) using Cu-Ka radiation (Rigaku RU-113R rotating anode operating at

50 kV, 100 mA and a Raxis IV image plate detector) (Table 4.1). After the first 360

images, the 4) angle was offset by 0.5° for the next 360 images in order to fully collect

reflections that were collected as partials in the earlier scan and the offset was repeated

every 360 images. With the data represented as seven sequential 180° datasets, the

offset strategy was such that the images of the 1St and the 5th, the 2nd and 6th, and the
3rd and 7th

180°-image sets covered an identical oscillation range (see Table 4.2). The

exposure time per image was a compromise designed to collect highly redundant,

medium resolution data even though longer exposure times could have yielded higher

quality single pass data.

As reported in the Results section, the data were partitioned in various ways to

create a series of test datasets (Tables 4.2 and 4.3). Each of these datasets was

processed using the HKL suite ofprograms 23 The unmerged diffraction data is

available on request from P. Andrew Karplus.

4.2.3 The reference model

As described by Sarma et al. 22, the 13.2 kDa ToxA structure was determined

at 3.0 A resolution using the sulfur anomalous signal found in the first 540 images of

the LAB data. The automated model building program ARPIwARP 24 was used to

extend the 3.0 A phases to 1.65 A, and refinement yielded the final model with an RI

Rfree of 15.7%! 18.3% respectively 22 This model (PDB entry 1ZLD) was

subsequently used to calculate phases that are used here as the reference "true" phases.

4.2.4 Sub-structure solution and phase determination

For the systematic phasing analyses reported here, the various anomalous

datasets were prepared for sub-structure solution using the program XPREP (Bruker

Analytical X-ray Systems). Searches for the three sulfur positions were carried out

with the program SHELXD 25 using 1000 search cycles. An approximate number of

'correct' solutions was estimated by choosing a correlation coefficient cutoff partway



A B C D E

Oscillation range 00 - 1800 1800 360° 0.50 180.5° 180.5° 360.5° 00 - 1800

Unique observations 12578 12605 12542 12587

Multiplicityb 21.0 (18.9) 21.0(19.1) 21.0(18.5) 21.0 (18.8)

Average I! o 34.7 (8.0) 33.5 (7.7) 30.4 (6.0) 31.1 (6.1)

Rmeas
d
(%) 7.3 (46.5) 7.0 (45.4) 7.8 (60.5) 7.8 (59.8)

RmrgdFd (%) 4.5 (19.0) 4.2 (19.8) 5.3 (28.5) 5.0 (26.0)

F G

1800 360° 0.5° 180.5°

12479 12479 12348

20.7 (17.0) 20.8 (17.3) 20.0 (12.5)

28.0 (4.5) 28.3 (4.3) 25.1 (2.8)

8.8(76.2) 8.6(80.1) 9.8(102.0)

6.4 (36.1) 6.3 (39.0) 8.1 (55.0)

All data were processed to 1.90 A resolution with the numbers in the parentheses indicating values in the highest resolution shell
(1.97-1.90 A).
b Bijvoets were not merged.

jF/ oJFJ ? 0 cutoff was used for data processing.
d
Rmeas is the multiplicity weighted merging R-factor and RmTgdF is an indicator of the quality of reduced data

0



"30" "60" "90" "120" "150" A A-B A-C A-D A-E A-F A-G
No. images 30 60 90 120 iSO 180 360 540 720 900 1080 1260

Unique obv. 12246 12473 12504 12531 12547 12578 12689 12719 12743 12749 12753 12754
Multiplicityb 3.5 7.0 10.5 14.0 17.5 21.0 42.0 62.9 83.9 102.8 110.4 112,3

(3.1) (6.3) (9.4) (12.6) (15.7) (18.9) (37.5) (56.0) (74.9) (90.9) (99.4) (98.8)

Average1/cx' 17.3 23.8 25.5 28.6 31.6 34.7 42.4 50.7 52.2 52.9 50.6 47.4

(3.9) (5.4) (6.2) (6.7) (7.3) (8.0) (11.2) (12.8) (14.0) (14.6) (14.9) (14.2)

Rmeas"(%) 5.6 5.8 6.3 6.8 6.9 7.3 7.6 8.2 8.7 9.5 10.3 11.2

(33.5) (36.2) (40.0) (44.4) (44.4) (46.5) (46.0) (50.7) (53.0) (57.3) (62.0) (66.8)

Rm,dF'1(%) 8.5 6.6 5.7 5.1 4.8 4.5 3.1 2.8 2.5 2.4 2.4 2.5

(35.4) (28.8) (24.6) (22.6) (22.1) (19.0) (14.2) (12.5) (11.4) (11.2) (10.9) (11.7)

a The data was processed to 1.90 A with the numbers in the parentheses indicating values in the highest resolution shell (1.97-1.90 A).bBijvoets were not merged.
b
IFI/ aIFJ ? 0 cutoff was used for data processing.
Rmeac is the multiplicity weighted merging R-factor and RmTgdF is an indicator of the quality of reduced data °.

t'J
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between the group of 'correct' solutions with significantly higher correlation

coefficients and the group of 'incorrect' solutions with lower correlation coefficients.

For each analysis the three sulfur positions were refined (positions and occupancies)

and phasing was carried out using the program MLPHARE26 The phase ambiguity

was resolved using the solvent flattening procedure of DM27 For all additional data

analyses, programs from the CCP4 suite28 and CNS 29 were used.

4.3 Results

4.3.1 Datasets

In order to systematically study the effects of data quality on sub-structure

solution and phasing, the 1260 oscillation images in the LAB dataset were divided into

seven consecutive 180-image datasets labeled A through G, each with ca. 20-fold

redundancy (Table 4.2). A further eleven datasets were created to study the effect of

redundancy. As an extension of the above mentioned nomenclature, six datasets were

labeled A-B (360 images), A-C (540 images) and so on to A-G (1260) images (Table

4.3). The five additional datasets, created to test the lower limit of data quality that

would allow a structure solution, are designated as "30", "60", "90", "120" and "150"

representing the number of images in each set (Table 4.3). The SYNC dataset (Table

4.1) is not a maj or focus of this work and was simply treated as a single set.

4.3.2 Crystal decay

Despite the crystals being frozen, decay was evident during collection of the

LAB data as a visible loss in resolution between the first and last image.

Quantitatively, the gradual crystal decay can also be seen in the increasing scaling B-

factors as a function of image number (Figure 4.1a), and the gradual decrease of the

average signal-to-noise ratio (I! o) of the reduced data for datasets A through G

(Figure 4.lb). As expected, the Rmeas and RmrgdF values (both overall and in the highest

resolution bin) also show an increase from dataset A to dataset G (see Table 4.2).

For an estimate on how crystal decay impacted data accuracy, R-factors were

calculated between datasets B through G and dataset A as a function of resolution

(Figure 4.1 c).
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Figure 4.1. Quantifying crystal decay during data collection. (a) Scaling B-factors
increase gradually as a function of image number. This gradual increase is indicative
of crystal decay with increased exposure. (b) Average It of the reduced data is
plotted as a function of resolution for datasets A (blue), B (violet), C (orange), D
(cyan), E (purple), F (red), and G (green). (c) R-factors between each dataset and
dataset A plotted against resolution reflect how decay impacts reduced data accuracy.
R-factors between datasets B and A (violet), C and A (orange), D and A (cyan), E and
A (purple), F and A (red), G and A (green) are shown.
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Dataset A was used as a reference since it was collected when the crystal was the

freshest. The R-factors were the lowest between dataset B and A (overall! highest

resolution bin 7.0%! 16.2%) and were the highest between G and A (overalll highest

resolution bin 16.1%! 44.6%). Interestingly, the curves were paired such that the B

versus A R-values are very similar to those of C versus A and so on (Figure 4.1 c). A

plausible explanation is that datasets A, C, E and G were collected over the same

oscillation ranges (counting the 0.5° offset) and so have minimal systematic

differences related to crystal geometry (e.g. absorption) or detector imperfections (e.g.

non- homogeneity). Thus, the R-values calculated using these datasets are mostly

influenced by crystal decay. On the other hand, the comparison of dataset A with

datasets B, D and F will reflect decay plus systematic errors and this will shift the R-

factors to higher values for those datasets. Because systematic errors may be less

resolution-dependent, this would explain why the R-factors for datasets C, E and G are

higher at low resolution.

The behavior of the datasets of increasing redundancy (A through A-G) also

shows the effects of decay (Figure 4.2). When the indicators of reduced data quality

II o and Rmrgd are plotted as a function of resolution, the I! o increases from dataset

A to dataset A-D after which the values get worse despite the increase in redundancy

(Figure 4.2a). Similarly, the Rmrgd.F (for which lower values indicate better data 30)

decreases from dataset A to A-D after which no further improvement is seen (Figure

4.2b). According to these statistical measures, increased redundancy results in better

quality data up through A-D, after which the overall data quality is negatively

impacted by merging of subsequent data.

4.3.3 Assessment of anomalous signal

For SAD phasing, the quality of the anomalous signal is most important so it is

of interest to see how this is impacted by the trade-off between increasing redundancy

and crystal decay. Even without phases, for any single dataset it is possible to assess

the strength of the anomalous signal by splitting the dataset in half and calculating the

anomalous correlation coefficients between the two halves. The individual datasets A

through G show a trend of decreasing correlation indicating that decay does impact the

quality of the anomalous signal (Figure 4.3a). The correlation remains fairly high at
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low resolution, but the resolution at which it drops below 20% decreases from near

3.5 A for dataset A to near 4.5 A for G. The trend in the anomalous correlations for

datasets with increasing redundancies is dramatic. The anomalous signal steadily

increases from dataset "30" to A-D. Despite further increases in redundancy, no

further increase is seen for datasets between A-D and A-G (Figure 4.3b). The

anomalous signal for the synchrotron is even weaker than that of dataset "30" with the

correlation coefficients falling below 10% at around 6.0 A resolution suggesting little

anomalous information is present in the synchrotron data.

Given known phases (from the model) a more accurate assessment of the

anomalous signal present in each dataset is provided by peak heights in anomalous

difference Fourier maps (Table 4.4). While this could be done as a function of

resolution, we have done analysis at 3.0 A to observe the trends. In all cases the top

three peaks correspond to the three sulfur sites used for the original structure

solution22. For all datasets except dataset G, the fourth largest peak in the map

corresponds to a fourth sulfur site (a second sulfate ion) in the structure. In the best

cases, this peak is over twice as large as the highest noise peaks. We missed this fourth

sulfur in the original structure solution 22, as we only searched for three sites.

Consistent with other indicators of data quality, the sulfur peak heights show a

steady decrease with increased crystal decay (datasets A to G). The only notable

exception is peak 3 calculated using dataset C (Table 4.4); we do not have any

explanation for this. Similarly the trend of peak heights as a function of data

redundancy (datasets "30" through A-G) match the other dataquality statistics as the

peak heights increase steadily from dataset "30" to A-D or A-E and then decrease

dramatically to dataset A-G. By this measure, dataset A-G has even lower anomalous

signal than dataset A alone! A comparison of these results with the anomalous

correlation coefficients suggests that the correlation coefficient measure reflects

accurately the increase in anomalous signal, but is not as sensitive to the loss in

anomalous signal due to the addition of decayed data.

Table 4.4 also reports the top six peaks found using the synchrotron data.

There is no clear separation between the noise and the signal peaks, consistent with the

inability of the synchrotron data to guide solution of sulfur sub-structure.
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Table 4.4. Anomalous peak heights calculated at 3.0 A resolution a

Peak 1 Peak2 Peak3 Peak4 Peak5 Peak6

(Met174) (SulfateSOl) (Cysl6O) (SulfateSO2) (noise) (noise)

A 14.4 12.5 11.5 5.8 3.6 3.5

B 14.3 114b 101b 6.6 4.0 3.4

C 14.9 10.6 6.8 6.5 4.1 3.9

D 14.0 10.1 9.2 5.9 3.7 3.5

E 12.9 8.5 8.4 5.0 3.9 3.7

F 10.9 9.0 7.4 5.1 4.0 3.8

G 11.5 8.0 7.2 3.8 3.6 3.5

"30" 76 70 52 46 41 38
"60" 103 83 78 60 42 39
"90" 12 4 10 5 9 9 5 5 3 6 3 5

"120" 134 112 108 60 37 34
"150" 14.2 12.3 11.9 5.9 3.8 3.7

A-B 17.2 137b 132b
3.7 3.3

A-C 18.6 14.1 12.9 7.7 3.6 3.4

A-D 19.4 14.2 13.0 7.6 3.9 3.7

A-E 19.3 13.8 12.9 7.8 3.7 3.5

A-F 17.1 12.2 10.8 7.3 4.2 3.7

A-G 14.3 9.0 8.6 5.5 4.7 4.1

SynChc (5.0) (4.2) (4.1) (4.0) (4.0) (3.9)

a 3.0 A was chosen because it was the resolution at which the original structure
solution was carried out 22

b
The SuIfate5Ol and the Cysl6O peaks were swapped.
The values in parentheses represent the top peaks in the maps and not the anomalous

peak heights of the sulfur atoms.
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4.3.4 Sub-structure determination

A systematic study of the effects of redundancy, crystal decay, and resolution

on sub-structure detennination was carried out for datasets "30" through A-G at

resolution cutoffs 2.0, 2.5, 3.0 and 3.5 A. A complete picture of the results of each

1000-trial run is given by histograms of correlation coefficients (Figure 4.4). The

results are also summarized in terms of the correlation coefficients and number of

correct sulfur positions found (out of three) for the best trial and the number of trials

significantly above the noise level (Table 4.5). At all four resolutions, the indicators

show that the ability to find the correct sites is maximal for datasets A-C or A-D (or

A-E at 2.0 A resolution) and then steadily decreases both toward lower or higher

redundancy. Interestingly, as was seen for the anomalous difference map peak heights,

dataset A-G seems roughly similar in phasing power to dataset A. The best datasets

(A-C and A-D) led to correct solutions at all resolutions, but for any given dataset the

success rate strongly increased with decreasing resolution, for example from 3% at 2.0

A to 53% at 3.5 A resolution for dataset A-D (Figure 4.4; Table 4.5). Also, the

searches carried out at 2.0 A resolution only yielded a distinct population of correct

solutions for datasets A-C through A-F, whereas those carried out using the 3.5 A

resolution cutoff yielded distinctly correct solutions for a broader set of datasets "90"

through A-G (Table 4.5). Finally, the separation of the correlation coefficient of the

'correct' trials from the 'incorrect' trials is increasinglypronounced at the lower

resolutions (Figure 4.4).

To separately assess the effects of crystal decay on sub-structure solution, with

no influence of redundancy, sub-structure solution attempts were made using datasets

A through G, each of which is based on 180° of data. We only tested the behavior

using 3.0 and 3.5 A resolution cutoffs, since we expected solution clarity to decrease

with decay, and only these resolutions gave sufficiently strong success rates for dataset

A that there would be room for monitoring a decrease in quality. The strong trend at

both 3.0 and 3.5 A resolution is a steady decrease in the number of correct trials with

increased decay to the point that for dataset G even though a correct solution was

found, its correlation coefficient was not very distinct from those of the non-solutions

(Figure 4.5 and Table 4.6).
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Figure 4.4. Sub-structure solution results for datasets with increasing
redundancies. Histograms are shown of the correlation coefficients for the 1000 sub-
structure solution trials carried for each of datasets "30" through A-G at four different
resolutions 2.0 A (a), 2.5 A (b), 3.0 A (c), and 3.5 A (d).
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Faced with the result that lower resolution cutoffs yielded better success, we used

dataset A-D, the best performing dataset at all resolutions thus far tested, to attempt

sub-structure solution at five additional resolution cutoffs 4.0, 4.5, 5.0, 5.5 and 6.0

A. Surprisingly, all the way up to 6.0 A, clear solutions were obtained at all

resolutions with ever increasing correlation coefficients (Figure 4.6). The maximal

success rate was 63% using the 4.0 A resolution cutoff.

For the synchrotron data, attempts to solve the sulfur sub-structure were

unsuccessful at all the resolutions tried (2.0, 2.5, 3.0 and 3.5 A). These results are

consistent with the very weak anomalous signal present in the synchrotron data

(Figure 4.3b).

4.3.5 Phase determination

Phases were calculated for each dataset and resolution combination using the

sulfur sub-structure determined for that combination. Phase quality was evaluated by

calculating the differences between the experimental phases both before and after

density modification - and the final refined 1.65 A calculated phases (see Materials

and Methods). Figure 4.7a shows the set of phase differences calculated for dataset A-

D using three sulfur positions at various resolutions. At all resolutions between 2.0

and 4.5 A, phasing succeeded with comparable accuracy. While phase determination

below 4.5 A worked well, the amount of data is not sufficient for successful density

modification. These results are representative, as all datasets at all resolutions led to

similar quality phase sets that would easily be accurate enough to guide modeling.

This even extends to datasets that did not allow sub-structure solution; for instance,

when given the correct sulfur sites even dataset "30" yielded phases at 3.0 A
resolution equivalent to those seen in Figure 4.7a (Mpre-DM ApostDM = 66.3°; 5 1.2°).

In order to find out the phasing power of the "unsuccessful" sub-structure results,

phases were calculated using the incomplete sulfur models found using certain

datasets at 2.0 A resolution (Figure 4.7b). The phases calculated using 2 and 3 sulfur

sites are of highly similar quality and the automated model building program

ARP/wARP was able to build ca. 90% of the model. Phases calculated with only one

site were much les accurate, and experimental maps calculated from them might be
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Figure 4.7. Quality of experimental phases. Phase differences between experimental
phases before (thin lines) and after (thick lines) density modification and final
refined phases are plotted as a function of resolution. (a) Experimental phases were
calculated using three sulfur positions and dataset A-D at six different resolutions -
2.0 A (blue), 2.5 A (violet), 3.0 A (orange), 3.5 A (cyan), 4.0 A (purple) and 4.5 A
(red). These differences are representative of the quality of phases calculated using
different resolution cutoffs. (b) Experimental phases calculated at 2.0 A resolution
using dataset A-D (3sites, blue), dataset A (2 sites, violet), dataset "150" (1 site,
orange), dataset "90" (0 sites, red) are shown. They are representative of phase errors
from any dataset using 3, 2, 1 or 0 sulfur site for phasing.
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interpretable with difficulty but ARP/wARP failed to build a model. The phases

calculated using zero correct sites, as expected, are random.

4.4 Discussion

This study was undertaken to understand the effects of redundancy, crystal

decay, and resolution limits on the ability of a given dataset to lead to sub-structure

solution and subsequent phasing by S-SAD. We do not know why the anomalous

signal in the synchrotron data is so weak (even weaker than the 30-image LAB

dataset) and we expected that better data could be collected at a synchrotron.

Nevertheless, this case indicates that data collected using a Cu-Ku lab source can be

better than synchrotron data for S-SAD.

Our analyses of the ToxA data reinforce a number of well-known principles

that sub-structure solution is more difficult than phasing, that data quality is ofgreat

importance, and that increased multiplicity can improve data quality immensely.

Furthermore, our analyses allow us to draw two additional conclusions of practical

importance. First, that for data collected from a single crystal, as multiplicity

increases, the data improve and then get worse so that there is an optimal amount of

data to include for successful sub-structure solution. Second, that sub-structure

solution success is a sensitive function of resolution and that there is an optimal

resolution cutoff for successful sub-structure solution that will be structure and data

quality dependent. Finally, the results from this study are used to present a strategy for

structure solution using in-house sulfur SAD data.

4.4.1 Higher multiplicity does not necessarily mean better data

It has been pointed out that crystal decay can limit data quality, but in

published S-SAD structure determinations, reduced-data quality and phasing power

always increases monotonically with increasing redundancy 18 Here, this is not the

case.

The behavior of scaling B-factors (Figure 4.1 a), scaling R factors (Table 4.2),

R-factors calculated between datasets B to G versus A (Figure 4.1 c), the anomalous

signal for datasets A through G (Figure 4.2a and Table 4.4), and sub-structure solution



success using these datasets (Figure 4.5 and Table 4.6), all show that crystal decay

is a process that continuously decreases data quality with increased exposure.

Despite the fact that decay begins with the first image, the properties of the

datasets with increasing redundancies ("30" through "A-G") indicates that for a certain

period (in this case through dataset A-D) adding more data improves overall data

quality, as seen in the I! o (Figure 4.2a), RmFgdF (Figure 4.2b), the anomalous signal

(Figure 4.3b and Table 4.4) and sub-structure solution success (Figure 4.4 and Table

4.5). Then, however, there is a change with the merging of datasets E, F and G. While

the data quality statistical indicators continue to increase or stay the same, the

difference maps (Table 4.4) or sub-structure solution success rate (Figure 4.4) plateaus

and then drops dramatically.

This disparate behavior between the data quality statistical measures and the

actual data quality of the anomalous signal suggest that the standard statistics are not

sensitive indicators of the anomalous signal quality. Among the statistics that can be

calculated from the data alone, it seems the anomalous correlation coefficient is the

most informative: it shows dramatic increases from dataset "30" through A-C,

matching well the true level of anomalous signal. Even this statistic though does not

accurately capture the deleterious nature of including datasets E, F and G. These

results emphasize the important point that more data are not always better but that this

may not be obvious from the statistics.

4.4.2 Sub-structure solution success is highly dependent on resolution cutoff

chosen

Our analyses have shown that for datasets with increasing redundancies, the

anomalous correlation coefficients are consistently higher in lower resolution bins

compared to the higher resolution bins (Figure 4.3). The greater anomalous signal in

the lower resolution bins is directly reflected in the ability to locate the sulfur atoms

using lower resolution cutoffs. For datasets "90" to A-G, the correlation coefficients,

and the number of correct solutions increase with decreasing resolution for each

dataset (Figure 4.4 and Table 4.5). Further, the distinction in the correlation coefficient

values between the correct and incorrect solutions is much more pronounced using the

3.5 A cutoff compared to using the 2.0 A cutoff (Figure 4.4). Our data analyses,
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carried out after the 1260 images were collected, shows that anomalous data from

only 60 images were sufficient to locate sulfur positions when the search is done using

the low resolution of 3.5 A (Table 4.5).

In fact, when the data are truncated to unprecedented lower resolutions (up to

6.0 A), the sulfur positions are still located well, and even with a higher correlation

coefficient (Figure 4.6). Not surprisingly, the correlation coefficients of the solutions

mirror the anomalous correlation coefficients by becoming even higher as resolution

gets lower (Figures 4.3b and 4.6). However, the success rate does not simply increase

with decreasing resolution, but is maximal using the 4.0 A cutoff and decreases with

increasing or decreasing resolution within dataset A-D (Figure 4.6). This clearly

shows that while lower resolution cutoffs are befter for sub-structure solution, there

exists an optimal resolution cutoff at which the likelihood of structure solution is

maximized.

These results contradict a widespread expectation, recently stated by Nagen et

al. 31
that for data with low theoretical anomalous signal successful sub-structure

solution using S-SAD "requires high or even atomic resolution data". This expectation

may be a cany over from the legendary 1.5 A resolution S-SAD phasing of crambin 1,

and that one generally needs very high resolution data for direct methods to work 7,17

The power of low resolution data for S-SAD is actually not a new observation, but

was pointed out first by Liu et al. 19 who solved their sub-structure at 4.5 A resolution

and pointed out that for solving a sub-structure of isolated S-atom scatterers, 4.5 A
does correspond to atomic resolution. Also, Schneider et al. 15,25,32 promoted the

concept of only using resolution ranges having anomalous correlation coefficients

greater that 30%, because including higher resolution data that has poor anomalous

signal will only add noise and thus hinder sub-structure solution. Finally, Dauter et

al.32 were surprised to note from their study that, "the solution of the partial structure

of anomalous scatterers can be obtained at high and as well as low resolution, although

at low resolution the chance of success is higher". Our work emphasizes the point that

not only might lower resolution sub-structure solution attempts succeed, it could

generally be better. The only real downside of lower resolution sub-structure solution



is the possible inability to resolve the two sulfurs of a disulfide at resolutions lower

than about 2.5 A.

The result of better sub-structure solutions using low resolution cutoffs raises

the intriguing question of whether previous studies that reported the failure or limited

success of S-SAD 14,33

would have had better success if lower resolution cutoffs were

used. In the work of Lemke et al.
14

on E. coli argininosuccinate synthetase (EAS; a 51

kDa protein with 19 S-atoms and 0.86% theoretical anomalous signal) sub-structure

solution barely succeeded (a success rate of 0.17%) using a 2.0 A resolution cutoff.

Based on extrapolation from our analyses, it is quite possible the success rate would

have been much higher with a lower resolution cutoff. In the work of Uson et al. on

Ru, sub-structure solution attempts failed using a resolution cutoff of 2.5 A, and no

other cutoffs were tried. However, the 30% anomalous correlation coefficient cutoff

cutoff for that dataset was at 3.3 A resolution, making it quite plausible that the data

were sufficient to drive structure solution if a lower resolution cutoff had been used.

The results shown here underline the importance of the idea that higher

resolution is not always better for sub-structure solution using S-SAD data.

4.4.3 Strategy for in-ho use sulfur SAD structure solution

The results of our analyses allow us to propose a concrete strategy for data

collection, assessment of the anomalous signal and sub-structure solution for S-SAD

using the in-house Cu-Ka X-ray source. The approach would be to start collecting

data on a single crystal, monitoring data quality using statistics that are robust

indicators of reduced data quality (I! o and Rmrgd..F). Further, the anomalous signal

should be monitored using the anomalous correlation coefficients. Data collection

should be continued as long as these parameters improve with increasing redundancy.

When these parameters reach a plateau, data collection on a fresh crystal should be

started in order to avoid decreasing the data quality. This strategy is an important

adjustment from the strategy proposed by Debreczeni et al. 18 where it was suggested

"simply to continue to collect data, increasing the redundancy, until the structure can

be solved".

Since the anomalous correlation coefficient is one of the most useful indicators

for determining the amount of anomalous signal (Figure 4.3), it should used to
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monitor the increase or decrease in the anomalous signal, which in turn can be used

to guide the crucial decision of resolution cutoffs for sub-structure solution. For the

original ToxA sub-structure solution, the data were truncated at a resolution (3.0 A)

where the anomalous correlation was Ca. 20%. This is slightly lower than the range of

25-30% recommended by Schneider et al. 25 While this range can be used as a guide

for determining resolution cutoffs for initial sub-structure solution attempts, it should

not be used as a rule. Lower resolutions cutoffs, all the way up to 6.0 A, should be

tried for locating sulfur positions; then, since sub-structure solution is more difficult

than phasing, data truncated to low resolutions for locating the sulfur atoms can be

extended to higher resolutions for phasing and density modification.

Given the slow nature of in-house data collection, it makes sense to attempt

structure solution even while data collection is in progress. In hindsight, the ToxA

structure could be solved using only data from 60 images, butwe did not try until

much later. We suspect merging data from fresh isomorphous crystals should allow

data quality to be improved even for crystals that decay rapidly

The analyses presented here underscores suggestions made by others that LAB

S-SAD is a powerful technique 2,19,32,34 and provides evidence that the mindset of

requiring high resolution data has led to an underappreciation ofjust how powerful it

is. Taking into account the natural presence of sulfur atoms in proteins 7,31, it should

find wide applicability in high-throughput structure determination.
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Al.] Summary

Plasmodiumfalciparum, the causative agent of malaria, is sensitive to

oxidative stress and therefore the family of antioxidant enzymes, peroxiredoxins

(Prxs) represent a target for antimalarial drug design. We present here the 1.8 A

resolution crystal structure of P. falciparum antioxidant protein, PfAOP, a Prx that in

terms of sequence groups with mammalian PrxV. The structure is compared to all

eleven known Prx structures to gain maximal insight into its properties. We describe

the common Prx fold and show that the dimeric PfAOP can be mechanistically

categorized as a 1 -Cys Prx. In the active site the peroxidatic Cys is over-oxidized to

cysteine sulfonic acid, making this the first Prx structure seen in that state. Now with

structures of Prxs in Cys-sulfenic, -sulfinic and -sulfonic acid oxidation states known,

the structural steps involved in peroxide binding and over-oxidation are suggested. We

also describe that PfAOP has an a-aneurism (a one residue insertion), a feature that

appears characteristic of the PrxV-like group. In terms of crystallographic

methodology, we enhance the information content of the model by identifying bound

water sites based on peak electron densities, and we use that information to infer that

the oxidized active site has suboptimal interactions that may influence catalysis. The

dimerization interface ofPfAOP is representative of an interface that is widespread

among Prxs, and has sequence dependent variation in geometry. The interface

differences and the structural features (like the a-aneurism) may be used as markers to

better classify Prxs and study the evolution of Prxs.

Al.2 Introduction

Plasmodiumfalciparum causes the most virulent form of malaria. This tropical

disease represents a growing threat to human health 1,2

With an increasing number of

antimalarials to which the parasite is now resistant, it has become imperative to

develop new drugs directed against novel targets During its life stages in humans,

the parasite is challenged by reactive oxygen (ROS) and nitrogen species (RNS) that

are produced by hemoglobin digestion and the host immune system 6 For this reason,

the redox systems of P. falciparum are likely to be crucial for its pathogenicity, and
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we have been studying them in search of drug targets. NADPH-dependent systems

are the glutathione system containing glutathione reductase, glutathione (GSH), and

glutaredoxin (Grx) and the thioredoxin system containing thioredoxin reductase

(TrxR) and thioredoxin (Trx) For detoxifying peroxides, P. falcparum has neither

catalase nor glutathione peroxidase (Gpx), therefore peroxiredoxins (Prxs) are thought

to be the major defense line against ROS and RNS 8,9

Prxs form a group of ubiquitously distributed peroxidases that do not harbor

any metal or prosthetic group 10,11 Members of this group can reduce various

peroxides including hydrogen peroxide (H202), t-butyl hydroperoxide (t-BOOH), the

aromatic cumene hydroperoxide, peroxy forms of phosphatidyicholine and linoleic

acid 12
and in some cases can also reduce RNS such as peroxynitrite 13,14 In

organisms containing additional peroxide reducing enzymes, the relative importance

of antioxidant activities of Prxs, catalase and glutathione peroxidases (GPx) is

unknown. Interestingly evidence is accumulating that in many eukaryotes Prxs act as

modulators of signaling pathways that appear to use hydrogen peroxide as a secondary

messenger 12,15-18
The mammalian Prxs have been named PrxI through PrxVI, and

other Prxs go by a variety ofnames such as thiol peroxidase (Tpx), tryparedoxin

peroxidase, and AhpC. The named groups do not always match the levels of sequence

similarity '

As has been recently reviewed by Wood et al. 19 all Prxs carry out their

peroxidase function with a conserved Cys that is present in the first turn of an ct-helix

and sits at the base of the active site pocket. This Cys, known as the peroxidatic

cysteine (Cp), attacks the peroxide substrate and is oxidized to cysteine sulfenic acid

(CpSOH) in the first step of the peroxidase reaction 20,21 The second step of the

reaction is thought to require the active site unfold locally so it is accessible for attack

by a free thiol (or thiolate) to release H20 and form a disulfide 12,22 This idea is

supported by two Prx crystal structures that each reveal that the reduced protein is

present both in ftilly folded (active site intact) and locally unfolded conformations 23,24

The presence or absence of the Cys (CR) that resolves the cysteine sulfenic acid is the

basis of the present classification of Prxs into two groups: 2-Cys and l-Cys Prxs 11,19

In 2-Cys Prxs, CR is present on the same chain (atypical 2-Cys) or on the second chain
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(typical 2-Cys) of a functional dimer. The disulfide is then reduced by known

disulfide oxidoreductases such as thioredoxin, AhpF or tryparedoxin 25-27 In 1-Cys

Prxs no resolving Cys is present and the active site sulfenic acid is directly recycled

via redox active proteins such as Grx and Trx2328 In the case of the H. influenzae

hybrid 1 -Cys Prx, the resolving Grx domain is present on the same chain as the Prx

domain23

Crystal structures of eleven Prxs have been elucidated so far in a variety of

redox and oligomeric states, and the Prxs have been seen to adopt two different kinds

of dimers. The first structure of a Prx human PrxVI 29 was observed as a dimer

with a 13-sheet based interface, which we call the B-type interface (for 13-sheet). Later

structures of Prxs were observed to be doughnut-shaped decamers formed by a

pentamer of dimers with the B-type interface. Recent studies of H. influenzae hybrid

Prxv 23 and E. coli Tpx 30
show it to be a distinct type of dimer that has a loop-based

interface. We call this the A-type interface (for alternate). Interestingly, the decamers

are built up using both these interfaces, and they dissociate into the B-type dimers

during the catalytic cycle 22

In P. falciparum, four Prxs have so far been described: two 2-Cys Prx (TPx1

and TPx2) 31-34 a classic 1-Cys Prx and a GPx-like thioredoxin peroxidase

(TPxG1) 36
A TPx1 knock out leads to parasites viable but more sensitive to ROS and

RNS whereas the disruption of the complete Trx system by knocking out the central

TrxR is lethal for the erythrocytic stages of P. falciparum 38 TPx1 and TPxGI are

clearly linked to the thioredoxin system whereas the in vivo reducing partners of TPx2

and the 1 -Cys Prx remain to be established.

Screening the P. falciparum genome, we identified a novel Prx that has high

sequence similarity (>30%) to a poplar p 28 and H influenzae hybrid PrxV 23

According to Hofmann et al. 15
this would place these Prxs in the PrxV-like branch of

the family. This branch is named after human PrxV and contains both 1-Cys and 2-

Cys Prxs. The recombinantly produced protein has activity with t-BOOH, and is

efficiently reduced by either Trx or Grx (Nickel et al. manuscript in preparation).

Without yet knowing its physiological role, we designated it the "antioxidant protein",

PfAOP. The PfAOP gene is preceded by an apparent apicoplast targeting sequence
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the apicoplast being an organelle similar to a chloroplast (but non-photosynthetic)

that is unique to Apicomplexa. Because differences between PfAOP and its human

counterparts might be exploited for the development of novel anti-parasitic agents, we

have undertaken structural studies of PfAOP. Here we report the x-ray structure of

recombinant PfAOP.

A1.3 Results and Discussion

A]. 3.1 Overall structure

The structure of PfAOP was determined by molecular replacement, leading to

a model with a final RI Rfree of 18.7%! 21.8% at 1.80 A resolution (Table Al .1). The

large majority of the main chain is wellordered with strong, clear electron density

(Figure A 1.1) but the termini and some loops are rather mobile. Residues not modeled

due to weak electron density are the N-terminal His tag of both molecules, molecule A

residues 22-29, 181 and 182 and molecule B residues 1, 2, 181 and 182. Based on a

Luzzati analysis the estimated coordinate accuracy of well-ordered parts of the

protein is Ca. 0.2 A. This is consistent with the level of agreement between the two

monomers in the asymmetric unit (overall r.m.s.d of 0.3 A for 169 Ca atoms). An

intere sting difference between the two monomers involves their mobilities, with

molecule B being better ordered for residues 15-35 and molecule A being better

ordered for the active site helix a2 (residues 55-75) and for residues 170-175. In all

cases, crystal-packing interactions are present that stabilize the better-ordered

structure, implying that the less ordered example is the more representative of the

level of mobility present in solution.

The structure of PJAOP shows a strongly interacting dimer made up of the two

21 kDa monomers related by a non-crystallographic two-fold symmetry axis (Figure

Al .2). Dynamic light scattering experiments (apparent Mr = 50 kDa) and analytical

gel filtration (apparent M1 =37 kDa) reveal that PfAOP is also present as a dimer in

solution (data not shown), suggesting that the crystallographic dimer seen for PfAOP

is relevant in vivo. Also supporting this conclusion is the observation that this dimer

forms via the same interface (A-type) that was seen for H infiuenzae hybrid PrxV 23,
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Table Al.] Data collection and refinement statistics

Nat

Data

Resolution limits (A) 100 1.80 (1.86 1.80)

Unique observations 33775

Multiplicity 14.3 (9.7)

Completeness (%) 99.9 (99.5)

Average l/ 15.6 (3.5)

Rrneasa (%) 10.4 (58.6)

Rmrgd..Fa (%) 6.8 (39.4)

RefInement

Number of amino acid residues 350

Number of solvent atoms 277

Total number ofatoms 3146

Average B (A2) of protein atoms 26

Average B (A2) of solvent atoms 39

(%) 18.7

Rfree(%) 21.8

R.m.s.d bond lengths (A) 0.005

R.m.s.d bond angles (degrees) 1.3

Numbers in parentheses correspond to values in the highest resolution bin.
a
Rmeas is the multiplicity weighted merging R-factor and RIIIgdF is an indicator of the

quality of reduced data
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Figure A1.1 Electron density map quality and active site structure. A stereoview
of the 2F0F electron density map contoured at 1.5 Prms shows clear density for the
cysteine sulfonic acid (Cp59) of monomer A. Atoms Cr59 0ô2 and 0ô3 are
identified, and Oöl, the third Cp oxygen, is not labeled due to space. Three ordered
water sites, the residues, and the secondary structures contributing to the active site are
also labeled. Electron density for Wat179 appears at a lower contour level of 1.3 p.
Hydrogen bonds are indicated by broken gray lines and the close approach of Thr Oy
to Cr59 Oô 1 by red dotted lines. The view is similar to that of the upper monomer in
Figure A 1.2. The figure was prepared using Bobscript 65 and Raster3D .
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Figure A1.2 The structure of the PIAOP homodimer. A stereo ribbon diagram of
PfAOP is shown looking down the 2-fold axis. The core secondary structure elements
common to all Prxs (31f7 and ula5) are colored blue. The helix ul may be an a-
or a 3 10-helix in various Prxs. Additional PfAOP 3-strands and helices (a- and 310-)

are colored red. Residues 21 and 30 bordering the mobile unmodeled region in the
upper monomer backbone (monomer A) are labeled. The active site cysteines, seen as
a sulfonic acid, are represented by ball-and-stick models. The family-oriented
numbering scheme for secondary structures, focusing on the core elements and not on
the additional secondary structural elements updates the scheme based on three
structures that was presented by Alphey et al. 24 The three clusters of interactions (I,
II and III) at the dimer interface are indicated by gray shaded circles and the
interacting regions, 0 through 4, are labeled with small green numbers. Note, clusters I
& Ill are in front and cluster II is in the back. Thus the tilts, as discussed in the text
(see Results and Discussion) and shown in Figure Al .7a, tilt the upper chain forward
or backward compared to PfAOP. The figure was prepared using Molscript67 and
Raster3D .
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human PrxV 39,42,

and S. pneumoniae (PDB code: 1PSQ), E. coli H

influenzae (PDB code: 1Q98) thiol peroxidases. The dimer interface buries Ca. 910 A2

of surface area per monomer and is described further below.

With twelve peroxiredoxin structures (including PfAOP) now available, we

briefly describe the tertiary structure in a way that emphasizes the elements common

to all Prxs (Figure Al .2). Essentially, the Prx fold consists ofa central 13-sheet of

seven strands (131 through f37) and five flanking helices (al through a5). Each

individual Prx structure varies in the lengths of the common secondary structure

elements and has additional secondary elements present as insertions. In addition to

the Prx core elements, PfAOP has a short helix inserted between 131 and 132, and two

anti-parallel 13-strands and a 3o-helix inserted between u4 and 136.

The PrxV-like group of Prxs has both 2-Cys and 1-Cys representatives, so the

presence of two cysteines in the PfAOP sequence (Cys59 and Cys85) raised the

question of its class. The structure of PfAOP reveals that Cys59 is indeed the

peroxidatic cysteine (Cp; present as cysteine sulfonic acid), but Cys85 is buried as part

of the well-defined, core 13-sheet where it is poorly suited to be the resolving cysteine.

Also supporting the conclusion that PfAOP is a 1 -Cys Prx is that the known 2-Cys

Prx, human PrxV (PDB code: IHD2) and a known 1-Cys Prx from poplar43 both

have Cys residues equivalent to Cys85 that are not involved in the catalytic

mechanism.

A 1.3.2 Solvent structure

Preferred hydration sites , also routinely called ordered water molecules, are

an important part of protein structures and at 1.8A resolution these are reliably

observed 45,46
These sites are locations in the crystal that are favored for water

binding. For enhanced information content ', we have numbered the observed water

sites from 1 to 277 according to their densities in the final 2F0F map (with water 1

having the highest density), and classified each water by its environment either as

buried, crevice or surface (see Materials and Methods). 132 of these ordered waters (2

x 66) are at equivalent sites in both monomers (within 1.0 A) 48,49, suggesting these

can be considered a reproducible part of the protein structure. Interestingly these

conserved waters are not all the highest density sites, but are spread evenly over the
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Figure A1.3 Preferred hydration sites in the two monomers of PJAOP. The
correlation of electron densities between 132 (2 x 66) equivalent water sites in the two
monomers is plotted along the two axes. Waters are identified by their environment
(see Materials and Methods) as buried (plusses), crevice (closed boxes) and surface
(open circles). The diagonal line represents the theoretically perfect correlation
between electron densities. The electron density information for 145 non-equivalent
water sites are plotted as histograms with the crevice waters represented by closed bars
and the surface waters by open bars. No non-equivalent waters are buried. For clarity,
the few (four crevice and three surface) non-equivalent solvent molecules that have
densities slightly lower than 1 Prms have been grouped with the waters between 1 and 2
Prms. Despite the water selection criteria, some water sites ended in densities slightly
lower than 1 Prms, but were retained because their reliability is equivalent to that of
those with densities slightly greater than
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whole range of densities (Figure Al .3). Nevertheless, the high correlation (0.73) of

the two sets of water densities supports the expectation that at this resolution, peak

electron density strength is a fairly well defined physical property that reflects how

well localized each water site is. Indeed, the densities of the conserved water sites are

distinguished by environment, with all of the buried waters having very strong

densities (?4 ps) and the crevice waters having stronger densities than the surface

ones. This trend makes sense as buried waters make the most interactions with protein

atoms, followed by crevice sites and then surface sites. Conversely, the non-conserved

waters tend to have weaker densities (e.g. none have p > p), with surface waters

mainly located at the crystal lattice contacts (where they would not be expected to

accurately reflect solution hydration properties), and crevice ones mainly associated

with the weakly defined parts of the protein. The non-conserved waters also generally

show higher densities for the crevice versus the surface waters. The three

exceptionally well-ordered, non-conserved surface waters (densities > form

bridging hydrogen bonds at crystal contacts, and thus are not physiologically relevant

despite their high density. In the active site and dimerization interface sections (see

below), our discussion illustrates the value of having solvent sites numbered according

to peak electron density.

A1.3.3 Comparison of Prx structures

In order to get the most insight from the PfAOP structure, the eleven known

Prx structures have been overlaid onto PfAOP. The r.m.s Ca deviations per monomer

range from about 0.8 to 2.9 A and the sequence identities range from 13 to 72% (Table

Al.2). Table A1.2 notes the type of oligomerization interfaces seen in the crystal

structures, and for Prxs showing the type A interface, the angular differences in the

dimer interaction, ranging from 4° to 42°, are given. Table Al .2 also indicates the Prx

type of each structure based on the current classification 11,19 Finally, Table Al.2

indicates the oxidation state of the active site cysteine for each structure, showing that

the series of known structures cover all possibilities with 4 SH, 1 SOH, 1 SO2H, 1

SO3H, and 4 SS representatives. Because the variations between the structures are

largely a result of sequence changes, we also show a structure-based sequence

alignment for all the structures (Figure Al .4).



POB Rca. Oligunier Pra. Oxidation PJAOP RitlyPrxV Lix'.' SpTpx EcTpxI Hifpx AhpC AhpC CfirpPx Prxll Lcd PraVicode types Type state
(oxd) (red)

This 1.8A A 1-Cys SO32 PJ4OP -- 1.8(157) 1.6(152) 2.4(142) 2.7(164) 2,6(142) 2.5 (145) 2.3(146) 2.5 (147) 2.5(146) 2.5(146) 2.5(144)Study 36% 28% 15% 14% 15% 13% 14% 18% 14% 16% 19%
INM3 2.8 A A 1-Cys SH HiltyPrxV 4° -- 1.7(153) 2.2(139) 2.8(140) 2.6(142) 2.2(144) 2.1 (140) 2.3(142) 2.2(141) 2.4(142) 2.4(140)33% 16% 18% 15% 19% 20% 14% 23% 22% 24%
1HD2 1.5 A A Atypical Sil PrxV 200 22° - 2.3 (145) 2.4(145) 2.3 (145) 2.2(143) 1.9(142) 2.0(144) 2.0(144) 2.0(143) 2.6 (148)2-Cys 23% 17% 7% 24% 25% 22% 24% 22% 18%
IPSQ 2.3 A A Atypical SH SnIps 320 32° 370 -- 2.0 (155) 1.8 (156) 2.1 (145) 1.9(146) 2.1 (148) 2.0 (148) 2.2 (146) 2.2 (144) I32-Cys 45% 44% 20% 20% 25% 24% 21% 19%
IQXH 2.2 A A Atypical SS EcTpxI 300 300 38° 8° -- 1.0(164) 2.4 (139) 2.3 (137) 2.5 (142) 2.5 (141) 2.7(141) 2.9 (137)2-(ys

61% 18% 17% 25% 24% 25% 18%
1Q98 1.9 A A Atypical SS HiTpx 27° 26° 38° 13° 9° -- 2.3 (142) 2.2 (139) 2.3 (143) 2.4(142) 2.6(143) 2.7(140)2-Cys

18% 17% 19% 18% 18% 17%
IKYG 2.5 A AR Typical SS AkpC 23° 21° 39° 23° 17° 12° - 0.9 (163) 15(161) 1.5(162) 1.6 (162) 2.2(158)2-Cys (oxd)

99% 32% 35% 33% 23%
IN8J 2.2 A AB Typical (S} AbpC 23° 20° 38° 23° 18° 12° 0° - 1.4 (161) 1.8 (185) 1.7(164) 2.3 (179)2-Cys (red)

32% 37% 30% 23% .1IE2Y 3.2A AR Typical SH C'fI'rpPx 26° 23° 41° 23° 17° 11° 3° 40
0.8(166) 1.3 (166) 2.1 (157)2-Cys

57% 57% 30%
IQMV 1.7 A AR Typical SO2' l'rxIl 26° 23° 42° 27° 210 15° 5° 5° 4° -- 1.3(170) 2.2 (179)2-Cys

72% 30%
IQQ2 2.6A (A)Bd Typical SS PrxI -- - - - -- - - - -- -. 2.1 (157)2-Cys

30%
IPRX 2.OA B 1-Cys SOH PrxVI -- - - -- -.

-- --
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Table A1.2. (continued)

a

The right-hand portion of the table shows statistics for each pair ofPrx. The numbers
below the diagonal are the differences in interface angles for dimers having the A-type
interface. The decameric Prxs have multiple, crystallographically distinct A-type
interfaces; since the variations in the interface angles are small (<4°), we report a
representative value. Above the diagonal, the top line in each entry gives the Ca r.m.s
deviations with the number of atoms used for the calculation in parentheses; the
second line of each entry number is the percent sequence identity. The boxes represent
the grouping of Prxs with similar interface angles, lower r.m.s.ds, and higher sequence
identities.
b
A crystal structure of human PrxV containing a disulfide linking two PrxV dimers

(PDB code: 1 0C3) has been recently published 42 Biochemical data indicated the
mechanism involves an intramolecular disulfide bond, so the disulfide-linked tetramer
was unexpected. A model was proposed for the catalytically relevant intramolecular
disulfide bonded structure (see Figure 1 .4c, 4d of Evrard et al.

42) We do not include
1 0C3 here, because the crystal structure likely represents a crystallization artefact, and
we did not have access to the proposed model of the catalytically relevant
intramolecular disulfide form.
C

The C46S mutant (active-site peroxidatic cysteine) of AhpC mimics the reduced
state.
d

Crystal structure shows only the B-type interface, but the protein is thought to
function as an AB oligomer.
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Figure Al. 4 Structure-based sequence alignment of selected Prxs. The sequences
of Prxs for which structures have been determined are aligned. Dots identify every
tenth residue of PJAOP with every other dot numbered. Residues involved in a-
helices (light blue), 3 io-helices (dark blue) and f3-.strands (green) are indicated by coils
(a- and 310-helices) and arrows (3-strands) above the sequences. The Prx core
secondary structural elements are labeled accordingly. Regions involved in the type A
and B oligomeric interfaces (see Results and Discussion) are also indicated by 'A' or
'B' below the sequences. For the A-type dimer interface, regions 0 through 4 are also
specified. Four residues absolutely conserved in all Prxs are colored red, and the
resolving Cys of the 2-Cys Prxs are printed in white on black.
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In the following two sections, we describe interesting features of the active site

and at the dimerization interface of PfAOP and use the overlaid set of structures to

gain insight into structure-function relations of PfAOP and peroxiredoxins in general.

A1.3.4 Active site

The peroxidatic active site of PfAOP (see Figure A 1.1) consists of residues

preceding and in the first turn of helix a2 (the Cploop), and strands (33 and j36, and it

includes four residues Pro52, Thr56, Cys59 and Arg137 that are absolutely

conserved in all the known Prxs 19 It has been thought that Thr56 positions the Cys

facilitating an unidentified catalytic base to abstract a proton. The negatively charged

Cys is then stabilized by the positively charged Arg and poised for a reaction with a

peroxide. The Pro could play the structural role of shielding the reactive cysteine

sulfenic acid intermediate from further oxidation by peroxides For PfAOP, the

active sites of the two monomers are very similar, and since they are separated by Ca.

24 Awith no apparent interactions, each active site appears to act independently

during catalysis.

Two features of the PJ'AOP active site merit special mention, as they have not

been described before. The first is the environment of the cysteine sulfonic acid

(Cp59). To facilitate comparisons, we have named the three oxygens of the Cys-

sulfonic acid so that the oxygen occupying the position similar to the Cyssulfenic

acid oxygen in Prx VI 29
is OM, the oxygen that occupies the position of the second

oxygen of Cyssulfinic acid in PrxII 50 is O2, and the remaining oxygen is O3. All

three oxygens make hydrogen bonds: Cp59OM and O2 align well with

Arg137--NH1 and NH2 (Figure A1.1). C59OM also forms a hydrogen bond with

Wat179 and makes a close approach to Thr56Oy (2.9 A); and Cp59-0ô3 is stabilized

by a hydrogen bond from the peptide backbone G1y53NH (3.0 A). A comparison of

the structures shows that in order to accommodate the extra oxygen on the cysteine of

PfAOP the main chain containing Gly53 is shifted out slightly. In all the other Prx

structures, this amide group is buried forming a long hydrogen bond (ranging from 3.4

to 3.8 A) with the Cys sulfur atom.
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Comparing the structure of PfAOP Cr59 with the structures of PrxII and

PrxVI sheds light into the possible steps that occur during over-oxidation. The

peroxide substrate binds to the active site pocket with one of its oxygens present near

the position of OM. The Cys is then oxidized to the -SOH intermediate. For each

further oxidation step, it is necessary to accommodate another incoming peroxide

molecule. For the formation of-SO2H, this would be accomplished by the oxygen on

the cysteine rotating to and occupying the position of 0ô2, and for the formation of

-SO3H, the two oxygens would rotate further such that they occupy the positions of

O2 and O3 thereby leaving the position of OM open for the binding of the peroxide.

This structural insight raises the likelihood that susceptibility of any given Prx to over-

oxidation to the sulfinic or sulfonic states will depend not just on the thermodynamics

of active site unfolding as discussed by Wood et al. 12, but also on the ease with which

the structure can accommodate oxygens in the 0ö2 and! or O3 positions.

In terms of the normal catalytic cycle, one additional insight is that the

surroundings of Cp59-0M indicate the presence of sub-optimal interactions (see

Figure A1.1). First, the Thr56-Oy to Cp59-Oôl close approach (2.8 A) is not a

hydrogen bond but a repulsive interaction because the hydrogen on Thr56 will be

taken in the geometrically favorable hydrogen bond with G1y53-O (2.7 A). Second,

Wat 179 is a relatively weak water site, indicating that it has a low occupancy or high

mobility (or both). While an equivalent solvent molecule for Wat179 is not modeled in

monomer B, there is weak (2.5 ps) difference density at the equivalent position in

molecule B consistent with the presence of a similarly low occupancy water site that

due to the higher disorder of this part of molecule B, did not meet the criteria for

inclusion in the model. Wat179 is held in a hydrogen-bonding network involving

Thr56-Oy, Wat57, Wat142 and C59-Oô1 with very short distances of only 2.5 A

from both Wat57 and Wat142, suggesting it is squeezed in a space not quite large

enough for it. Finally, the structure as seen leaves the buried C59-NH with no good

H-bonding partner. Taken together, the suboptimal H-bonding network around

Cp59-OM (the low occupancy of Wat179, the close contact Thr56-Oy Cp59-OM

and the unfulfilled H-bonding of Cp59-NH) suggests that oxidation to -SOH
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Figure A1.5 An a-aneurism near the active site of PJAOP. The Ca atoms of the a2-
helix of PfAOP (blue), human PrxV (green), AhpC (red), and PrxII (light brown) are
overlaid to illustrate the a-aneurism in PfAOP and human PrxV. A shaded and a
transparent circle indicate the position of the a-aneurism and the Pro residue
conserved in PrxV-like Prxs respectively. The PfAOP atoms are labeled and their , w

angles are noted in parentheses. The 4, p angles of human PrxV are all within 20° of
those of PfAOP. The hydrogen bonding patterns and the torsion angles in PfAOP and
human PrxV are very similar to those described for the prototypical a-aneurism 5I

The figure was prepared using Molscript65 and Raster3D .
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destabilizes the active site. This could be a feature that stimulates local unfolding of

the SOH oxidized active site which would enhance the rate of disulfide formation

(resolution) and decrease the rate of over-oxidation. The higher mobility of the active

site Cploop in monomer B is consistent with (in the absence of crystal packing

interactions) this loop fluctuating between locally unfolded and fully folded

conformations.

The second special feature of the PJ'AOP active site is that the helical turn

following Cr59 contains a single residue insertion (Figure Al.5). This so-called a-
aneurism5' is also present in the H influenzae hybrid PrxV and human PrxV (Figure

Al .4), but was not explicitly described in those papers. Remarkably, this disruption in

the a-helix H-bonding pattern does not significantly change the active site geometry.

Also, the presence of Pro65, exactly one a-helical turn past the aneurism (Figure

Al .5), does not disrupt the helical geometry, and we suggest its conservation in PrxV-

like Prxs 52
is related to the presence of the aneurism. We do not have evidence as to

how the insertion affects function, but it may influence the local unfolding required for

catalysis. The insertion along with the conserved Pro, thus far seen only in PrxV-like

Prxs, could provide a useful marker for helping trace the evolution of Prxs.

In terms of drug design, the active site comparisons are not very encouraging.

The overlaid structures show that the active site residues and geometry are highly

conserved in all Prxs. For these reasons, we suspect that a strongly specific active site-

directed inhibitor would be difficult to design.

A1.3.5 A-type dimerization interface

To provide a context for the following discussion, we will describe the A-type

dimer interface of PfAOP. Following the nomenclature developed by Wood et al.
22

for the decamer building interface of AhpC, there are five regions that are involved in

the A-type dimerization interface: region I (residues 54-57), region 2 (residues

88-100), region 3 (residues 110-113), region 4 (residues 127-134), and an N-terminal

region (residues 11-14 and 34) we term here as region 0 (Wood et al.
22 did not name

this region because in AhpC it only included a single residue).
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The dimer interface can be divided into three main clusters of interactions

shown as I, II and III in Figure Al .2. The symmetry-related clusters of I and III are

present at the periphery of the interface and are formed by residues from regions 0 and

3 on one chain interacting with residues from region 4 on the other chain (Figure

Al.6a). Phel3O from one monomer and Asnll3 from the other appear to be key

residues in these clusters.

Cluster II makes up the core of the dimerization interface and is formed mostly

by residues from regions 1 and 2 from both chains coming together. In addition,

Metl3l and Arg134 from region 4 are involved. Since the cluster surrounds the non-

crystallographic two-fold axis, identical residues from the two monomers are involved

(Figure A1.6b). Similar to cluster!, stabilization includes both hydrophobic and

hydrogen-bonded interactions, with key hydrophobic residues being Phe55, Tyr92,

and Va193, and key hydrogen-bonded residues being Asn89, Asp9O, and Arg134. The

water molecules involved Wati, Wat2, Wat3, Wat5, Wat7 and WatS are among the

best-defined solvent sites in the structure indicating that the interface is quite well

ordered.

For the nine other structures having an A-type interface (Table A 1.2), the same

sequence regions are involved, but the interfacial angle varies by up to 42°. A

comparison of the structures and the sequences provides an explanation for the

differences. Based on both the interface angles and on the sequence identities, the ten

Prxs showing A-type interfaces can be divided into three groups. The PrxV-like Prxs

form one group with hybrid PrxV and PfAOP sharing nearly identical dimerization

interfaces, and human PrxV being tilted by ca. 200 compared to them (Figure Al .7a).

The tilt is due to a 2-residue insertion in human PrxV region 4 (clusters I/Ill)

compared to PfAOP that effectively pushes the interaction region 3 away.

The second group includes the four Prxs that form both type A and B

interfaces (i.e., the decameric Prxs). These proteins all have a five-residue deletion in

region 4 compared to PfAOP, and this leads to a Ca. 20° tilt in a direction opposite to

that of human PrxV (Figure Al.7a). This explains how they are Ca. 20° different from

PfAOP and Ca. 40° different than human PrxV.
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Figure Al. 6 The dimerization interface of PJAOP. Stereoviews of a) cluster 111 (2-
fold related to cluster I) and b) cluster II showing the interactions at the dimerization
interface. In panel a, the residues for the different monomers are indicated by black
and green labels. In panel b, only residues from one monomer are labeled. For clarity
Wat8 is not labeled, but the equivalent water across the pseudo 2-fold axis, Wat7, has
been. Dotted gray lines indicate hydrogen bonds. Metl3l is shown in both, clusters III
and II as it constitutes a small overlap between the clusters. Residues with buried
surface area 30 A2 are (in parentheses are buried surface areas in A2): Pro57 (30),
Ser96 (30), Metl3l (30), Arg134 (30), G1y112 (35), Metl3 (40), Va193 (45), Asp9O
(65), Phe55 (85), Tyr92 (90), Asni 13 (90) and Phel3O (175). The views are similar to
that of Figure Al.2. The figure was prepared using Molscript65 and Raster3D 66
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Figure Al. 7Variations in the A-type dimerization interface. Stereo ribbon
diagrams illustrating the a) tilt and b) twist at the dimerization interface. The reference
subunit on which the overlay is based (see Materials and Methods) is colored gray
(and only partially shown), and the orientations of the second subunit of the dimers (in
color) are compared. In both panels, the PfAOP structure is blue. Most core secondary
structural elements are labeled in the colored PfAOP chain, as are regions 0 through 4
in the gray chain. In panel a, human PrxV (green) and PrxII (yellow) are seen to tilt Ca.
200 relative to PfAOP in opposite directions around a similar axis. To preserve clarity,
the Prx core elements of f3 1, f32 and a 1 are not shown. In panel b, S. pneumoniae Tpx
(red) is twisted relative to PfAOP Ca. 30° counter clockwise. For reference, to generate
these views, the dimer in Figure Al .2 would be rotated clockwise to orient the dimer
interface horizontally. Then, panel a is equivalent to viewing this molecule from the
left side (the dimer axis is horizontal), and panel b is equivalent to viewing it from
below (the dimer axis is vertical).
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The final group consists of the three bacterial thiol peroxidase (Tpx)

structures. They are not tilted, but are twisted by Ca. ø" compared to PfAOP. While in

the other cases, an insertion! deletion in clusters 1/Tilled to a tilt, for this group it is a

dramatic change in the core of cluster II that leads to the twist. Choi et al. 30 observed

that in E.coli Tpx, an Arg-Asp salt bridge forms an important interaction at the dimer

interface. Indeed, the sequence alignment (Figure A 1.4) shows that the Asp in thiol

peroxidases substitutes the key interface residue Phe55 (see Figure Al .6b) in PJAOP.

This change is complemented by the substitution of Ser96 of PfAOP by the Arg and

the resulting Arg-Asp salt bridge forms a highly restructured (and twisted) core of the

interface (Figure A1.7b). At the same time, the packing of clusters I! III minimizes

changes in the tilting.

Interestingly, even though the B-type dimer interface was observed first, Table

Al .2 shows that the A-type interface is much more widespread, associated with all

Prxs but human PrxVI. Also, it has been suggested that due to the juxtaposition of this

interface with the peroxidatic active site, that oligomerization using this interface may

be linked with catalytic activity 22 For these reasons, we hypothesize that the A-type

dimerization interface preceded the B-type interface in evolution. (Iftrue, the "A"

could stand for "ancestral" rather than "alternate").

With regards to drug design, if the A-type dimer formation is linked with

activity then it may be possible to develop inhibitors directed against dimerization

such as was done for human and P. falciparum glutathione reductase While the

core of the interface is structurally similar to other Prxs, at the periphery of the

interface residues 30 and 31 make dimerization interactions and are part of a loop that

is unique to PfAOP. Though these interactions are not extensive, the uniqueness of the

loop makes it a potential target for structure-based drug design.

A final point of interest we have derived from these comparisons is a sequence

feature associated with the Prxs that form the type B dimer (Figure Al .4). The clear

correlation is that proteins forming B-type dimers have longer chains and more

specifically a longer helix a5. This helix is a major player in the B-type interface, as it

and its symmetry mate pack together with each other and with the interfacial j3-strands

to build the major hydrophobic core at the interface. Using this longer helix as a
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marker for predicting dimerization mode could help understand functionality and,

along with the a-aneurism could help reconstruct the evolutionary history of this

ubiquitous and physiologically important family ofenzymes.

A1.4 Materials and Methods

A1.4.1 Amplification, cloning, overexpression and purification

By screening the PlasmoDB (www.plasmodb.org) database an open reading

frame with homologous to Prxs was identified and named "antioxidant protein"

(GenBank accession number AY306209). A PCR product corresponding to the

sequence coding for the mature protein (without predicted targeting sequence) was

generated with the primers OpfAOPhH: 5'

GCGCAAGCTTTTATAACTGATTATTTTTTAAAAACTCTTTTAC 3' and

OpfAOPvB: 5' CGCGGGATCCAAAGAAAATGATCTTATTCCTAACG 3'. A

blood stage cDNA library was used as a template. The conditions of the amplification

reaction were 95 °C, 3 mm; 95 °C, 30 s; 50 °C, 30 s; 72 °C, 1 mm, 35 cycles; 72 °C, 2

mm. The 546 bp product was cloned into the expression vector pQE3O via BamHI and

Hindlil restriction sites. Clones were controlled by sequencing of both strands. The

plasmid containing the correct fragment was transformed into E. coli MiS cells and

overexpressed. Using the N-terminal hexahistidyl tag provided by the pQE vector,

recombinant AOP was purified to homogeneity via Ni-NTA-agarose. Further details

of purification are to be published elsewhere with the biochemical characterization of

PfAOP.

Al. 4.2 Crystallization

Crystals of purified recombinant PfAOP were grown using the hanging-drop

vapor-diffusion method. Prior to crystallization, the protein was dialyzed against 1

mM EDTA, 30 mM Tris, pH 8.0. Rod-like crystals growing to a final size of ca. 0.25 x

0.05 x 0.05 mm3 were obtained by mixing the protein (14 mg/ml) with an equal

volume of the reservoir solution consisting of 20% (v/v) iso-propanol, 20% (wlv) PEG

4000, 100 mM sodium citrate, pH 5.6 at 4 °C. Crystals were stored in the reservoir

solution, and the reservoir solution plus 5% glycerol, added to compensate for the

rapid evaporation of iso-propanol, served as a cryo-protectant.
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A1.4.3 Data collection

For data collection (at 170 °C), crystals were flash frozen in loops by dipping

into liquid nitrogen. The crystals belong to the space group P212121 with a = 42.5 A, b

= 79.8 A, c = 108.5 A; they have two PfAOP molecules in the asymmetric unit and a

solvent content of 47%.

Four native data sets were collected in all. First, a 2.7 A data set (Nati) was

collected in our laboratory (Raxis IV detector and CUKa radiation from a Rigaku

rotating anode generator running at 50kV, 100 mA; A = 10, 140 15 mm images).

Second a partial data set (Nat2) extending to 2.4 A was collected using the in-house

source ( = 1°, 55 25 mm images). This data collection was interrupted so that the

crystal could be saved to collect better data at a synchrotron source. Third, the same

crystal was used for a complete data set (Nat3), useful to 1 .85 A resolution, at

beamline 8.2.2 of the Advanced Light Source (ALS, Lawrence Berkeley National

Laboratory; ? = 1.0 A, A 1.50, 120 4 s images). Fourth, a data set on a different

crystal (Nat4), also useful to '-4.85 A, was collected at beamline 8.2.1 of the ALS

(high resolution pass: ). = 1.0 A, 4 0.8°, 115 15 s images; and low resolution pass:

1.0 A, A = 1.00, 115 5 s images). Knowing that increasing redundancy improves

data quality, Nat2, Nat3 and Nat4 were merged to obtain the data used for refinements

(Nat). The final statistics, especially Rgd.F, an indicator of the quality of the reduced

data showed the merged data set was usable out to 1.80 A resolution (Table Al .1).

All data sets were processed using the HKL suite of programs 56

A1.4.4 Structure determination

The three dimensional structure of the PfAOP was solved by molecular

replacement using the original Nati data and a direct Patterson search as implemented

in the program CNS '. A database search revealed the Prx domain ofHaemophilus
influenzae hybrid PrxV (PDB code: 1NM3) 23

as the known structure with the highest

sequence similarity (-36%). For molecular replacement, the non-Gly residues were

changed to Ala and the resulting structure (one chain) was used as a search model

against data from 15-4 A resolution. The top 200 rotation function solutions were

subjected to a translation search that yielded a clear solution (for the first molecule a
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correlation coefficient of 0.221 versus 0.180 for the next best solution, and for the

second molecule a correlation coefficient of 0.387 versus 0.294 for the next best

solution). With 10% of the reflections set aside for cross-validation, automated rigid-

body, simulated annealing using torsion angles and individual B-factor

refinement yielded an R and Rfree of 0.40 and 0.48 respectively. We then switched to

the combined Nat data set (the lower resolution cross-validation reflections were

maintained and extended) and continued automated refinement at 1.80 A resolution to
yield an R = 0.32 and Rfree = 0.42. The resulting electron density maps allowed us to

build almost all the side chains, multiple conformations, visible insertions and

deletions using the molecular graphics program 0 60
Water molecules were placed by

the water pick utility in CNS using the following criteria: (1) a peak of? 3 p in

the F0F map and a peak of? 1 Prms in the 2F0F map, and (2) a distance of? 2.5 A
and 3.5 A to nearby hydrogen bond donor or acceptor.

Alternate side chain conformations were observed for molecule A residues

Metl3, Met63, Ser96 and Ser127 and molecule B residues Metl3 and Ser34. To

obtain the occupancies of each pair of alternate conformations, a set of test

refinements with various occupancies were carried out and the one that yielded similar

B-factors for the alternate conformations was retained. Nine residues with weak side-

chain density were modeled as alanines: A21, A178-A180, and B3, B4, B178-B180.

Further rounds of positional and B-factor refinement, coupled with manual rebuilding,

yielded final R and Rfree values of 18.7% and 21.8% respectively. No non-

crystallographic symmetry restraints were used during refinement. A Ramachandran

plot, using the definition of Kleywegt and Jones 61 has 97% of the residues in the core

region and 3% in the non-core region. Data collection and refinement statistics are

presented in Table A 1.1.

A1.4.5 Structural comparisons and analyses

Secondary structure assignments were made using DSSP 62 Structure-based

sequence alignments were done using SEQUOIA 63
with a distance cutoff of 3.0 A.

For assigning the waters to the three groups buried, crevice and surface the

molecular surface and cavity characterization program, V01D0064 was used. First,

after excluding waters, a molecular surface of the protein was calculated using a probe
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radius of 1.0 A. Waters that were present in fully internal cavities defmed in this

manner were classified as buried waters. In order to distinguish crevice versus surface

waters, another molecular surface was calculated with a probe radius of 3.0 A. All

non-buried waters enclosed at a distance greater than I A of the surface calculated

using the 3 A-radius probe were classified as crevice waters. Accordingly, all waters

close to (within 1.0 A) or outside the surface defmed by the 3 A-radius probe were

designated as surface waters.

In order to calculate the interfacial angles, dimers of Prxs were rotated onto

one another, using a matrix calculated based on only one of the monomers. The angle

between the non-overlaid monomers was classified as the change in interfacial angle.

Visual inspection was used to differentiate between the kind of deviations tilt and

twist.

A]. 4.6 Dynamic light scattering and gel filtration

Dynamic light scattering data for PfAOP (2 mg/mi in 1 mM EDTA, 30 mM

Tris, pH 8.0) were obtained at 4 °C using the DynaPro-MSTC4O instrument (Protein

Solutions). For measurement, the sample was filtered through a Whatman 0.02 tm

filter disk and manually injected into a 12 giL quartz cuvette and the scattered photons

measured at a fixed, preset angle of 90° with an incident laser beam of 830 nm

wavelength. Data analyses were carried out using the software Dynamics, provided

with the instrument. The monomodal curve assuming a single macromolecular species

was used to estimate the molecular weight.

PfAOP dimerization in solution (4 mg/mI in 300 mM NaCI, 50 mM Na-

phosphate, pH 8.0) was studied by analytical gel filtration chromatography employing

a AKTA FPLC system (Amersham-Pharmacia) and a Superdex-75 HiLoad 16/60 size

exclusion colunm (120 mL bed volume). BSA (67 kDa), ovalbumin (43 kDa),

chymotrypsinogen A (25 kDa), and RNase A (13.7 kDa) were taken as molecular

weight standards. Blue dextran (-2 kDa) and water indicated the exclusion volume

(V0) and the total volume (Vi) of the columns respectively. The apparent Mr was

evaluated by plotting log (Mr) VS Kay, where Kay (VeV0)/ (VVo) and Ve is the

observed elution volume.
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A1.4. 7 Coordinates

The coordinates and the structure factors have been deposited in the Protein

Data Bank (www.rcsb.org/pdbl) as entry 1XIY.
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A2.1 Summary

The malarial parasite Plasmodiumfalciparum is known to be sensitive to

oxidative stress, and thus the antioxidant enzyme glutathione reductase (GR; NADPH

+ GSSG + H NADP +2 GSH) has become an attractive drug target for

antimalarial drug development. Here we report the 2.6 A resolution crystal structure of

P. falciparum GR. The homodimeric flavoenzyme is compared to the related human

OR with focus on structural aspects relevant for drug design. The most pronounced

differences between the two enzymes concern the shape and electrostatics of a large

(450 A3) cavity at the dimer interface. This cavity binds numerous non-competitive

inhibitors and is a target for selective drug design. A 34-residue insertion specific for

the GRs of malarial parasites shows no density, implying that it is disordered. The

precise location of this insertion along the sequence allows us to explain the

deleterious effects of a mutant in this region and suggests new functional studies. To

complement the structural comparisons, we report the relative susceptibility of human

and plasmodial GRs to a series of tricyclic inhibitors as well as to peptides designed to

interfere with protein folding and dimerization. Enzyme-kinetic studies on GRs from

chloroquine-resistant and chloroquine-sensitive parasite strains were performed and

indicate that the structure reported here represents OR of P. falciparum strains in

general and thus is a highly relevant target for drug development.

A2.2 Introduction

Tropical malaria represents an increasing threat to human health and welfare1'2.

The disease is caused by the multiplication of the protozoan parasite Plasmodium

falciparum in human erythrocytes The emerging resistance of Plasmodium to

chloroquine and other antimalarials underlines the need for the development of new

chemotherapeutic agents with different modes of action46

During the erythrocytic stages of its life cycle, the parasite is exposed to

oxidative stress produced by activated macrophages of the host and also by toxic heme

and other decomposition products of hemoglobin. We are pursuing enhanced oxidative

stress as an attractive avenue for drug development, because a number of lines of
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evidence suggest that this can effectively inhibit parasite growth (reviewed in

Schirmer et. al.7). Indeed the toxic effects of chioroquine and other quinoline

antimalarials that inhibit 13-hematin formation 8-12 may be partly due to increased

levels of 02-activating heme, and peroxide antimalarials such as artemisinin are

believed to be activated by heme resulting in the formation of alkylating free

radicals'3.

The glutathione system plays a key role in the defense of malarial parasites

against oxidative stress and in the development of drug resistance. This is supported

by the fact that chloroquine resistant parasites exhibit increased glutathione

concentrations 14-16
The tripeptide GSH detoxifies reactive oxygen species both

directly and via glutathione peroxidase and glutathione S-transferase catalyzed

reactions. High levels of reduced glutathione are maintained by de novo synthesis

from the constituent amino acids 17 and by the enzyme glutathione reductase (GR), a

ubiquitous FAD-containing protein. GR is a homodimer that catalyzes the reduction of

glutathione disulfide to GSH using NADPH as the source of reducing equivalents 182O:

GSSG + NADPH + H NADP +2 GSH

P. falciparum GR (PJGR) has been characterized biochemically and kinetically

both in its native authentic form isolated from malarial parasites 21 and in its

recombinant form 22-25
As systems depending on adequate GR activity, glutaredoxin

and glutathione S-transferase have been described in P. falciparum 18,26 As an

intraerythrocytic parasite, P. falciparum depends on an intact host cell milieu.

Evidence for this is a lack of either erythrocyte FAD, the prosthetic group of GR, or of

its substrate NADPH as observed in glucose-6-phosphate dehydrogenase deficiency

leads to significant protection against malaria 27-33 Red blood cells rendered severely

GR-deficient by the drug carmustine were able to fulfil their physiological functions

although for a shortened lifetime but they did not serve as host cells for P.

falcparum 34-36
Thus both PJGR and hGR are potential targets for the development of

antimalarial drugs23'35' We have recently shown that PJGR may be the target for

methylene blue, an antimalarial which efficiently inhibits PJGR and not hGR at

therapeutically used concentrations 23 Indeed, GR is the only protein that has been

identified as a target of methylene blue in the parasite. Furthermore, on the basis of a
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GR inhibitor a novel strategy for overcoming chioroquine resistance in malarial

parasites has recently been developed37' 40 Quinoline-based alcohols with known

antimalarial activity were combined witha GR inhibitor, represented by a menadione

derivative, via a metabolically labile ester bond to give double-headed prodrugs. The

quinoline moiety served also for directing the prodrug into the parasite. The activity of

the compounds was proven in cell culture and in a mouse model Also, the drug

combination of methylene blue-chloroquine (BlueCQ) is currently being tested in

Nouna, Burkina Faso, as a drug against malaria complicated by methemoglobinemic

anemia41 (Coulibaly, B. and Schirmer, R. H, unpublished data).

Human GR has been vely well studied in terms of enzymology and crystal

structure42'43 (Figure A2. 1). The binding of substrates, substrate analogs and

inhibitors including different physiologic nitric oxide containing compounds 44-46 have

been elucidated in detail 20,42,47 Steps have already been taken to investigate the

inhibitory properties of various drugs on hGR Among these inhibitors are

isoalloxazine 50,51 menadione 48 and xanthene derivatives. All of these compounds

bind in a cavity that is located at the dimer interface (Figure A2. 1), and inhibit hGR

non-competitively, the K values being in the lower micromolar range. Indirect

evidence suggests that this cavity is also the binding site of methylene blue in

PJGR22'24'52. Methylene blue and isoalloxazine derivatives are also considered as

constituents of double-headed drugs; the other head is designed to bind at the GSSG

site, and the two heads are connected by a linker that fits in the channel connecting the

intersubunit cavity with the GSSG site 46 (Figure A2.l). In general, phenothiazines and

isoalloxazine derivatives are of interest as lead compounds for antimalarial drugs

because they show low toxicity and are inexpensive.

There are three major features distinguishing PJGR from hGR that are thought

to be of relevance for selective inhibitor design22'25 The first is an insertion of 34

residues within the central domain (residues 3 14-347) of PJGR that is known to be

highly antigenic 22
but has an unknown effect on function. The second regards the

amino acid residues lining the wall of the cavity at the dimer interface, where only 9

out of 21 residues are conserved in PJGR. The third feature is the pair of helices

(Hi 1/Hi 1') at the core of the dimer interface (Figure A2.1).
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Figure A2. 1 The dimer cavity and helices of hGR. The solvent accessible surface of
hGR is shown with the front portion clipped away to reveal the cavity at the dimer
interface. The surface is colored by electrostatic potential from dark blue (+4.65 kT) to
dark red (-5.33 kT). A frame of reference is provided by a trace of the Ca backbone
(yellow and green for each monomer). The helices at the dimer interface whose
interaction is targeted by dimerization inhibitors are highlighted by representation as
ribbons. Stick models (atom coloring) of the substrate GSSG 48 and the non-
competitive inhibitor 6-hydroxy-3 -oxo-3H-xanthene-9-propionic acid (XAN) ' are
shown to indicate the GSSG and the non-competitive inhibitor binding positions. Note
the tunnels connecting the cavity to the two GSSG binding sites.
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These helices are regarded as a dimerization and folding center of GR and it has

been shown that synthetic peptides can bind to these helices to interfere with the

dimerization of hGR38'53'54.

A valuable stepping stone for the further development of rationally designed

drugs against PJGR would be the three-dimensional structure of the enzyme. In this

paper, we describe the three-dimensional structure of P. falciparum glutathione

reductase and analyze those features that have been noted as potential targets for the

design of selective PJGR inhibitors. In addition we describe novel inhibitor design

work related to PJGR as a drug target.

A2. 3 Results and Discussion

A2. 3.1 Structure solution and model validation

PJGR crystallizes with a monomer in the asymmetric unit, and with the

obligatory homodimer of PJGR generated by a crystallographic 2-fold axis. The three-

dimensional structure was solved by molecular replacement using hGRas the search

model and refinement has led to the final model, ata nominal resolution of 2.6 A, with

an R of 25.1% and Ree of 30.2% and reasonable geometry. Based on a Luzzati

analysis 56,

we estimate the coordinate accuracy of well-ordered parts of the protein

to be near 0.5 A (Figure A2.2a).

The best fit to the diffraction data was obtained using the translation, libration,

screw-rotation (TLS) refinement 58 as implemented in REFMAC This refinement

dropped both the R and Rfree by over 1%, but led to a reported average B-factor of near

80 A2 (from CNS refinement the average B is 65 A2). This value is much higher than

is often associated with 2.6 A resolution structures, leading to some concern about

whether the refined structure is a truly independent valid structure. Figure A2.2

presents four lines of evidence that the PJGR structure presented here is indeed a

reliable medium resolution structure. The first line of evidence is that the Rfr

improves in all resolution ranges during refinement and ends up at reasonable values

(Figure A2.2a). Even in the highest resolution bin, the Rfree is below 40% indicating

that the data at 2.6 A do contain real information that is accounted for by the model.



145

Figure A2. 2 Validation of the PJGR structure. (a) Variation in R-free as a function
of resolution during refinement. R-factors calculated against the 3.0 A and 2.6 A data
are represented by dashed and solid lines respectively. The final refmed model is
represented by the bold line. Curves are shown for models after rigid body refinement
(A), at the stage where refinement switched from the 3.0 A (B) to the 2.6 A (C) data,
at the end of the CNS refinement (D), and after TLS refinement (E). The dotted lines
are Luzzati curves for 0.4 A and 0.5 A coordinate error. The Rfree curve for the final
refined model (E) closely approximates the Luzzati line for 0.5 A coordinate error. (b)
Quality of unbiased 2Fo-F electron density. An annealed omit map (done according
to the protocol in Hodel et. al.

82) for residues Tyr424 to G1u432 (dark grey) is shown
along with the fmal model for the omitted residues (dark grey) and adjacent residues
that had not been omitted (light grey). The contour level is 1.3 Prms. All PJGR residues
are labeled except Ser422 which is mostly hidden. This is not the best ordered part of
the structure but is shown because it is an insertion in PJGR relative to hGR (Figure
A2.3) and so cannot be influenced by search model bias. The distinct hGR chain path
is shown as a Cu trace with the end residues labeled in parentheses. (c) Ramachandran
plot of the main-chain torsion angles of the final model. 93% of the non-glycine
residues (plusses) lie in the core region (grey shaded area) and 7% (asterisks) lie in the
non-core region. Glycine residues are represented by open squares. The significant
scatter around the core regions is appropriate for a structure at this resolution, as we
have refrained from adjusting the model for the sole purpose of making the
Ramachandran plot look better. (d) Survey of the average B-factors of 675 protein
structures determined at between 2.5 and 3.0 A resolution and deposited in the Protein
Data Bank between January 2000 and October 2002. Open bars are for the 467
structures noted as being determined using synchrotron radiation and the solid bars are
for the remaining 208 structures determined by non-synchrotron sources. The averages
of the distributions are 51 A2 and 34 A2 respectively.
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A second line of evidence is the quality of the electron density seen in an

annealed omit map for a region of structure that is unique to PJGR (Figure A2.2b).

While we know of no generally accepted method for quantif'ing the effective

resolution of an electron density map, the density shows some definition of carbonyl

bumps and, for ordered side chains (Tyr423, 11e426 and Lys43 1), it shows a level of

detail appropriate for a map calculated in the 2.6 - 3.0A resolution range. A third line

of evidence for the validity of the structure is a well-behaved Ramachandran plot

(Figure A2.2c), which with about 7% of residues in non-core regions (as defined in

Kleywegt and Jones 60), is typical for structures in the 2.5 3.0 A resolution range.

Finally, as seen in Figure A2.2d, a survey of known structures shows that an average

B-factor near 65 to 80 A2 is actually not a gross outlier for modern structures

determined with synchrotron radiation at this level of resolution. The wide spread

observed for average B-factors and the clear difference between the average B-factors

of structures determined using synchrotron data versus laboratory data can both be

understood by realizing that the average atomic spatial disorder (modeled by the B-

factor) is an underlying feature of a given crystal form, whereas the reported

resolution limit of a data set is highly dependent on arbitrary operator choices such as

what resolution data are targeted, and on many experimental variables such as crystal

size, beam intensity, detector sensitivity, and exposure time. Bluntly put, crystals

diffracting to 2.5 3.0 A using a synchrotron will tend to be of lower quality (i.e. less

ordered) than those diffracting to 2.5 3.0 A using a laboratory source.

A2.3.2 Overall structure

PJGR shares 45% sequence identity with both hGR and EcGR, and the overall

architectures are very similar, including the conservation of two cis-peptide bonds

which occur before Pro388 and Pro485. Structural comparisons between monomers of

PJGR, hGR and EcGR yield rmsds of 1.7A (430 Ca atoms) for PJGR with hGR, 1 .6A

(425 Ca atoms) for PJGR with EcGR and 1.1 A (446 Ca atoms) for hGR with EcGR.

Structure-based sequence alignment (Figure A2.3) and overlay (Figure A2.4) of PJGR

and hGR show that the structures are highly similar with large differences only

occurring near insertions and deletions, and that all insertions and deletions are at the
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surface of the proteins. The structure-based positioning of the insertions and

deletions differs our previously published alignment22'25 and replaces it. None of

these small insertions/deletions appears to have an important functional role in

catalysis.

With the structure of PJGR in hand, we can now compare it with the structure

of hGR to discover unique features of PJGR that could be targeted for inhibitor design.

In the following four sections the four proposed regions of interest are described.

These are three of the PJGR insertions, the cavity at the dimer interface, the helices

H 11 and H 11' that are at the core of the dimer interface and, of course, the active site.

A2. 3.3 1/GR insertions relative to hGR

There are three insertions in PJGR with respect to hGR that have been

proposed to be ofimportance24 As seen in the structure-based sequence alignment

(Figure A2.3), these are residues 123-134 in the FAD binding domain, residues 314-

347 in the central domain, and residues 496-499 at the C-terminus. While this

structure reveals where the insertions exist, most of the residues in the three insertions

do not have significant density and they have not been modeled. This implies that they

are disordered relative to the main part of the protein, and provides no further

indication for whether they have any influence on the enzyme function.

The second insertion (314-347) merits further comment because of its size,

because database searches indicate that it is unique to all Plasmodia GRs, and because

its role has been studied by deletion mutagenesis 25 The deletion mutant of PJGR

lacked residues 317 to 349 and was found to form a dimeric FAD-free apoenzyme 25

It was inferred that the insertion is important for FAD-binding. The structure allows us

to more fully interpret the result. It is clear from the crystal structure that the residues

through Va13 15 and residues Tyr348 and beyond are at least partly buried making

favorable interactions to stabilize the folded protein. It also shows that residues

Asp3 11 and Leu3 52, just before and just after the insertion, make intimate interactions

with FAD, so that any disruption of their positions could be expected to disrupt FAD

binding. Finally it shows that atom 316C and atom 350N, which must be covalently

connected in the deletion mutant, are ca. 12 A apart and cannot approach each other

without seriously disturbing the integrity of the FAD binding domain.



150

Figure A2.3 Structure-based sequence alignment of PJGR with hGR. The sequence
of PJGR is aligned with that of hGR based on a structural comparison. Dots identify
every tenth residue with every 20th residue numbered. Black lines delineate residues
involved in secondary structures in each sequence. a-helices (gray cylinders), 3-
strands (gray arrows) and 3 10-helices (open cylinders) are indicated. The sequences are
closely spaced for residues that are structurally equivalent (see methods) and they are
farther apart for residues that are not spatially equivalent due to insertions or
conformational differences. Identical residues are shaded. Residues lining the cavity at
the dimer interface are marked with asterisks. Residues not modeled due to lack of
density are denoted by lower case letters. In some cases, minor differences in DSSP-
defined secondary structures between PJGR and hGR are not shown, because by visual
inspection the conformations were not significantly different; these regions were
assigned based on the higher resolution hGR structure.
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Figure A2.4. Comparison of PJGR and hGR structures. Stereo view of the
superimposed backbone ribbons of PJGR (blue) and hGR (yellow). The breaks in the
PJGR backbone, occurring where residues were not modeled due to lack of density
(see Figure A2.3), are labeled.
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Thus, the loss of FAD binding by this mutant is due to disruption of residues that are

not part of the insertion and does not imply that the insertion itself is important for

FAD binding. On the other hand, the lack of density in itself does not prove that the

insertion is unimportant for FAD binding; this can only be tested by the creation of a

deletion mutant that does not perturb the integrity of the FAD binding domain.

Inspecting the structure, we see that Val3 15 and Tyr348 are opposite each other in an

anti-parallel n-sheet. Thus, we suggest this insertion could be changed to a simple 3-

hairpin by replacing all residues between Lys3 16 and Phe347 with a Gly-Gly linker.

A2.3.4 Cavity at the dimer interface

A comparison of the PJGR and hGR cavities is shown in Figure A2.5. The

PJGR cavity is lined by 21 residues and has a volume of ca. 450 A3. The

corresponding values for hGR are 24 residues and Ca. 460 A3. Despite the similar

volumes of the PJGR and hGR cavities, their shapes and chemical characteristics are

quite different (Figures 5b and Sc). Most notably, the upper part of the PJGR cavity is

much smaller compared to the hGR cavity. The increased boxiness of the lowerpart of

the cavity in PJGR compared to the cavity in hGR compensates for this. The charges

on the cavity walls are also very different, with the hGR cavity being highly

negatively charged, and the PJGR cavity being rather neutral. Especially noteworthy

for inhibitor design, is that residue Phe78, which with its symmetry mate Phe7S'

directly 'sandwiches' the inhibitors in hGR, is missing (see Figure A2.5a). The major

differences in cavity shape and charge imply that binding modes of PJGR inhibitors

cannot be reliably inferred from the hGR complexes.

A2.3.5 Helices at the interface

Another proposed target for inhibitor design against PJGR is the pair of parallel

running helices at the core of the dimerization interface ' namely residues 456-471

and 456'-471' (Figure A2.1). Six of these 16 residues differ between PJGR and hGR

(Figure A2.3) but the PJGR structure reveals that the distorted conformation of these

helices is identical in the two proteins. In fact, all six residues that are different point

away from the dimer interface, so that we would not expect these sequence differences

to lead to selectivity in inhibitor action.
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Figure A2.5 Comparison of the cavities at the dimer interface of PJGR and hGR.
(a) Stereo view of the residues that line the cavities. PJGR residues (thick lines) have
been numbered, with labels on only one of the symmetry mates for clarity. For hGR
(thin lines; pdb entry 3GRS) only Arg413 is labeled with the number in parentheses. A
bound tricyclic inhibitor (XAN, taken from pdb entry 1XAN) is shown for reference.
(b) Closeup views of the molecular surface of the PJGR cavity. The surfaces are
colored as in Figure A2. 1. The views are perpendicular to the dimer axis (as in Figure
A2.l) and along the dimer axis (looking down from the top of Figure A2.l). (c) the
corresponding views of the hGR cavity. Key residue replacements leading to the
differences can be seen in panel (a). The upper part of the cavity becomes smaller in
PJGR because G1y439 (hGR) is replaced by Asn456 (PJGR) and a different side chain
rotamer is adopted by Leu455 (PJGR) compared to Leu438 (hGR). In contrast, the
lower part of the cavity is much larger in PJGR, residues with smaller side chains
replacing ones with larger side chains: Ser55, Val56, Asp58, and 11e59 (PJGR) replace
Va174, His75, G1u77, and Phe78 (hGR), respectively. Similarly the main replacements
that appear to alter the electrostatic properties are Asp5 8, Asn62, His65 and Arg 196
(PJGR) with Glu77, Asp8l, Asp84 and A1a208 (hGR). The change from Asp58
(PJGR) to Glu77 (hGR) makes a difference in the electrostatic property of the cavity
by virtue of the fact that G1u77 points towards the cavity whereas Asp58 points away
from it.
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A2.3.6 Active site

The active site of GR includes the redox active Cys39ICys44 pair and the

residues involved in FAD, NADPH, and GSSG binding. All of these have been

structurally well characterized for hGR43'47'61 In these regions all but 7 residues are

identical between hGR and P1GR: 18 of 19 residues at the GSSG binding site, 9 of 10

residues in the FAD binding site, and 14 of 19 residues at the NADPH binding site. At

the GSSG binding site, the only difference is Leu419' in PJGR replacing Met406' in

hGR. The amide nitrogen of this residue makes contact with GSSG and on visual

inspection no difference in the positions of the main chain can be seen that would

suggest a difference in binding of the substrate. At the FAD binding site in PJGR

Lys32 replaces SerSl of hGR. The interaction, however, involves the main chain

nitrogen atom and no difference is seen in the conformation of the main chain which

makes a difference in FAD-binding unlikely. One notable change at the NADPH

binding site is Gly207 in PJGR replacing His2 19 in hGR. His2 19 is peripherally

involved in the binding of the 2'-phosphate group of NADPH; it does not make any

direct hydrogen bonds but it is close enough for electrostatic attraction. The change

from His219 to a G1y207 could lead to weaker binding of NADPH in PJGR and might

explain why the preference for NADPH over NADH is less in PJGR than in hGR21

The other changes in the NADPH binding site do not appear to be important.

A2. 3.7 Non-crystallographic studies on inhibitor development

A2. 3.7.1 Tricyclic heteroaromatic compounds as non-competitive GR inhibitors.

The crystallographic results contribute directly to the design and development

of tricyclic compounds as antimalarials. For instance both methylene blue and

arilloxazines fonn dimers in physiological solutions with dissociation constants of 170

.tM62 and 150 jiM 63
respectively. Spectroscopic and enzyme inhibition studies could

not eliminate the possibility that the dimers are inhibitory species, but the structure

rules them out. It shows that the shape of the cavity at the intersubunit interface cannot

accommodate a dimer, consisting of two stacked and rotated monomers that would

require a box-like space of 13 A x 5 A x 8 A64.
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As a step towards understanding structure-activity relationship in the

absence of the structure of a complex (no suitable crystals of a PJGR-methylene blue

or PJGR-arilloxazine complex have yet been grown), we have determined the K

values of a series of arilloxazine derivatives. In the presence of saturating substrate

concentrations, these compounds were found to act as purely non-competitive

inhibitors of both hGR and PJGR (Table A2.l).

One striking trend is that the arilloxazines generally (all but compound 2e)

bind more tightly to hGR than to PJOR. The most obvious structural explanation for

this difference is the presence of Phe78/Phe78' in hGR (see above and Figure A2.5a),

and mutagenesis experiments are underway to test this hypothesis. At a more detailed

level, isoalloxazines with bulky substituents at position 10 bind more readily to hGR

than to PJGR (Table A2. 1). Even naphthyl and anthryl derivatives (compounds 19 and

20) are good inhibitors of the human enzyme. In soluble arilloxazines the presence of

a trifluoromethyl group in position 3' and 5' (compound 4c in Table A2.1) appears to

be most unfavorable. Also, comparing the results for compounds 6 and 6a indicates

that a positive charge in the side chain is not favorable for binding in the cavity:

Finally, we note that 8-azido and 8-fluoro derivatives of compound 2a inhibit as

effectively as the parent compound (see 12 and 14, Table A2. 1). These derivatives

may be helpful for chemical labeling experiments could guide efforts to predict

the binding modes of the rigid arilloxazines by molecular modeling 17 In

photoaffinity labelling experiments using compound 12, more than 50% of the colored

label ended up the in the tryptic peptides p(49-84) and p(4lO-43O) of PJGR, with none

of the other peptides containing more than 5% of the label (Kirsch, P. and Schirmer,

R. H, unpublished data). Both labelled peptides contain cavity-lining residues (Figures

3 and 5).
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Table A2. 1. Arilloxazines as non-competitive inhibitors of PJGR and hGRa.

Ar
ifArphenyl:

7JXN.

Isoalloxazjne Substituents at N3 Substituent at N 10 K1 for PJGR K for hGR

Derivative (1.tM) (jtM)

2e H pentafluorophenyl 1.9 2.5

2a H 4'-chlorophenyl 5.4 0.6

4b (ethoxycarbonyl)methyl 3',5'-dichlorophenyl 13 6.6

4c (ethoxycarbonyl)methyl 3-trifluoromethy1phenyl > 1000 9.3

5b Carboxymethyl 3',5'-dichlorophenyl 14 7.2

6 Methyl methylpyridinium-4'-yl > 1000 >200

6a Methyl- 4'-pyridyl 15 2.5

12 3-methyl (and 8azido)b 4'-chlorophenyl 6.2 1.4

14 3methyl (and 8-fluoro) b 4'-chlorophenyl 5.9 0.4

19 Methyl 1'-naphthyl 11 0.5

20 Methyl 1'-anthryl >200 2.5

a
The inhibition parameters determined in previous studies for human OR 50,51,63 have a

competitive component. This was eliminated here by using saturating substrate
concentrations. If the substituent in position 10 is a methyl group or a
dimethylaminopropyl group the K1-values are above 50 jiM,83 which indicates that an
aromatic substituent in position 10 is favorable. In a previous crystallographic study °

compound 5b has been shown to be bound in the intersubunit cavity of hGR.
b

compounds 12 and 14 also have a substituent at C8.
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A2.3. 7.2 Helix 11-based dimerization inhibitors.

According to our crystallographic results, peptides which are known to interact

with helix 43 9-454 of hGR are expected to interact equally well with helix 456-47 1 of

PJGR. When testing this hypothesis for P11, the peptide analog of hGR helix 11

(residues 436-459) originally shown to inhibit hGR folding the results were

ambiguous because rather high peptide concentrations and long incubation times are

necessary. We therefore synthesized and studied a series of shorter peptides.

These peptides had C-terminal G1y454 (equivalent to Asn471 in PJGR) in

common and were 11 to 19 amino acids long. Only peptide K16hGR (see methods for

nomenclature) strongly inhibited dimerization and folding of both hGR (ECSO% = 120

nM) and PJGR (ECSO% = 80 nM) at submicromolar concentrations. Longer (Ki 7 to

K19) or shorter (Ki ito K15) peptides were found to be much weaker inhibitors:

K17hGR with EC5o% = 16 tM for both enzymes was the second best, and the other K

peptides gave <15% folding inhibition when tested at a concentration of 16 tM.

Human thioredoxin reductase whose helix 11 sequence differs in 8 positions from

hGR was found to be much less affected by Kl6hGR than the glutathione reductases,

the ECSO% value being 12 p.M.

These results suggest that peptide Ki6hGR could serve as a lead structure for

probing dimerization and folding of FAD-dependent disulfide reductases. Specificity

for an individual enzyme of this superfamily, for instance for PJGR, might be

obtainable by systematic mutations of the soluble and structurally stable K16hGR

sequence. In addition, the structure of Ki 6hGR recommends itself for developing

peptidomimetic agents as folding inhibitors or as dimer-dissociating agents. Such

inhibitors would be expected to act in catalytic amounts since the resulting protein

monomers are readily degraded, thereby releasing the dissociating agent The

concept of denaturing inhibitors is supported by studies on the helix 11 mutants -

G446E1 F447P ofhGR54 and G463E1F464P of PJGR These mutants that form full-

length protein subunits but without detectable folding in any domain are extremely

sensitive to proteolytic degradation.
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A2.3. 7.3 Intraspecies structural variation ofP. falciparum GR.

The hypothesis that structure and kinetic characteristics are not rigidly

conserved among GRs from different P. falciparum strains and that the drug

chloroquine may be the selecting force has questioned whether PJGR is a general

target of antimalarial drugs. This hypothesis is based on the observation that the

catalytic competence '(cat/KM of recombinant GR of the chioroquine-resistant strain Ki

strain is about 5 fold higher than the kcat/KM value of recombinant His-tagged GR

from the chloroquine-sensitive strain 3D7. It should be noted that inhibition analysis

using carmustine, methylene blue, and an arilloxazine did not reveal significant

differences between the two PJGR variants 25

Apart from the presence of the initiation methionine and the C terminal His

tag, the primary structures differ in 2 positions 25 Residues 280-282, which form part

of an isolated surface loop in the central domain, are 280KLE282 in the Ki enzyme

and 280NLG282 in 3D7 GR, and residue Arg334 in K1-GR is changed to Thr334 in

3D7-GR. The latter exchange is located in one of the loops that were too flexible to be

modeled (Figures 1 and 3). Thus structural links between alterations of these residues

and the activity of GR were not established in the crystallographic study and the

difference in the kcat/KM value between recombinant P1K1-GR and PJ3D7-GR remain

unexplained. The similarity of the KM values when comparing the GRs in extracts of

the two P. falciparum strains (Table A2.2) suggests that the high KM value of 211 tM

observed for recombinant PJ3D7GR by Gilberger et. al. 25 might be due to effects of

the C-terminal His-tag and the initiation methionine residue on GSSG-binding and

reduction. Vail in K1-GR is already an integral part of the FAD domain so that its

modification by a methionyl residue might have an effect on catalysis.

The structure-based conclusions were substantiated by further biological studies. From

8 different P. falciparum strains 4 chioroquine-sensitive and 4 chioroquine-resistant

strains synchronized trophozoites were produced in cell culture, separated from host

cells and extracted. In these parasite extracts we determined specific GR activity and

KM values for GSSG (Table A2.2). No obvious differences could be detected between

chioroquine-sensitive and resistant strains, with the mean GR activity being 25

mU/mg in sensitive and 24 mU/mg in resistant strains; the mean KM values were 66



161
tM and 77 jtM, respectively. Thus, the attractive hypothesis that chioroquine-

resistant parasites have a GR with lower KM values for GSSG which would

strengthen their GSH-dependent and chioroquine-susceptible heme detoxification

system 10,25
was not substantiated. Rather, GR activity levels are likely to adapt to

cellular demands by increasing the enzyme concentration21' 65

It is most likely that the structure determined here represents GR of P.

falciparum strains in general and that it is suitable as a basis for future development of

inhibitors as potential antimalarial drugs. Such compounds will also be valuable for

studying the role of the enzyme in parasite metabolism, drug action and multiple drug

resistance 10, 37

A2.3.8 Outlook

The known GR inhibitors with the notable exceptions of methylene blue 23

and compound 2e (Table A2.1) are more effective as inhibitors of human OR than of

PJGR. Following the dogma of current antimicrobial drug development hit the

pathogen but spare the functions of the human host future inhibitor development

must exploit the structural differences between human OR and PJGR to obtain more

PJGR-specific inhibitors. However, at the same time, compelling arguments suggest

that we should not neglect human erythrocyte OR as a potential target of antimalarial

drugs These arguments include clinical and epidemiological observations as well

as pharmacological studies showing that low cytosolic levels of OR activity which

are usually restricted to erythrocytes do not significantly interfere with erythrocyte

function but they offer protection from malarial parasites 7,20,27,35 Another argument

in favor of choosing a host cell enzyme as a target is the a priori prevention of drug

resistance In conclusion, on a short term basis the structure-based development of

PJGR-specific inhibitors will have high priority; on a long term basis, however,

compounds inactivating both PJOR and mammalian ORs 19,55 might become equally

important for the chemotherapy of malaria.
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Table A2.2 Characteristics of FJGR in various strains of P. falcipurum a

Chioroguine-sensitive Chlorociuine-resistant

Strain HB3 S106 D10 3D7 Dd2 Ki 7G8 FCR3

GR activity [mU/mg] 35 23 9 33 22 47 13 13

KM for GSSG fttMJ 76 73 45 71 74 88 80 65

a Glutathione reductase activity and KM values for GSSG in crude extracts (see
methods). GR activity is given in mU/mg total protein in the parasite extract. All
values represent means of three determinations.
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A2.4 Materials and Methods

A2. 4.] Crystallization and structure determination

Crystals of purified recombinant P/OR expressed in E. 23 were grown

using the hanging-drop vapor diffusion method. P/OR was initially dialyzed against 2

mM EDTA, pH 7.0 for three hours, and the dialysate was clarified by centrifügation. 5

tl of the resulting protein solution (10 mg!ml) was mixed with 5 l reservoir solution

(14% (w/v) PEG-MME 550,70 mM NaCI, 70 mM bicine, pH 8.7-9.0 to form drops

that were equilibrated over 0.8 ml of reservoir solution at 20 °C. Crystals of P/OR

grew to their final size (typically 0.05 x 0.1 x 0.15 mm3) in 1 week and were

subsequently harvested and stored in reservoir solution. Native data sets were

collected to 3.0 A resolution (Natl) at beam-line 14BM-C of the Advanced Photon

Source (Argonne National Laboratory, USA) and to 2.6 A resolution (Nat2) at beam-

line 5.0.2 of the Advanced Light Source (Lawrence-Berkeley National Laboratory,

USA), respectively. Data were collected at 170 °C from crystals that were frozen in a

stream of cold nitrogen after a 2 minute incubation in 14% PEG-MME 550, 25% (v/v)

glycerol, 0.1 M bicine, pH 9.0 (Table A2.1). P/OR crystals belong to the tetragonal

space group P4122 (a=90.64 A, b=90.64 A, c=123.32 A), with one half-dimer of P/OR

in the asymmetric unit and 44% solvent.

The structure of P/OR was determined at 3.0 A resolution (Nati, Table A2.3)

by molecular replacement using the Patterson correlation strategy in the program CNS

vi .0 66 The structure of hGR (PDB code 3GRS) ' was used as the search model after

mutating non-conserved residues to alanine, and 10% of the data were set aside for

cross validation. The molecular replacement solution was unambiguous, having a

correlation coefficient of 0.52, compared to 0.30 for the second best solution. R and

Rfree for this model were 0.490 and 0.498 respectively. Rigid-body refinement and

conjugate-gradient minimization dropped the R-factors to R0.405 and RfreeO.468

(Figure A2.2a, curve A), and 2Fo-Fc and Fo-Fc electron density maps validated the

solution as they revealed electron density for some missing side-chains and other

structural differences between the search model and P/OR. Manual rebuilding was

carried out using the program o 67 The correct side chains and visible insertions and
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deletions were built into the model. A round of simulated annealing, positional

refinement and B-factor refinement using the 3.0 A resolution data yielded R0.366

and Rfree0.442 (Figure A2.2a, curve B). The higher quality native ALS data

extending to 2.6 A resolution (Table A2.3) were then used, retaining the Rfr test set.

Several rounds of simulated annealing, positional and B-factor refinement together

with manual rebuilding yielded a model with R=0.273 and RfreeO.3 15 (Figure A2.2a,

curve D). During these rounds, omit maps and trial refinements were used to

determine the best interpretation of regions with weak electron density and exactly

where to cut-off the model for the three disordered chain segments. Water molecules

were placed with the aid of the water-pick utility in CNS 66 and watpeak utility in the

CCP4 package 68
with the following criteria: (1) a? 3s peak in the Fo-Fc map and a

? lp peak in the 2Fo-Fc map and (2) a distance of? 2.6 A and 3.5 A to nearby

hydrogen bond donor or acceptor. Model geometry was monitored using the program

PROCHECK69

Because CNS refinements indicated significant crystal anisotropy (B11 B22 =

-9 A2, B33 = 18 A2 from overall anisotropic scaling), we tried to account for this better

by using the program RFFMAC which incorporates translation, librations, and

screw-rotation (TLS) refinement 58 PJGR was treated as four independent rigid

bodies: two parts of the FAD-binding domain, the NADPH binding domain and the

interface domain (Table A2.4). Several rounds of manual rebuilding and TLS with

positional refmement led to the final model; the Rifee value dropped significantly to

0.302 and the R factor dropped to 0.251 (Figure A2.2a, curve E). The refinement was

terminated when there was not sufficient improvement in the density to guide further

model changes. For database submission, the program TLSANL 70 was used to

generate a pdb file with the anisotropic mobility parameters and with an "equivalent"

isotropic B-factor for each atom. The average B-factor was a surprisingly high 80 A2.

To assess the validity of these B-factors, CNS was used to carry out a test refinement

of this model. The overall anisotropic scaling B-factors were the same as before (see

above) and the average atomic B-factors dropped to 65 A2 while the Rfree reported by

CNS rose slightly to 0.321. Combining the overall anisotropic scale factors with the

average B leads to the insight that the effective average B-factors for the structure in
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the x, y, and z directions are 74 A2 (=65+9), 74 A2, and 47 A2 (=65-18),

respectively. Thus, the observed average B of the structure is complex and somewhat

refinement program dependent, but this does not impact the biological significance of

the structure determination. In the final model, regions that were not modeled due to

lack of density included residues 114-139, 3 17-346 and 496-499 and the side chains

for residues Glu'40, Lys316 and Phe347 (near the edges of the disordered segments).

Data collection and refinement statistics are given in Tables 3 and 4.

A2.4.2 Structural comparisons and analyses

Secondary structure assignments were made using DSSP 71 Structure-based

sequence alignments were done using SEQUOIA 72 with a distance cutoff of 3.0 A.

The 1.54 A resolution structure of hGR (PDB code 3GRS) and the 1.86 A resolution

structure of E. coli (PDB code 1 GER) were used for structural comparisons.

Quantitative cavity characterization were done with the program VOIDOO using a

probe radius of 1.2 A. The probe radius was chosen so that the residues identifiedas

lining the cavity matched those selected by visual inspection. Because the interface

cavity is not technically a 'cavity' but a channel with narrow openings on both sides

(see Figure A2. 1) a few waters blocking these openings were included in the

calculations; all other water molecules were removed. Electrostatic surface

calculations were done with the program GRASP using a probe radius of 1.4 A. The

van der Waals radii for the surface calculations were values reported as rb in Table

A2.3 of ref. 76. Structure figures were generated using MOLSCRIPT Raster3D 78

GRASP75 and the OPLOT routine in 067

A2.4.3 Enzymes

Recombinant hGR recombinant PJGR (strain K1)22 and authentic human

thioredoxin reductase were prepared as previously described. The protein

concentrations were determined based on the FAD absorption using a C46511m = 11.3

mM' cm1 for the oxidized enzymes.



Table A2. 3 Data collection and refinement statistics a

Data

Resolution limits (A)

Unique observations

Multiplicity

Average I/o

RmeasC (%)

Completeness (%)

Refinement

Reflections with F>0 o

Protein + FAD atoms

Solvent atoms

R1S (%), Rfree (%)
d

Stereochemical ideality

R.m.s.d bond lengths (A)

R.m.s.d bond angles (degrees)

Nat2 Nat]

30 - 2.6 (2.78 2.60) 30 - 3.0 (3.05 3.00)

16434

7.5

13.5 (41)b

9.4 (38.8)

98.7 (99.9)

15604

3511

43

25.1 (28.5), 30.2 (37.0)

0.019 A

2.10

10678

8.9

18.9 (2.8)

9.1 (41.8)

98.3 (90.0)

a
Numbers in parentheses correspond to values in the highest resolution shell.

b
Reflecting the diffraction anisotropy, in the highest resolution bin the I/ o is near 2

for high h and high k reflections and is near 6 for high 1 reflections.
Rmeas h (nh/nh-i)1t2 iI'h 'h, il'h , multiplicity-weighted Rmerge 84

d

IFObS FcaIcl/jFobsI, Rñee = for 10% of reflections against which the
model was not refined 85
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Table A2. 4 TLS motion parameters a

Domain b US tensor values

FAD part 1 T 0.2256 0.1509 0.4933 -0.0355 -0.0111 -0.0278

(1-148) L 3.5001 4.0511 1.0533 2.3815 -0.7895 -1.0087

S 0.0139 0.0970 0.0206 0.7606 0.2729 0.1818 -0.4943 0.1075

NADPH T 0.2412 0.3106 0.3095 -0.2006 0.0100 0.0549

(149-275) L 1.6757 3.5382 4.4883 0.1591 1.1554 0.5247

S 0.6719 -0.4960 0.4447 0.3272 0.1859 -0.5678 -0.6401 0.1104

FAD part 2 T 0.3106 0.5410 0.6999 -0.2862 0.0487 0.0180

(276-378) L 3.4438 7.0780 1.5295 1.8778 -2.5387 -0.3815

S 0.3943 -0.1274 0.6415 0.2894 -0.5811 -0.6268 -0.3282 1.1447

Interface T 0.0240 0.3143 0.3830 0.0525 0.0533 -0.1129

(379-495) L 3.2584 0.9094 3.0948 -0.0928 -0.7980 -1.1240

S 0.0949 -0.1015 0.3833 -0.3890 -0.3283 -0.1659 0.1251 0.6999

aTLS values correspond to T-matrix at T11, T22, T33, T12, T13, T23, L-matrix at L11, L22,
L33, L12, L13, L23 and S-matrix at S22-S11, S11-S33, S12, S13, S21, S23, S31, S32. The units
of T and S are A2 and the units of L are degrees2. The details of TLS refinement are
described in Winn et. al.
b

Domain boundaries listed are not based on precise calculations, but simple
inspection. FAD part 2 has also been called the central domain
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A2.4.4 Inhibition studies with lO-arylisoalloxazines (arilloxazines)

These compounds for which the designation arilloxazines is introduced here -

were synthesized as described before 63 They are designated (2a to 19) according to

Schonleben-Janas et. al.
° and not to the differing system of Kirsch et. al.

63 As the

arilloxazines, above all the 8-azido derivative, are sensitive to light, they were

prepared fresh as 1 mM stock solutions in DMSO every day and kept in the dark prior

to conducting the assays

The inhibition assays were carried out in GR assay buffer (50 mM potassium

phosphate, 200 mM KC1, 1 mM EDTA, pH 6.9 at 25 °C). The assay mixture contained

100 nM NADPH and 5-20 mU PJGR or hGR and various concentrations of inhibitor.

After checking for non-specific NADPH oxidation for 2 mm, 1 p.mol of GSSG was

added to start the enzymatic reaction. The decrease in NADPH concentration as a

measure of enzyme activity was monitored spectrophotometrically (a340nm622 mM1

cm'). Residual enzyme activity in the presence of inhibitor was determined relative to

controls containing DMSO 50,

A2.4.5 Peptide analogues of helix 11

A set of nine helix 11 analog peptides, 11 to 19 residues long and ending at the

position of G1y454 of hGR, were synthesized by Dr. R. Pipkorn, German Cancer

Research Center, Heidelberg. They are designated K (for Kontakt) peptides. For

instance, K19hGR has the sequence QGLGCDEMLQGFAVAVKMG (see Figure

A2.3). The 500 iiM stock solutions were prepared in DMSO as most peptides were not

sufficiently soluble in water; only for K16hGR and Kl9hGg was it also possible to make

up 500 p.M aqueous stock solutions. For testing the peptides as dimerization and

folding inhibitors of bGR and PJGR we used the previously described

denaturationlrenaturation assay '

A2. 4.6 Analysis of GR activity in P. falciparum strains

Intraerythrocytic stages of 8 different P. falciparum strains 4 chloroquine-

sensitive strains and 4 chloroquine-resistant strains were cultured in vitro according

to Trager and Jensen °,
and synchronised to ring stages by the sorbitol method '.

After 24 h, parasites in the trophozoite stage were isolated by suspending the red cells
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in a 20-fold volume of buffer containing 7 mM K2HPO4, 1 mM NaH2PO4, 11 mM

NaHCO3, 58 mM KC1, 56 mM NaC1, 1 mM MgC12, 14 mM glucose, 0.02% saponin,

pH 7.3, for 10 minutes at 37°C. The pelleted parasites were washed three times, then

taken up in 150 j.tl buffer, and disrupted by three freeze-thaw cycles. After

centrifugation, the supematant was used for further analyses. Protein in the extracts

was determined using the BioRad (Mtinchen, Germany) protein dye assay with bovine

serum albumin as a standard.

GR activity was measured with a standard protocol In this case, 0.5 ml

assay mixture containing 100 jtM NADPH and 50 d parasite extract in assay buffer,

pH 6.9, was equilibrated at 25°C. The reaction was then started by adding GSSG at 1

mM. For determining KM values, the concentration of GSSG was systematically

varied from 10 iM to 1000 .tM.

A2. 4.7 Coordinates

The coordinates and structure factors have been deposited in the Protein Data

Bank (http://www.rcsb.org) as entry 1ONF.
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A2. 6 Footnotes

Abbreviations used: hGR, human glutathione reductase; PJGR, Plasmodium

falciparum glutathione reductase; EcGR, Escherichia coli glutathione reductase;

GSSG, oxidized glutathione; arilloxazines, I 0-arylisoalloxazines; TLS, translation,

libration and screw-rotation; Prms, root-mean-square electron density of map, often

reported as o.




