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Summary 

Structure and function of PA0740 and PA5349 

Chronic Pseudomonas aeruginosa infections represent a major threat for cystic fibrosis pa-

tients, burn-victims and immunocompromized individuals. Virulence of this Gram-negative 

opportunistic human pathogen is crucially dependent on its ability to sense the concentration 

of Pseudomonas bacteria present in its immediate surrounding to ensure successful coloniza-

tion. Quorum sensing, the underlying system of communication, is tightly regulated by a vari-

ety of bacterial factors. Previous to this work, the proteins PA0740 and PA5349 were found to 

affect quorum sensing circuits in P. aeruginosa. 

PA0740, annotated as “hypothetical enzyme” or “probable β-lactamase” was found to have an 

attenuating effect on quorum sensing and was correspondingly believed to be a quorum-

quenching enzyme. As part of this work, PA0740 was instead identified as a secreted SDS 

(sodium dodecylsulfate) hydrolase, allowing P. aeruginosa to use primary sulfate esters such 

as SDS as a sole source of carbon or sulfur. As a result, the enzyme was renamed to SdsA1. 

The crystal structure of SdsA1 was solved and revealed three distinct domains combined into 

a previously undescribed fold. The N-terminal catalytic domain bears a binuclear Zn2+-cluster 

and is a member of the metallo-β-lactamase fold family; the central dimerization domain en-

sures resistance to high concentrations of SDS, whereas the C-terminal domain provides a 

hydrophobic groove, to recruit long aliphatic substrates. Crystal structures of apo-SdsA1 and 

complexes with substrate analogue and products indicated an enzymatic mechanism involving 

a water molecule indirectly activated by the Zn2+-cluster as nucleophile. The suggested 

mechanism was corroborated by biochemical assays and mutagenesis studies.  

In contrast to the quorum quenching effect of PA0740, PA5349 was found to have a quorum 

sensing amplifying effect. PA5349 was, in fact, previously identified as a rubredoxin-

reductase (RdxR) and has been implicated in degradation of n-alkanes by P. aeruginosa. Its 

chromosomal neighbour is PA5350, a rubredoxin (Rdx), and together they constitute an elec-

tron transport pathway that shuttles reducing equivalents from carbon metabolism to mem-

brane-bound n-alkane hydroxylases. The structures of RdxR both alone and in complex with 
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Rdx, have not been described before and were solved at 2.40 and 2.45 Å resolution, respec-

tively. RdxR consists of two cofactor-binding domains and a C-terminal domain essential for 

the specific recognition of Rdx. Only a small number of direct interactions govern mutual 

recognition of RdxR and Rdx, illustrating the transient nature of the complex. The shortest 

distance between the redox centers is observed to be 6.2 Å. The precise structural information 

which is now available for this redox couple will be useful for a deeper understanding of the 

underlying electron transfer processes. 

Despite the wealth of information having been gained from the structural and biochemical 

characterization of SdsA1 and RdxR/Rdx, their immediate impact on quorum sensing remains 

elusive. Nevertheless, especially RdxR is of potential interest for drug development. Blocking 

its activity by small molecule inhibitors may provide a means to fight P. aeruginosa infec-

tions. The three-dimensional RdxR and RdxR/Rdx structures presented in this work are an 

important prerequisite for such efforts. 

 

Structure of the type-III secretion effector YopO 

Pathogenic Yersinia spp., especially Y. pestis are the causative agents of the most devastating 

pandemics in human history. Their ability to circumvent immune reactions of the host is due 

to a sophisticated type-III secretion system which is used to hijack and reprogram human im-

mune cells by injection of effector proteins targeting regulatory and innate immune functions 

inside the host cell. YopO (YpkA in Y. pestis and Y. pseudotuberculosis) is one such multi-

functional effector protein. It was initially identified as a Ser/Thr kinase activated by G-actin 

leading to the corruption of phosphorylation dependent signaling cascades of host cells. It 

furthermore inactivates Rho-GTPases by its guanosine nucleotide dissociation inhibitor activ-

ity leading to compromised cytoskeletal dynamics. Although the structure of YopO could not 

be solved in this work, it was possible to develop and optimize expression and purification 

procedures. Furthermore, a protocol for the purification and crystallization of the stable 1:1 

complex of YopO and actin was established. Due to the poor quality of the resulting crystals, 

the complex structure could not be solved in this work. 
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I  Introduction 
At the beginning of the 21st century bacterial infections remain a major challenge to human 

health. Despite the possibility to treat bacterial infections with antibiotics, 15 million deaths 

worldwide (> 25 % of total annual deaths) are estimated to be directly related to infectious 

diseases (Morens et al., 2004). A substantial problem in treating such diseases with antibiotics 

has to do with the fact that their use inevitably places a selective pressure upon the micro-

organisms, causing them to develop resistance mechanisms (Walsh, 2000). This process is 

enforced by inappropriate use of antibiotics as prophylactic drugs or in food industry (Witte, 

1998). This leads to a rising number of microbial strains which do not respond to classical 

antibiotic treatment (Walsh, 2000). Understanding the molecular principles of bacterial infec-

tion may thus provide an escape from this dilemma. This would allow the development of 

new drugs which are tailored to the infection mechanism of a particular microorganism and 

provide an alternative to classic antibiotic treatment (Walsh, 2000). 

 

IA  Structure and function of PA0740 and PA5349  

IA.1 Pseudomonas aeruginosa 

The genus Pseudomonas belongs to the phylum of γ-proteobacteria. Of this group of Gram-

negative species, Pseudomonas aeruginosa, a ubiquitous facultative anaerobic, unipolar flag-

ellated, rod shaped bacterium is arguably the best known and best studied representative 

(Botzenhardt and Döring, 1993) (Figure I.1 A). A characteristic feature of P. aeruginosa is its 

production of several fluorescent pigments such as pyocyanin, pyoverdin, and pyorubin re-

sulting in the characteristic verdigris (lat. aerugo) like color of P. aeruginosa cultures 

(Kodaka et al., 2003; Lau et al., 2004; Meyer, 2000) (Figure I.1 C). 
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A B C

 

Figure I.1: Pseudomonas aeruginosa. (A) Electron micrograph showing the rod-shaped and flagellated appear-
ance of Pseudomonas aeruginosa. (B) Electron micrograph of the non-flagellated mucoid form of P. aeruginosa. 
Images A and B: Lutz Wiehlmann, MHH. (C) The characteristic green colour of P. aeruginosa colonies is due to 
the secretion of several fluorophores. Image: Ken Todar’s Microbial World: 
http://www.bact.wisc.edu/themicrobialworld/homepage.html. 

 

Depending on its environment, P. aeruginosa switches between two distinct appearances, a 

mucoid- and a non-mucoid form (Figure I.1 A, B) (Govan and Deretic, 1996). Whereas non-

mucoid P. aeruginosa are flagellated and planctonic, the mucoidic variant is non-motile and 

secretes alginate, a highly viscous hydrocarbon polymer, enabling it to adhere to surfaces and 

to some extent resist mechanical stress, exerted, for example, by flowing water in aquatic 

habitats (Figure I.2). Differential gene regulation allows selective and reversible switching 

between both phenotypes (Parsek and Fuqua, 2004). 

 

 

Figure I.2: Formation of P. aeruginosa biofilms. Confocal microscope images of a P. aeruginosa biofilm 
developing on a microscope slide. The cells are producing the green fluorescent protein. The fully developed 
biofilm is approximately 100 µm in height. (Adapted from: Fuqua and Greenberg, 2002). 
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IA.1.1 Metabolic versatility – a double-edged sword 

Another hallmark of P. aeruginosa is its enormous metabolic versatility (Ramos, ed., 2004). It 

degrades a multitude of organic compounds that are inaccessible or even poisonous to other 

micro-organisms. Examples include n-alkanes (Smits et al., 2003), major components of 

petro-chemical products such as diesel-fuel, aromatic- and chlorinated aromatic compounds 

but also biocidic anionic detergents like SDS (Hsu, 1965). For this reason, P. aeruginosa, 

although originally a native of soil and aquatic habitats, has been isolated from a variety of 

artificial man-made environments such as fuel tanks, wastewater treatment plants or even 

shampoo preparations (Dodgson and White, 1982; Hsu, 1963). While metabolic versatility of 

P. aeruginosa is thus ecologically beneficial, it also leads to the degradation of many chemi-

cal compounds used in antibiotic therapies. The expression of β-lactamases allows the bacte-

rium to hydrolyze numerous β-lactam antibiotics whereas many other antibiotics or 

pharmaceutical compounds are rendered inactive simply by active efflux via efficient ABC-

transporter systems (Poole, 2005; Schweizer, 2003; Walsh et al., 2005). 

 

IA.1.2 P. aeruginosa - an opportunistic pathogen 

Although P. aeruginosa does not represent a major threat to healthy individuals, its metabolic 

versatility combined with its ability to thrive at temperatures as high as 43 °C renders it an 

opportunistic pathogen affecting newborns, immunocompromized and elderly people. Acute 

infections of the eye, ear and urinary tract occur in addition to severe infections of wounds, 

especially large area burns (Govan and Deretic, 1996). Presumably due to its intrinsic resis-

tance to many commonly used antibiotics and sterilization agents, P. aeruginosa is often in-

volved in nosocomial infections. In particular, mucoid P. aeruginosa (Figure I.1 B) form 

biofilms (Figure I.2) enabling it to colonize devices such as catheters (Stickler, 2002) and 

making it a major determinant of chronic P. aeruginosa infections particularly to patients suf-

fering from cystic fibrosis (CF) (Davis, 2006). These individuals exhibit genetic disorders 

inactivating the CFTR chloride channel, present in epithelia throughout the human body and 

especially in airway epithelia (Hanrahan and Wioland, 2004). The discovery of the ABC-type 

channel CFTR (cystic fibrosis transmembrane conductance regulator) in the late 1980s was 
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due to its involvement in CF, hence its name. CFTR-malfunction not only impairs transport of 

Cl- but due to its regulatory function on other transporters such as those of other ions (e.g. 

Na+), as well (Chmiel and Davis, 2003). The resulting osmotic imbalance dehydrates the mu-

cosal layer covering the epithelium, increasing its susceptibility to bacterial colonization. 

Chronic bacterial infections develop early in CF patients with P. aeruginosa quickly becom-

ing the predominant organism in many cases (Chmiel and Davis, 2003; Davis, 2006). The 

polysaccharide matrix produced by P. aeruginosa further thickens the epithelial mucus im-

peding bacterial clearance by ciliary movement and it impairs the diffusion of antibiotics 

(Chmiel and Davis, 2003; Davis, 2006). A variety of virulence factors also serve to undermine 

the defense mechanisms of the host, preventing clearance of chronic P. aeruginosa infections. 

Amongst others, the bacteria secrete proteolytic enzymes such as elastase and alkaline prote-

ase, which degrade numerous molecules of host-defense, including immunoglobulins, com-

plement components, alpha proteinase inhibitor, cytokines and coagulation factors (Chmiel 

and Davis, 2003). Using its type-III secretion system, P. aeruginosa injects at least four dif-

ferent virulence factors such as the ribosyltransferases ExoS and ExoU into eukaryotic cells 

that interfere with cytoskeletal dynamics, transport processes and necrosis (Chmiel and Davis, 

2003; Barbieri and Sun, 2004; Cowell et al., 2005; Sato and Frank, 2004). Together with the 

inherent symptoms of CF, the described processes culminate in an intense permanent inflam-

matory response in the affected tissue resulting in acute deterioration of lung function, respi-

ratory failure and death. Despite major therapeutic improvements during the last century, the 

life expectancy of CF patients suffering from chronic P. aeruginosa infections currently stag-

nates around 30-40 years (Davis, 2006). 

 

IA.2 Quorum sensing is crucial for P. aeruginosa virulence 

Expression of 2-5 % of all genes in P. aeruginosa is regulated by a sophisticated quorum 

sensing system (Whiteley et al., 1999). The term “quorum sensing” refers to a bacterial sys-

tem of communication first discovered in Vibrio fischeri and Streptococcus pneumoniae but is 

now considered to be present in most known bacterial species (Fuqua and Greenberg, 2002). 

Gram-negative bacteria constantly produce signaling molecules (acylhomoserinelactones or 

AHLs). AHLs are mostly derivatives of homoserine lactone linked to a 3-oxo fatty acid with 

chain lengths ranging from C16 to C4, depending on the bacterial species (Figure I.3). 
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Figure I.3: The structure of AHLs is characteristic for each bacterial species. The particular AHL synthetase 
is given for each AHL (Adapted from: Taga and Bassler, 2003).  

 

 

Figure I.4: AHL-dependent quorum sensing in P. aeruginosa. AHLs are synthesized from Acyl-ACP and S-
Adenosylmethionine (SAM) precursors. Freely diffusible AHLs activate target gene expression by binding to 
LasR-type transcription factors. (Adapted from: Fuqua and Greenberg, 2002). 
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In P. aeruginosa AHLs are synthesized by the LasI (C12-AHL) and RhlI (C4-AHL) enzymes, 

using acyl-acylcarrier-protein (Acyl-ACP) and S-adenosylmethionine (SAM) as precursors 

(Figure I.4). AHLs accumulate in the growth medium and are hence an indicator of popula-

tion density. 

Essentially, once a threshold concentration is reached, AHLs bind to receptor molecules such 

as the transcription factor LasR (C12-AHL) or RhlR (C4-AHL) inducing target gene expres-

sion (Fuqua and Greenberg, 2002) (Figure I.4). P. aeruginosa has at least three hierarchical 

quorum sensing circuits (las-, rhl-, and the mechanistically different pqs-system) enabling a 

complex and situation-dependent regulation of target genes (Juhas et al., 2005). Among these 

are genes responsible for biofilm formation (Figure I.2) or expression of virulence factors, 

thereby allowing the bacterium to exert a concerted attack on host organisms (Juhas et al., 

2005; Whiteley et al., 1999). 

 

IA.2.1 Molecular “radio jamming” − quorum quenching 

In most natural habitats, bacteria are under constant pressure to defend occupied territory. 

This is also true for the lung of CF-patients, were P. aeruginosa competes inter alia with 

Burkholderia cepacia (Chmiel and Davis, 2003). In response, bacteria have evolved mecha-

nisms to interfere or crosstalk with quorum sensing circuits of their competitors. This “mo-

lecular radio jamming” is mostly achieved by enzymes that cleave AHLs of competing 

species, such as AHL-lactonases and AHL-acylases (Fast, 2003; Dong and Zhang, 2005). 

AHL-lactonases cleave the lactone-ring of the homoserine lactone moiety, whereas AHL-

acylases hydrolyzes the amide bond connecting the lactone ring and fatty acid tail (Figure 

I.3). Although these enzymes were first discovered in Bacillus sp. (Dong and Zhang, 2005), it 

is not surprising that an AHL-acylase (PvdQ) has also been identified in P. aeruginosa 

(Daniels et al., 2004). 

 

IA.3 Identification of virulence factors by transposon mutagenesis 

Identifying genes of P. aeruginosa involved in quorum sensing or other virulence-associated 

processes would be of particular interest to achieve a better understanding of this complicated 

system and could lead to new routes for drug discovery. An elegant approach to find such 
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genes is by random transposon mutagenesis (Whiteley et al., 1999; Wiehlmann, 2001; 

Wiehlmann et al., 2007). In principle, a plasmid-borne transposon is allowed to randomly 

insert into the bacterial genome. Clones with transposon insertions are then screened for defi-

ciencies in quorum sensing or its resistance to stress conditions. The site of transposon inser-

tion may be identified based on the transposed DNA-sequence, identifying the genes 

responsible for deviant behavior (Hensel et al., 1995). 

 

IA.3.1 Pseudomonas aeruginosa TB – a highly virulent variant 

In 2001, colleagues at the Hanover Medical School performed random transposon mutagene-

sis on P. aeruginosa TB (Wiehlmann et al., 2007; Wiehlmann, 2001). This highly virulent P. 

aeruginosa variant was isolated from a CF patient in the early 1980s and is characterized by 

high antibiotic resistance and the ability to persist and proliferate in human granulocytes. Dur-

ing these efforts, two transposon knock-out mutants, ∆PA0740 and ∆PA5349 with interesting 

yet diametrically opposed phenotypes were isolated. 

 

IA.3.2 Phenotype of ∆∆∆∆PA0740 

The mutant ∆PA0740 showed an increased production of AHLs in the stationary growth 

phase (Wiehlmann, 2001). Additionally, quorum sensing dependent secretion of proteases 

was markedly increased in this mutant (Figure I.5 A). The affected gene locus encodes for a 

protein of 658 amino acids. The observed phenotype led to the assumption that the corre-

sponding protein shows quorum quenching activity (Wiehlmann, 2001). 

 

IA.3.3 Phenotype of ∆∆∆∆PA5349 

In contrast, the ∆PA5349 mutant showed a complete defect of quorum sensing activities 

(Figure I.5 A). Furthermore, the ability to persist in granulocytes, normally typical for P. 

aeruginosa TB variants, was absent in this mutant. After engulfing encountered bacteria, 

granulocytes produce large amounts of reactive oxygen species (“oxidative burst”) to rapidly 

kill phagocytosed bacteria. Bacterial resistance to this mechanism can be tested in vitro by 

challenging bacteria with hydrogen peroxide solution. The ∆PA5349 mutant proved signifi-
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cantly more susceptible to this treatment than the P. aeruginosa TB wild-type, (Figure I.5 B), 

suggesting that the 384 amino acid protein encoded by PA5439 is involved both in regulating 

quorum sensing and in oxidative stress response (Wiehlmann, 2001). 

 

∆Pa5349

wild-type

∆Pa0740

LB-Agar
+H2O2

LB-Agar

∆Pa5349P. aeruginosa
wild-type

BA

 

Figure I.5: Phenotype characterization of P. aeruginosa TB ∆∆∆∆PA5349 and ∆∆∆∆PA0740. (A) Quorum sensing 
induced secretion of proteases leads to formation of halos on casein agar plates. Due to its compromised quorum 
sensing system, the ∆PA5349 mutant is not able to utilize casein. In contrast, the ∆PA0740 mutant shows in-
creased secretion of proteases. (B) The PA5349 knock-out mutant is more susceptible to oxidative stress than P. 
aeruginosa TB wild-type. (Source: Wiehlmann, 2001). 

 

IA.4 PA0740 – an “enzyme of unknown function” 

Comparing the translated PA0740 sequence with those of annotated proteins (Altschul et al., 

1990) revealed a significant similarity of the N-terminal part to metallo-β-lactamases. How-

ever, the ability of the ∆PA0740 mutant to survive treatment with various β-lactam antibiotics 

was not reduced compared to P. aeruginosa TB wild-type (Wiehlmann, 2001). Also, purified 

PA0740 did not degrade substrates containing a β-lactam moiety in vitro. AHLs contain an 

amide bond like β-lactam antibiotics and an additional lactone ring that could potentially both 

be hydrolyzed by PA0740. Quorum quenching activity for PA0740 was extensively investi-

gated but could not be demonstrated either in vitro or in vivo (Adams, 2004). 
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IA.5 PA5349 encodes a rubredoxin reductase 

In contrast to the annotation of PA0740 as a “putative enzyme” or “enzyme of unknown func-

tion”, PA5349 had already been mentioned in the literature when this work started. It, how-

ever, appeared in a seemingly unrelated context 

– namely degradation of n-alkanes by P. 

aeruginosa. Five genes, including PA5349 were 

identified as crucial for this property (Smits et 

al., 2003): The membrane-bound alkane hy-

droxylases AlkB1 and AlkB2 oxidize terminal 

carbons of chemically inert n-alkanes allowing 

further oxidation and degradation. Electrons for 

this initial reaction derive from carbon-

metabolism relayed through an electron trans-

port chain involving FAD-dependent 

NAD(P)H:rubredoxin oxidoreductase RubB and 

two AlkG2-type (see below) rubredoxins (Rdxs) 

RubA2 and RubA1 (Marin et al., 2003; van Bei-

len et al., 2002; Smits et al., 2003) (Figure I.6). 

Strikingly, RubB is identical to PA5349 and is 

located immediately upstream of the Rdxs 

rubA2 (PA5350) and rubA1 (PA5351) in the P. 

aeruginosa chromosome. Rubredoxins (Rdxs) 

are small (~6 kDa), redox-active iron-sulfur proteins found in anaerobic or microaerophilic 

archaea and bacteria (Lovenberg and Sobel, 1965). A central iron, coordinated by four cys-

teines, constitutes the redox active site alternating between +2 and +3 oxidation states. Con-

sidering the above described susceptibility of the ∆PA5349 knock-out mutant to oxidative 

stress, it is interesting that Rdxs are crucial for oxidative stress responses in anaerobic organ-

isms by rapidly transferring metabolic reducing equivalents to superoxide reductases or ru-

bredoxin:oxygen oxidoreductases to reduce oxygen or reactive oxygen species (Frazao et al., 

2000; Fareleira et al., 2003). Homologues of theses enzymes have not yet been identified in P. 

aeruginosa. 

 

Figure I.6: Utilization of n-alkanes by P. aerugi-
nosa. Reducing equivalents (NADH) derived from 
carbon metabolism are transferred to oxidized ru-
bredoxin (PA5350, red box) via rubredoxin reduc-
tase (PA5349, yellow box). Membrane associated 
alkane hydroxylases (AlkB1/2) are then reduced by 
rubredoxin and oxidize n-alkanes to yield the corre-
sponding alcohol. 
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IB  Structure of the type-III secretion effector YopO 

IB.1 Yersinia spp. 

The genus Yersinia comprises eleven rod-shaped species 

belonging to the Gram-negative γ-proteobacteria (Wren, 

2003) (Figure I.7). Three of the known Yersinia species, 

Y. enterocolitica, Y. pseudotuberculosis and Y. pestis are 

pathogenic towards mammals. The discriminating feature 

of pathogenic Yersiniae is the 70 kb pYV plasmid, 

encoding a range of ~30 proteins crucial in host infection 

and virulence (Cornelis et al., 1998). While the pYV plas-

mid is conserved in pathogenic Yersiniae, all three spe-

cies cause remarkably differing diseases, with regard to 

course and severity of the disease (Wren, 2003; Prentice 

and Rahalison, 2007). 

 

IB.1.1 Enteropathogenic Yersiniae – the lesser evil 

Both Y. enterocolitica and Y. pseudotuberculosis are widespread in the environment, and can 

inter alia be isolated from soil habitats. They are a common cause of animal infections, affect-

ing mammalian and avian species (Wren, 2003). Human infections occur after consumption 

of contaminated food or water. Y. enterocolitica does, however, cause a more severe form of 

the disease. After ingestion, the bacteria cross the small intestine and utilize invasin, a bacte-

rial surface protein to enforce their own uptake into M cells by binding to integrin receptors of 

this cell type (Isberg et al., 2000; Dersch, 2003; Isberg and Barnes, 2001). Having crossed the 

epithelial barrier, the bacteria are then delivered to the Peyer’s patches, secondary lymphoid 

organs located at the basal side of the M cells, by transcytosis (Figure I.8). Replicating exter-

nally of the host cells they eventually migrate to the mesenteric lymph nodes and have been 

found in liver and spleen of infected individuals (Wren, 2003; Lian et al., 1987). Symptoms of 

yersiniosis include gastroenteritis, mild self-limiting diarrhea and acute mesenteric lymphade-

nitis which can lead to appendicitis (Wren, 2003; Fredriksson-Ahomaa et al., 2006). 

 

Figure I.7: Yersinia pestis. Electron 
micrograph of Y. pestis revealing the 
rod-shaped appearance of the bacte-
rium. (Image: Dennis Kunkel Micros-
copy, Inc.). 
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IB.1.2 Y. pestis – the causative agent of plague 

In sharp contrast to the relatively 

mild symptoms induced by Y. 

enterocolitica, Y. pestis is the 

causative agent of life-

threatening bubonic plague. 

Transmitted by rodent fleas, Y. 

pestis has been responsible for 

three human pandemics – the 

Justinian plague (fifth to seventh 

centuries), the Black Death 

(thirteenth to fifteenth centuries) 

and modern plague (1870s to 

today) (Prentice and Rahalison, 

2007; Wren, 2003). It has been 

estimated that a third of the then 

living population of Europe suc-

cumbed to the medieval outbreak 

of plague alone (Wren, 2003). The infection cycle of Y. pestis is more complex than that of 

enteropathogenic Yersiniae and involves both a mammalian (mostly rodent) host and fleas 

that serve as vectors to spread the infection to other mammalian individuals. When an infected 

flea bites a previously uninfected mammal, Y. pestis is injected under the animal’s skin. It is 

then able to spread from there, eventually reaching lymphatic vessels (Figure I.8). 

Like the enteropathogenic species, Y. pestis remains in the regional lymph nodes, where it 

multiplies and causes the classical symptoms of swollen lymph nodes (bubonic plague). Even-

tually the infection progresses to the lung, resulting in pneumonic plague which is highly in-

fectious and more severe in its outcome (Prentice and Rahalison, 2007; Wren, 2003). 

If diagnosed on time, bubonic plague can be efficiently treated with antibiotics. In contrast, 

only 50 % of patients with antimicrobial treatment survive pneumonic plague. If not treated 

the fatality rate is essentially 100 % (Prentice and Rahalison, 2007). Nevertheless, plague is 

currently not a major public health problem. Though, according to information published by 

the Centers for Disease Control and Prevention (CDC, Atlanta, USA) even today about 1000-

Figure I.8: Human infections by Yersinia spp. Whereas Y. entero-
colitica and Y. pseudotuberculosis are taken up by contaminated 
food or water, Y. pestis is transmitted by flea bites. (Cornelis, 2002). 
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3000 cases of plague are reported each year in the USA (www.cdc.gov). The characteristics of 

the infection, including quick progression, high infectiousness and the lack of a fully devel-

oped vaccine makes it a threatening weapon for bioterrorism. 

 

IB.2 Genetic differences between pathogenic Yersiniae 

The remarkable differences between Yersinia species are caused by the constant genetic reor-

ganization and lateral transfer of genes. All three species appear to originate from a common 

predecessor that emerged from non-pathogenic strains by acquisition of the pYV plasmid 

(Prentice and Rahalison, 2007; Wren, 2003) (Figure I.9 A, B).  

 

 

Figure I.9: The Yersinia spp. pYV plasmid is the main determinant for virulence. (A) Schematic view of the 
pYV plasmid. Open reading frames are drawn as arrows and are filled with different patterns to indicate their 
function. (Cornelis et al., 1998) (B) Evolution of pathogenic Yersinia spp. (simplified from: Wren, 2003). 

 

Acquisition of further genes by lateral gene transfer led to a separation of the predecessor 

strain in two species, Y. enterocolitica and Y. pseudotuberculosis (Figure I.9 B). The impor-

tance of the pYV plasmid for virulence is exemplified by the non-pathogenicity of Y. entero-

colitica IA, a non-virulent subspecies of Y. enterocolitica which has lost the virulence plasmid 

(Figure I.9  B).One of the genetic features distinguishing the two species is the presence of the 
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heat-stable toxin Yst in Y. enterocolitica. This toxin is one of the reasons why Y. enterocoli-

tica causes a more severe form of diarrhea in humans than Y. pseudotuberculosis (Wren, 

2003) (Figure I.9 B). Y. pseudotuberculosis itself harbors the hms locus (haemin storage lo-

cus) enabeling the bacterium to form biofilm structures and thereby allowing it to efficiently 

colonize the proventriculus of fleas (Wren, 2003; Hinnebusch, 2005). Y. pestis finally appears 

to have evolved form Y. pseudotuberculosis by acquiring two further plasmids, pPla and 

pMT1 (Figure I.9 B). The pMT1 plasmid encodes a phospholipase D, which in contrast to Y. 

pseudotuberculosis enables Y. pestis to efficiently proliferate in the flea midgut. Both factors, 

the hms locus and the pMT1 encoded phospholipase D are required to use the flea as trans-

mission vector (Prentice and Rahalison, 2007; Hinnebusch, 2005). The second plasmid, pPla, 

encodes plasmin activator that facilitates intradermal dissemination from the site of a flea bite. 

Whereas the hms locus, pPla and pMT1 explain the ability of Y. pestis to use fleas as a vector 

for infection, acquisition of further unknown factors led to the ability of Y. pestis to quickly 

establish a systemic infection of the newly colonized host (Prentice and Rahalison, 2007; 

Wren, 2003). Considering the small amount of blood which is taken up by a flea, the trivial 

reason for this drastic infection is probably that only high bacterial loads can ensure further 

spreading to previously uninfected fleas (Prentice and Rahalison, 2007).  

 

IB.3 The Yersinia type-III secretion system 

It is not immediately clear, why Yersiniae survive and thrive in the lymphatic system of in-

fected hosts. This environment teems with dendritic cells, macrophages and other cells spe-

cialized to fight and control bacterial infections. It was found that macrophages and dendritic 

cells that normally engulf and kill invading bacteria are inhibited by Yersiniae. This property 

is a direct cause of the pYV plasmid mentioned above (Rosqvist et al., 1988). The pYV plas-

mid encodes a protein secretion apparatus termed “type-III secretion system” (T3SS, see be-

low) through which the bacterium injects so called Yersinia outer proteins (Yops, see below) 

into attacking phagocytic cells (Cornelis et al., 1998). Once inside the host cell, the Yops 

amongst others inhibit phagocytosis (Rosqvist et al., 1991; Cornelis et al., 1998). Both, the 

secretion apparatus and the Yop proteins are encoded by the pYV plasmid, explaining why 

only Yersiniae harboring this plasmid are able to mount an infection in mammals (Wren, 

2003) (Figure I.9 B). Similar systems to manipulate or hijack immunologic reactions of the 
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host are known from a number of other Gram-negative pathogens, including Salmonella spp., 

Shigella spp., enteropathogenic/enterohaemorragic Escherichia coli and as mentioned in 

chapter IA.1.2, Pseudomonas aeruginosa. 

 

IB.3.1 Structure of the T3SS 

The three dimensional structure of the T3SS has not been described in atomic detail. But, its 

length of ~100 nm and width of ~25 nm makes is amenable to electron microscopic (EM) 

analysis. Such an analysis at ~10-20 Å resolution (Figure I.10 A) reveals a needle-like struc-

ture protruding from the bacterial surface of Y. enterocolitica E40 (Cornelis, 2006).  

 

 

Figure I.10: Structure of the T3SS. (A) Electron micrograph of a T3SS needle (large box) projecting from the 
surface of Y. enterocolitica. Inset: Electron micrograph of a T3SS needle complex from Salmonella typhi-
murium. (Cornelis, 2006; Marlovits et al., 2004). (B) 3D reconstruction of a S. typhimurium needle complex. The 
relative position of the bacterial cell wall components is indicated schematically. (Marlovits et al., 2004) (C) 
Schematic view of the Yersinia spp. secretion apparatus. Proteins whose localization inside the injectisome is 
known are indicated. (Cornelis, 2002). 

 

In Yersinia, the secretion apparatus is made up by ~30 different proteins, each present in a 

different copy number. Copy numbers range from twelve for the ATPase component YscN to 

150 for the needle protein YscF (Cornelis et al., 1998; Cornelis, 2006). EM experiments with 

purified needle complexes (Figure I.10 A, inset) have allowed detailed 3D reconstruction of 

the Salmonella typhimurium needle complex (Figure I.10 B, (Marlovits et al., 2004; Galan 
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and Wolf-Watz, 2006)). The 3D-reconstruction reveals that the needle complex consists of a 

multi-ring base with up to ~22-fold rotational symmetry which anchors the system in the bac-

terial membranes and peptidoglycan layer, as well as a needle like projection protruding sev-

eral nanometers from the bacterial surface (Figure I.10 B, C) (Marlovits et al., 2004; Galan 

and Wolf-Watz, 2006). The crystal structures of some of the constituting proteins have been 

solved and it was possible to model them into ring shaped polymers of ~20 subunits (Yip and 

Strynadka, 2006). The needle itself, by contrast, is a helical polymer of ~150 YscF subunits in 

Yersinia (Figure I.10 C). The length of the needle, specific for each bacterial species, is tightly 

controlled, and interestingly correlates with the thickness of the extracellular matrix of the 

particular host cells (Cornelis, 2006; Journet et al., 2003; Mota et al., 2005a). Contact with 

eukaryotic cells, triggers export of two translocator Yops, YopB and YopD together forming a 

pore in the eukaryotic membrane using LcrV located at the very tip of the needle as a scaffold 

(Cornelis, 2006; Yip and Strynadka, 2006; Mota et al., 2005b). The needle structure is then 

believed to insert into this pore and the substrate specificity of the complete system is 

switched to allow translocation of Yop effector proteins into the eukaryotic cell (Cornelis, 

2006; Galan and Wolf-Watz, 2006). The process is powered by an AAA+ type ATPase 

(YscN) located at the basal part of the system (Figure I.10 C), which unfolds the effectors and 

translocates them via the 2.5 nm wide inner pore into the host cell (Cornelis, 2000; Cornelis, 

2006; Mota et al., 2005b). Structurally, the T3SS machinery is similar to bacterial flagella, 

leading to the assumption that the flagellum is an evolutionary predecessor of the T3SS. This 

issue is, however still under debate (Cornelis, 2006). 

 

IB.4 Yops – Yersinia outer proteins 

In contrast to the T3SS, structurally conserved among many bacteria, the structure and func-

tion of the more than 100 known effector proteins (Cornelis, 2006) are highly diverse and are 

tailored to fit the infection strategy of each bacterial species. Known functions of Yersinia 

spp. effectors include inhibition of respiratory burst and triggering of apoptosis in macro-

phages, as well as slowing down of the inflammatory and immune response (Cornelis, 2000; 

Dersch, 2003; Cornelis, 2002; Cornelis et al., 1998). These tasks are mainly fulfilled by two 

Yops, YopJ (YopP in Y. enterocolitica) and YopH. YopJ Ser/Thr acetylates and thereby 

blocks activation of MEK2 (mitogen activated protein kinase kinase 2) and IKK (IκB kinase) 
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(Mittal et al., 2006) obstructing MAPK (mitogen activated protein kinase) and NF-κB (nu-

clear factor-κB) signaling pathways. This leads to a suppression of cytokine production and 

induction of macrophage apoptotic death (Viboud and Bliska, 2005; Cornelis, 2002). YopH is 

probably the best studied Yop and is a highly active protein-tyrosine-phosphatase, impeding 

T- and B-cell receptor signaling and various other phosphorylation dependent signaling path-

ways with influence on innate and adaptive immunity (Viboud and Bliska, 2005; Cornelis, 

2002). In many cases, effector proteins interfere with cytoskeletal dynamics in order to pro-

mote − (e.g. Shigella spp., (Pizarro-Cerda and Cossart, 2006; Viboud and Bliska, 2005)) or 

inhibit (as in Yersinia spp.) phagocytosis. Indeed, four of the six injected Yops affect the cy-

toskeleton (Figure I.11). In addition to the described functions, YopH interferes with several 

signaling pathways that affect cytoskeletal dynamics. One example involves the β1-integrin 

pathway triggered by binding of the Yersinia protein invasin to host integrins, and would 

normally promote internalization of the bacteria (Dersch, 2003). Other targets include various 

constituent proteins of focal-adhesion complexes (Viboud and Bliska, 2005). Two further 

Yops, YopE and YopT act on Rho GTPases, a group of small regulatory proteins switching 

between a GTP-bound ‘signaling on’ and GDP-bound ‘signaling off’ state. GTPases are cru-

cial to signaling cascades and the regulation of cytoskeletal dynamics. The nucleotide state of 

Rho GTPases is therefore tightly regulated by GAPs (GTPase activating proteins: increased 

hydrolysis of GTP yielding inactive GDP-bound GTPase), GEFs (guanosine nucleotide ex-

change factors: exchange of bound GDP to yield active GTP-bound GTPase) and GDIs 

(guanosine nucleotide dissociation inhibitors: stabilization of the inactive GDP-bound 

GTPase). YopE inhibits phagocytosis by acting as a GAP for RhoA, Rac1 or Cdc42 GTPases 

(Figure I.11). YopT is a cysteine protease that specifically cleaves the membrane anchor of 

Rho-GTPases lowering the effective concentration of these enzymes (Figure I.11). YopT thus 

in part resembles host GDIs, which in addition to inhibiting nucleotide exchange bind to the 

membrane localization tag of Rho-GTPases and thereby hinder their localization to the mem-

brane. 
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Figure I.11: Yersinia spp. inject four effector proteins with influence on cytoskeletal dynamics. See text for 
details (adapted from: Cornelis, 2002). 

 

IB.5 YopO – a multifaceted T3SS effector 

YopO is a fourth Yop known to influence cytoskeletal dynamics. The ~80 kDa multi-domain 

protein comprises 729 residues in Y. enterocolitica and 732 in Y. pestis and Y. pseudotubercu-

losis where it is known as YpkA (Yersinia protein kinase A). YopO was initially identified as 

a Ser/Thr kinase located at the inner surface of the host-cell membrane due to an N-terminal 

hydrophobic membrane-localization domain (Galyov et al., 1993; Hakansson et al., 1996) 

(Figure I.12 A). On the level of amino acid sequence, the YopO kinase domain is related to 

those of eukaryotic kinases of the PSK-family (Hanks, 1991; Galyov et al., 1993). 
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Figure I.12: YopO/YpkA is a multidomain Yop effector. (A) Schematic representation of YopO/YpkA. (S/T: 
Secretion/translocation domain; GDI: Guanosine nucleotide dissociation inhibitor domain). Regions of the pro-
tein which are implicated in actin binding are indicated by dashed lines (Trasak et al., 2007). (B) Crystal struc-
ture of the YpkA434-732/Rac-1 complex. The figure shows the asymmetric unit of the crystal which contains a 2:2 
complex of both proteins (YpkA434-732: blue; Rac-1: green). (C) Close-up view of the YpkA434-732/Rac-1 (YpkA: 
purple, Rac-1: green) interface superposed onto two structures of host-GDI/Rac complexes (black and grey, 
respectively) shows the structural mimicry of YpkA. (Prehna et al., 2006). 

 

The virulence of Y. pseudotuberculosis YpkAkinase-dead mutants is significantly attenuated in 

mice, underlining the importance of the kinase domain for the infection process (Galyov et al., 

1993). In vitro, YopO has a disrupting affect on the cytoskeleton of host cells (Hakansson et 

al., 1996; Juris et al., 2000) and retards internalization of bacteria in cell culture assays 

(Grosdent et al., 2002; Trasak et al., 2007; Wiley et al., 2006). Presumably to prevent interfer-

ences within the bacterial cell, YopO is expressed as an autoinhibited kinase and is activated 

upon binding to host cell actin through its N- and C-terminus (Barz et al., 2000; Dukuzumu-

remyi et al., 2000; Juris et al., 2000; Trasak et al., 2007). 

Whereas the importance of YopO for virulence of Yersiniae has been known for a long time, 

the molecular target of the kinase activity was only recently identified. The protein phos-

phorylates and thereby inactivates the Gαq subunit of trimeric G proteins (Navarro et al., 

2007). In its active, GTP bound state, Gαq transduces extracellular signals received by 
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G protein-coupled receptors to downstream effector molecules. G protein signaling pathways 

regulate a number of cellular activities such as cell growth and differentiation, neuronal sig-

naling, leukocyte activation, platelet aggregation and cytoskeletal reorganization. Thus, the 

kinase activity of YopO may not only interfere with phagocytosis, but with other important 

cellular processes, as well. 

The first indication that not only the kinase domain of YopO is responsible for cytoskeletal 

disruption was the finding that a YopOkinase-dead mutant did not completely abolish these ef-

fects (Juris et al., 2000). Further studies revealed that YopO mutants lacking large parts of its 

C-terminus are not able to disrupt actin stress fibers. Furthermore, pull-down and yeast-2-

hybrid experiments revealed that this part of the protein specifically binds Rho-GTPases 

RhoA and Rac1, although the reason for this function remained elusive (Dukuzumuremyi et 

al., 2000). It was the crystal structure of the relevant domain of YpkA in complex with the 

small Rho-GTPase Rac1 that shed light on this second function of YopO (Figure I.12 B, 

(Prehna et al., 2006)). Alignment of the complex structure with previously solved structures 

of Rac1/2 in complex with Rho-GDI-1/2 revealed a striking structural mimicry of this Rho-

GTPase regulating factors by YopO (Figure I.12 C). Biochemical assays corroborated the 

structure-based assumption, that YopO decreases the ability of Rho-GTPases to exchange 

their bound nucleotide (Prehna et al., 2006). 

In essence, YopO is a multifunctional effector protein interfering with phosphorylation de-

pendent signaling cascades and Rho-GTPase dependent cytoskeletal reorganization. The latter 

function appears to be of paramount importance, because two other Yops, YopE and YopT 

(see above) target the same process by other routes. In view of the fact, that professional 

phagocytes such as macrophages are able to engulf bacteria in less than a minute (Cornelis, 

2006), a concerted synergistic attack may well be the only means for the bacteria to circum-

vent this fate. The kinase activity of YopO may then support the reprogramming of the 

phagocyte, slowing down or inhibiting the inflammatory and/or immune responses (Juris et 

al., 2006; Navarro et al., 2007).  
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IC  Aims of this work 

IC.1 Structure and function of PA0740 and PA5349 

PA0740 was identified as a protein with negative regulatory function on P. aeruginosa quo-

rum sensing, giving rise to the hypothesis that PA0740 is a quorum quenching enzyme. Some 

doubts about this interpretation had arisen prior to this work. One aim was therefore to un-

ravel the function of this protein by a combined biochemical and structure-to-function ap-

proach. To investigate PA0740 by X-ray crystallography, protocols for the expression, 

purification and crystallization of the protein had to be established. In case of a successful 

solution of the PA0740 structure, functional studies were to be performed by comparing the 

solved structure with annotated structures and by literature inquiries. Since PA0740 was likely 

to be an enzyme, it was to be characterized biochemically to support any newly identified 

function. 

As described above, P. aeruginosa quorum sensing is absolutely dependent on the presence of 

PA5349 rendering the protein a potential drug target. Due to the established interaction of 

PA5349 with PA5350, it was likely that the effect on quorum sensing would also be depend-

ant on this interaction. It was therefore projected to solve the structures of PA5349 alone and 

in complex with PA5350 to provide a basis to inhibit this interaction using small molecule 

inhibitors. For this purpose, both PA5349 and PA5350 had to be recombinantly expressed and 

purified to a degree suitable for crystallization. The interaction strength between both proteins 

was to be quantified as a basis for complex crystallization efforts. 

 

IC.2 Structure of the type-III secretion effector YopO 

The T3SS effector YopO is an important factor determining the virulence of pathogenic 

Yersinia spp.. Prior to this work, the protein had been cloned by Dr. Martin Aepfelbacher and 

colleagues (Universitätsklinikum Eppendorf, Hamburg, Germany), but could only be ex-

pressed in sub-milligram amounts. The existing expression protocol was therefore to be opti-

mized. Furthermore the purification of the recombinantly produced protein was to be 

established in order to obtain YopO in amounts and purity suitable for crystallization trials. A 

special emphasis was to be laid on the interaction of YopO with host-cell actin. It was there-
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fore planned to purify a stable complex of both proteins, which could then be crystallized and 

analyzed to unravel the mechanism of YopO activation. 
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II  Results 

IIA  Structure and function of PA0740 (SdsA1) 

Some of the experiments presented below were performed during the diploma thesis of Dipl. 

Chem. Björn Niebel (generation and crystallization of PA0740 mutants PA0740E299D and 

PA0740R312Q, enzyme kinetics with SDS as substrate, preliminary experiments for metal ex-

change, synthesis of secondary- and tertiary sulfate esters and testing of some potential sub-

strates). Dr. Thorsten Adams performed the experiments concerning the growth of P. 

aeruginosa on SDS as carbon/sulfur source. Since these results are an integral part of this 

work, they are mentioned and discussed in the following. 

 

IIA.1  Protein expression and purification 

To obtain pure PA0740 in amounts suitable for biochemical characterization and crystalliza-

tion experiments, the protein was overexpressed in E. coli Tuner cells (Novagen). Purification 

was achieved by a combination of affinity- (C-terminal His6-tag), anion exchange- and size 

exclusion chromatography. Typically, 20-30 mg PA0740 were obtained per liter of bacterial 

culture. At later stages, PA0740 variants PA0740E299D, PA0740E299Q and PA0740R312Q were 

prepared by site-directed-mutagenesis to investigate the catalytic mechanism of the enzyme. 

Expression and purification of all three variants was identical to the wild-type enzyme. A se-

lenomethionine derivative of PA0740 (PA0740SeMet) was prepared to solve the crystal struc-

ture by anomalous dispersion techniques. For this purpose, a selenomethionine containing 

minimal medium was used to overexpress the protein (Guerrero et al., 2001). Thereafter, puri-

fication of PA0740SeMet was identical to that of the native protein. However, the yield of 

PA0740SeMet was only about ~10 % of the native protein. 

 

IIA.2  Unravelling the function of PA0740 

As mentioned above, the function of PA0740 was essentially unknown at the beginning of 

this work. The protein was annotated as a hypothetical β-lactamase 
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(http://pseudomonas.com). This annotation was based on sequence similarities of the N-

terminal region of PA0740 (AA 120 to 350 of 684) to Zn2+ dependent β-lactamases (MBLs). 

However, biochemical analysis revealed that PA0740 does not hydrolyze β-lactam antibiotics 

(Adams, 2004). The crucial hint that PA0740 is actually an alkylsulfatase originated from 

extensive literature and database research. In a review article concerning MBL-fold proteins 

(Daiyasu et al., 2001), a distant PA0740 homolog from Pseudomonas sp. ATCC19151 named 

SdsA (30 % id. AA) was implicated in the hydrolysis of the detergent SDS (Davison et al., 

1992; Daiyasu et al., 2001). The ability of PA0740 to hydrolyze this compound was therefore 

tested in vitro. After adding purified PA0740 to SDS solutions, a chloroform/methylene blue 

based assay (Ellis et al., 2002) was used to quantify remaining SDS at different time points. 

This experiment showed that PA0740 is indeed able to cleave SDS (Figure II.1 A). 
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Figure II.1: SdsA1/PA0740 hydrolyzes the detergent SDS to yield 1-dodecanol. (A) Relative concentration 
of SDS contained in the enzymatic reaction plotted against time. The SDS concentration decreases upon adding 
of PA0740 (SdsA1). (B) Detection of the cleavage product 1-dodecanol (as trimethylsilyl derivative) by GC/MS 
analysis. 

 

The sequence similarity of PA0740 to β-lactamases indicated that the enzyme hydrolytically 

cleaves the CO-S bond of SDS to yield 1-dodecanol and SO4
2- as products. To check this ex-

perimentally, the enzymatic reactions were extracted using chloroform and analyzed by gas-

chromatography/mass-spectrometry (GC-MS). In contrast to control samples lacking 
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PA0740, GC-MS runs of enzyme containing samples unequivocally revealed the presence of 

the cleavage product 1-dodecanol (Figure II.1 B). 

Because PA0740 shares both its function and domain structure with SdsA from Pseudomonas 

sp. ATCC19151 the enzyme was renamed to SdsA1. 

 

IIA.3  P. aeruginosa utilizes SdsA1 to grow on SDS 

IIA.3.1  Growth of P. aeruginosa on SDS is dependent on SdsA1 

To analyze the sulfatase activity of SdsA1 in vivo, P. aeruginosa was grown on SDS contain-

ing culture media. These experiments showed, that P. aeruginosa is indeed able to utilize 

0.1 % SDS as sole carbon and/or sulfur source. A mutant with an isogenic sdsA1 transposon 

insertion (Wiehlmann et al., 2007) is no longer able to grow under these conditions (Figure 

II.2). 

 

Medium wt ∆SdsA1

0.1 % SDS
C: 10 mM Citrate
S: 1 mM MgSO4

0.1 % SDS
C: -
S: -

 

Figure II.2: Growth of P. aeruginosa wt and ∆∆∆∆SdsA1 on SDS containing media. Hydrolysis of SDS by se-
creted SdsA1 is accompanied by the appearance of a white 1-dodecanol halo around P. aeruginosa colonies. The 
∆SdsA1 mutant no longer able to grow on SDS as sole C/S-source. 
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IIA.3.2  SdsA1 is a secreted enzyme 

Colonies of P. aeruginosa, when grown on minimal media agarose plates with SDS as sole 

sulfur and carbon source, develop a distinct, white halo presumably originating from water-

insoluble 1-dodecanol (1DO) produced during SdsA1-mediated cleavage of SDS (Figure 

II.2). This finding indicates that SdsA1 is a secreted enzyme. The inferred secretion of SdsA1 

is supported by the in silico identification of an N-terminal signal peptide of 19 residues 

(www.predisi.de, (Lewenza et al., 2005)). Furthermore, N-terminal sequencing of SdsA1, 

heterologously expressed in E. coli, confirms the posttranslational loss of residues 1 to 17, 

indicating secretion to the periplasm. 

 

IIA.4  SdsA1 cleaves SDS and other primary alkylsulfates 

IIA.4.1  Substrate spectrum 

To narrow down the substrate spectrum of SdsA1, various sulfate esters were tested in SdsA1 

hydrolysis assays. Interestingly, primary alkylsulfates, regardless of the chain length (C12-

C6) are substrates of SdsA1 (Figure II.3). In contrast, SdsA1 does not cleave arylsulfates (4-

nitro-catecholsulfate, 4-nitro-phenylsulfate), sulfated sugars (glucose-3-sulfate, glucosamine-

2-sulfate, sulfatide, heparin) and sulfated sterol (cholesterol-3-sulfate). To establish whether 

SdsA1 cleaves spatially more demanding substrates than primary alkylsulfates, both, a secon-

dary (2-hexylsulfate) and a tertiary sulfate ester (2-methyl-2-hexylsulfate) were synthesized 

and tested for cleavage. SdsA1 activity on these substrates was, however, not detectable 

(Figure II.3). It should be noted, though, that the secondary sulfate ester had been synthesized 

as a racemic mixture. Inhibition of SdsA1 by one enantiomer cannot be ruled out, potentially 

masking degradation of the second. 
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Figure II.3: SdsA1 is specific for primary alkylsulfates. Substances tested as possible substrates are grouped 
according to their chemical properties. Concentrations of each substrate that were tested in enzymatic assays are 
given. 

 

IIA.4.2  Enzyme kinetics of SdsA1 

To investigate the kinetics of SdsA1-catalyzed sulfate ester cleavage, the enzyme was incu-

bated with varying concentrations of SDS (≤ 1 mM, cmcSDS ~ 4 mM). The measured reaction 

velocity was plotted for each concentration. Interestingly, the resulting plot shows a maxi-

mum velocity at low µmolar SDS concentrations and a steep decrease of velocity towards 

higher substrate concentrations, clearly indicative of substrate inhibition (Figure II.4 A). Cor-

respondingly, the measured values could be fitted using a Michaelis-Menten equation ex-

tended for substrate inhibition and kinetic parameters could be extracted from the fitting 

procedure (Figure II.4 A, C).  
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Figure II.4: Enzyme kinetics of SdsA1. (A) Kinetics of SDS cleavage by SdsA1. The continuous line repre-
sents the theoretical curve after fitting the equation provided to the measured velocities; the dashed line repre-
sents the theoretic velocity without substrate inhibition. (B) Kinetics of S6S cleavage (continuous and dashed 
lines as in A). (C) Kinetic parameters. 

 

To establish whether substrate inhibition is specific to SDS, hexylsulfate (S6S) was used as an 

alternative substrate (Figure II.4 B). Although, the kinetic plot reveals a degree of substrate 

inhibition for S6S as well (Figure II.4 B), the KS-value for S6S is 3.9 x104 µM compared to 

170 µM for SDS, indicating the inhibition by S6S to be weaker by two orders of magnitude 

(Figure II.4 C). Similarly, the KM values for SDS (5 µM) and S6S (580 µM) differ by a factor 

of 100. Due to the comparable kcat values (SDS 7 s-1; S6S 22 s-1), the catalytic efficiencies 

(kcat/KM) amount to 1.4x106 M-1s-1 for SDS and 3.7x104 M-1s-1 for S6S (Figure II.4 C). 

 

IIA.5  Activity of SdsA1 is metal dependent 

As mentioned above, SdsA1 is related by amino acid sequence to Zn2+-dependent β-

lactamases containing the “HxHxDxxGG” sequence motif (Daiyasu et al., 2001). To investi-

gate whether the catalytic activity of SdsA1 is dependent on the incorporation of Zn2+ or other 

metal ions, the enzyme was depleted of metals using Chelex-100 resin. This resin specifically 

binds and immobilizes transition metals and can be used to inactivate metal-dependent en-
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zymes (www.bio-rad.com). After two days of incubation, the sulfatase activity diminished to 

2 % Vmax of the native enzyme. The apo-enzyme was then supplemented with equimolar 

amounts of Zn2+, Co2+, Mn2+ and Cu2+. Using S6S as substrate, the reconstituted enzymes 

were tested for sulfatase activity. Figure II.5 shows that SdsA1 when reconstituted with Zn2+, 

Co2+ and Mn2+ recovered 50 %, 15 % and 10 % of the native activity, respectively. By con-

trast, no activity exceeding that of the apo-enzyme was measured for Cu2+ (Figure II.5). To 

correlate the measured activities with the actual metal content of the reconstituted enzymes, 

each sample was analyzed by Inductively Coupled Plasma - Mass Spectrometry (ICP-MS; 

Claudia Kraft, TU Braunschweig). A metal content of 1.7 Zn2+ per molecule of SdsA1 was 

observed for the native enzyme, close to the ideal value of 2.0 expected for a metallo-β-

lactamase-like binuclear Zn2+-cluster. For the apo-, Zn2+-, Co2+- and Mn2+-samples, the meas-

ured metal content correlates with the activity of the particular samples. The Cu2+ substituted 

derivative, by contrast, retains the baseline activity of the apo-enzyme, despite a Cu2+/SdsA1 

ratio comparable to the ratios of Co2+/SdsA1 and Mn2+/SdsA1 (Figure II.5). 
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Figure II.5: The activity of SdsA1 is metal dependent. Influence of metal content on SdsA1 activity. The 
activity of all samples is shown in arbitrary units (black bars, left y-axis). The metal content of each sample is 
given in number of M2+/SdsA1 (shaded bars, right y-axis). Asterisk: single measurement. 
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IIA.6  Determination of the crystal structure of SdsA1 

IIA.6.1  Crystallization 

Using commercial crystallization screening kits and subsequent optimization the following 

conditions were found to be suitable for crystallization of native SdsA1 (Ute Widow, HZI, 

Braunschweig). On a glass coverslip 3 µl of pure SdsA1 (3 mg/ml) were mixed with an equal 

volume of 12 % PEG 4000, 10 % isopropanol, 200 mM LiCl and 100 mM sodium citrate 

pH 6 and incubated in 24-well hanging-drop plates at 20 °C. Streak-seeding using native 

SdsA1 crystals was necessary to grow initial crystals of SdsA1SeMet. Larger crystals were then 

prepared by micro-seeding techniques (Figure II.6). 

 

 

A B C

100 µm 50 µm 50 µm

A B C

100 µm 50 µm 50 µm

 

Figure II.6: Crystallization of native (A) and selenomethionine labeled SdsA1 (B, C). 

 

IIA.6.2  Data collection and space group determination 

SdsA1SeMet crystals diffracted X-rays to 2.6 Å using synchrotron radiation. Initial indexing 

revealed a hexagonal symmetry with unit cell dimensions of a=b=86.0 Å and a very long c 

axis of 386.0 Å. Calculation of a self-rotation function revealed six twofold axes spaced at 

30° intervals in the ab-plane perpendicular to the c-axis (Figure II.7 A). This finding narrows 

the possible hexagonal space groups down to P622, P6122, P6322, P6422, and P6522. Inspec-

tion of pseudo-precession images revealed systematic absences of reflections along the crys-

tallographic l axis. The absence of reflections with indices l≠6n (n=integer) on this axis is 

indicative for both 61 and 65 screw axes (Figure II.7 B). The choice of possible space groups 

for the SdsA1SeMet crystals was hence reduced to P6122 or P6522. 
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Figure II.7: Space group determintation. (A) Self-rotation function of a SdsA1SeMet crystal at κ=180°. Height 
of peaks are indicated by contour lines. (B) Pseudo-precession image of the kl-plane. The inset shows a magnifi-
cation of reflections lying on the l axis. Reflections with indices l≠6n are absent.  

 

The presence of selenium in the SdsA1SeMet crystals was verified by an X-ray fluorescence 

scan using excitation energies from 12.60 keV (0.9837 Å) to 12.72 keV (0.9748 Å) surround-

ing the Se K-edge. The scan shown in Figure II.8 unequivocally revealed the presence of Se 

in the crystal. To efficiently exploit the anomalous dispersion signal in experimental phasing 

attempts, three datasets were collected from a single SdsA1SeMet crystal. A peak dataset was 

collected at a wavelength of λ=0.9790 Å corresponding to an energy directly above the ab-

sorption peak. Whereas the imaginary part (f’’) of the anomalous signal is highest at this 

point, a second dataset was collected at the inflection point (λ=0.9796 Å) where the real part 

(f’) of the signal reaches its minimum (Figure II.8, inset). Due to this fact, structure factors at 

this wavelength should differ significantly from structure factors at wavelength (λ=0.9256 Å) 

which was chosen for the high-energy remote dataset (Figure II.8). The gain of information 

from these latter datasets alone (inflection/remote) is equivalent to two independent datasets 

collected from a native crystal and an isomorphous heavy metal derivative. The advantage of 

the multiple anomalous dispersion (MAD) technique is that all datasets were collected from 

the same crystal and are therefore perfectly isomorphous to each other. Non-isomorphism 

would introduce systematic errors in the later phasing procedures. 
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Figure II.8: X-ray flourescence scan of a SdsA1SeMet crystal. The black line indicates the fluorescence inten-
sity at a given energy of incident X-rays. Coloured vertical lines indicate the energies which were used for data 
collection. Inset: Theoretical plot for f’ and f’’ at the Se K absorption edge (http:// 
skuld.bmsc.washington.edu/scatter/AS_form.html). The grey vertical line indicates the inflection position, where 
f’ reaches its minimum. 

 

IIA.6.3  Solution of the Se substructure 

Following data collection, the datasets were integrated and scaled using the HKL suite 

(Otwinowski and Minor, 1997). SHELXC (ver.: 2004-1) (Pape and Schneider, 2004) was 

used to estimate the significance of the anomalous signal at a given resolution. This analysis 

showed that the anomalous signal-to-noise ratio was above an arbitrary threshold of 1.3 up to 

a resolution of 3.5 Å for the peak dataset and ~4-5.5 Å for the remote and inflection datasets 

(Figure II.9 A). All datasets were hence truncated to 3.5 Å for the subsequent substructure 

solution trials with iterative dual-space direct methods as implemented in SHELXD 

(Schneider and Sheldrick, 2002). The program was able to find ten of the eleven possible Se 

sites as exemplified by the sharp drop in peak height between site number ten and eleven 

(Figure II.9 B, C). The high correlation coefficient of 60.83 between observed heavy-atom 

structure factors and those which were calculated from the Se substructure model indicated a 

correct solution (Figure II.9 B). Interestingly, site K turned out to be the Zn1 site during re-

finement (see below). Thus, although the datasets were collected far above the Zn K-edge 
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(9.6 keV), the metal obviously contributed a significant fraction to the anomalous signal in the 

collected data. 
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Figure II.9: Se substructure solution by SHELXD. (A) Output form SHELXC (ver.: 2004-1). Each table lists 
the number of reflections (N(data)), the signal to noise ratio (I/sig), completeness and anomalous signal to noise 
ratio (d’’/sig) for a given resolution range for each of the collected datasets (peak, inflection and remote). (B) 
Output from SHELXD. The peak heights for the located Se atoms and the correlation coefficient (see text) are 
highlighted red. (C) Plot of peak height for each Se site. 

 

Figure II.10 shows two sections (A: w=0.5, harker section and B: w=0.18) of a Patterson map 

calculated from the anomalous differences of the peak dataset. The solved Se substructure 

was used to produce a set of interatomic vectors (VECTORS, (CCP4, 1994)) which were plot-

ted onto the Patterson map. Although several of the Patterson peaks can be explained by the 

substructure, others may be due to noise in the anomalous signal. Vectors that do not coincide 

with Patterson peaks are mostly crossvectors between sites of lower quality (Figure II.9 C, 

Figure II.10). This analysis vividly demonstrates the power of modern heavy atom location 

algorithms. If at all possible, interpretation of the Patterson map by hand would be very time 

intensive. 

 

IIA.6.4  Phase calculation and phase extension 

The Se substructure was used to calculate initial phases with SHELXE (Sheldrick, 2002). The 

space group ambiguity between P6122 and P6522 could be solved during the density modifica-
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tion and phase extension stage of the program. Figure II.11 A graphically depicts the map 

contrast levels for both P6122 and P6522. 

 

uu
v v

A B

w=0.5 w=0.19

VJJ

VCC

VBB

VBB

VJJ
VJJ

VCC

VBB VBB

VCC

VAA

VFF VFFVFF

VAA

VCC

VBH

VGJ
VDD

VGJ

VGH

VDH

VGG

VEJ VEJ

VEG

VAA

VEE

VEE

VGG

VHB

VII

VDD

VHH
VGJ

VDH

VEG

VEG VEG

VACVAC

 

Figure II.10: Anomalous difference Patterson with superimposed heavy atom vectors. (A) Harker-Section 
(w=0.5) of an anomalous difference Patterson map calculated from the peak dataset including data to 4.0 Å. Peak 
heights are indicated by contour lines (1σ, 1.5σ, 2.0σ, …). Orange circles indicate the positions of vectors be-
tween heavy atom sites (VSite1Site2). (B) Same map as in (A), but at non-Harker-section w=0.18. 

 

Whereas density modification showed no effect in P6122, the map rapidly improved for the 

correct space group P6522. Density modification- and phase extension processes converged 

after 20 cycles, leading into an interpretable experimental map at 2.6 Å resolution (Figure 

II.11 B). 

 

IIA.6.5  Model building and refinement 

The experimental map was used to build an initial model using automated model building 

algorithms as implemented in ARP/WARP (Morris et al., 2003) and RESOLVE (Terwilliger, 

2004). Presumably due to the intermediate resolution of the map, both programs were at the 

time only able to locate about 300 of the 658 amino acids of SdsA1. This initial model was 

nevertheless used to manually complete the macromolecular structure. Refinement of the 
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SdsA1 model by simulated annealing protocols (CNS, (Brünger et al., 1998)), led to R-factors 

below 30 %. 

 

 

Figure II.11: Phase calculation and density modification by SHELXE. (A) Progress of the density modifica-
tion process. The graph shows the map contrast level versus density modification cycle for both possible space 
groups, P6522 and P6122. (B) Experimental electron density map (purple mesh) calculated with phases derived 
from the 3-wavelength MAD experiment. A Se site located with SHELXD is shown as orange sphere. 

 

The resulting phase improvement similarly improved the quality of electron density maps, 

allowing the model to be completed by incorporating water molecules and two zinc ions. 

Maximum-likelihood based restrained refinement (REFMAC, (Murshudov et al., 1997)) was 

used at the final stage of the refinement process. The R-factor of the complete model con-

verged at 17.3 % (Rfree: 23.9 %). This initial 2.6 Å-structure was used to phase and refine the 

structure of native SdsA1 (complexed with 1DA, see below) at 1.9 Å by difference-Fourier 

methods leading to an R-factor (Rfree) of 16 % (21 %). The final electron density is of excel-

lent quality (Figure II.12 A) for residues 21-654 except for disordered residues 206-208 and 

626-631. 
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Figure II.12: Final electron density and quality of the model. (A) Electron density map (blue mesh) of the 
same region as in Figure II.11B, calculated using phases of the refined 1.9 Å SdsA1 model (yellow lines). The 
Se is again shown as orange sphere. (B) Ramachandran plot of the refined model. Allowed regions of the plot are 
colored red (favourable) and in shades of yellow (allowed/generously allowed). Forbidden regions of the plot are 
shown in white. 

 

IIA.6.6  Quality of the SdsA1 model 

A Ramachandran diagramm of the final model plots the dihedral angles ϕ and φ for each resi-

due of the polypeptide chain (Figure II.12B). Four of the 658 amino acids are located in for-

bidden regions of the diagram, indicating strained backbone conformations for these residues 

of the refined model. Manual inspection of the corresponding residues Asp138, Ala238, Thr279, 

Ala298 reveales that they indirectly participate in Zn2+-binding (and section IIA.7.2). Thus, 

binding of the metal ions leads to an overall stabilization of the protein which energetically 

compensates the resulting sterical strain. The mentioned residues are correspondingly well 

defined in the electron density (Figure II.13). 
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Figure II.13: Ramachandran outliers in SdsA1. (Top) Stereo view of an SdsA1 ribbon model. Yellow spheres 
depict Zn2+. Ramachandran outliers (red spheres) are located immediately adjacent to the Zn2+ binding site. (Bot-
tom) Stereo views of strained residues. The residues reveal an excellent fit to the refined 2Fo – Fc map (blue 
mesh, 1σ). 
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Table II-1: Data collection and refinement statistics for SdsA1 datasets. 

 SdsA1 selenomethionine Data for SdsA1 complexes Dat a for SdsA1 mutants 

Measurement Inflection Peak Remote 1DA Li2SO4
2- 1DO SdsA1E299D SdsA1E299Q 

Space group P6522 P6522 P6522 P6522 P6522 P6522 

Unit cell length, Å 86.1/86.1/364.4 86.1/86.1/364.4 86.1/86.1/364.1 86.1/86.1/364.6 85.9/85.9/366.0 86.2/86.2/364.2 

Wavelength, Å 0.9796 0.9790 0.9256 0.9001 0.8048 0.8126 0.980 1.278 

Resolution range, Å 30-2.6 (2.7-2.6) 30-2.6 (2.7-2.6) 30-2.7 (2.8-2.7) 50.0-1.9 (1.95-1.90) 30.0-2.1 (2.2-2.1) 30.0-2.1 (2.15-2.05) 30.0-2.3 (2.38-2.30) 40.0-1.8 (1.86-1.80) 

Mosaicity, ° 0.2 0.2 0.2 0.7 1.1 0.5 1.1 0.3 

Completeness, % 100(100) 100(100) 100(100) 98.2 (98.1) 98.7 (99.4) 99.2 (99.6) 95.4 (79.0) 94.0 (63.4) 

Redundancy 11.8 11.8 11.6 6.8 5.5 4.5 3.6 5.4 

Unique reflections 25870 25867 21302 68233 46750 51984 35270 75589 

Wilson B-factor, Å2 43.4 43.3 48.9 21.6 22.1 21.0 25.3 21.9 

I/σ, I 21.4 (6.0) 20.9 (5.8) 20.7 (5.0) 11.9 (3.1) 14.9 (6.4) 11.2 (5.9) 6.8 (3.9) 19.0 (1.8) 

Rmerge, % 11.2 (52.5) 12.0 (55.3) 11.0 (47.7) 12.5 (51.2) 9.7 (27.1) 10.9 (22.7) 19 (26.8) 16.8 (51.4) 

Refinement statistics  

mol. (SdsA1)/a.u. 1 1 1 1 1 1 

Resolution 30.0-2.6 (2.7-2.6) 35.0 (2.0-1.9) 74.0 (2.2-2.1) 75.0 (2.1-2.05) 30.0-2.3 (2.38-2.30) 40.0-1.8 (1.86-1.80) 

R/Rfree, % 17.3/23.9 17.3/21.7 16.6/21.3 16.0/21.0 17.3/22.3 16.5/20.6 

r.m.s.d. bonds, Å/ angles, ° 0.05/2.6 0.01/1.5 0.02/1.5 0.02/1.5 0.02/1.8 0.02/1.6 

#atoms: protein/water/metals 5218/158/2 5201/535/2/14 5254/421/2 5227/635/2 4930/359/2 5482/582/2 

Ramachandran plot‡ 480/51/4/2 489/39/2/2 486/46/3/1 487/46/2/2 480/50/2/4 486/45/3/3 

Values in parenthesis refer to the shell of highest resolution. 

‡Procheck: residues in most favored/additionally allowed/generously allowed/disallowed regions. See Figure II.13 for electron density maps of residues in generously allowed/disallowed regions. 
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IIA.7  Crystal structure of SdsA1 

IIA.7.1  Overall structure 

SdsA1 is a symmetric dimer and adopts a previously undescribed overall fold (Figure II.14). 

Each monomer consists of three domains: The N-terminal, catalytic, αββα-sandwich domain 

(residues 1-379, blue); an α-helical, dimerization domain (380-520, green), intricately inter-

locking the monomers; and a mixed, C-terminal domain (521-658, orange). 

 

 

 

Figure II.14: Overall structure of SdsA1. (A) 
A cartoon representation (stereo pair) of the 
SdsA1 dimer. Structural domains are color-
coded: N-terminal domain - blue, dimerization 
domain - green, C-terminal domain - orange-
red. A disordered loop connecting α-helices 
α15 and α16 is indicated by a dotted line, Zn-
ions by yellow spheres. (B) Schematic repre-
sentation of the SdsA1 secondary structure: α-
helices are represented by large spheres, β-
strands by triangles, loops by lines, Zn-ions by 
small yellow spheres. The second, grey colored 
dimerization domain is included to emphasize 
the extensive intertwining of the SdsA1-dimer. 
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IIA.7.2  Structure of the catalytic domain of SdsA1 

The N-terminal, catalytic domain consists of a 14-stranded β-sandwich (βA, βD-βJ and βK-

βP) decorated by α-helices on either side (Figure II.15). Two Zn-ions, Zn1 and Zn2, located at 

the protein-core-facing end of the β-sandwich mark the active site. Zn1 is coordinated by 

Asp173, His174, Glu299 and His344, Zn2 by His169 His171 and Glu280, located in extended, β-

strand connecting loops βH/α5, βL/βM, βN/α8 and βO/βP. As mentioned above, coordination 

of the metal ions leads to strained backbone conformations in the vicinity of the metal cluster 

(Figure II.13). Much shorter loops are found at the opposite end of the β-sandwich. The core-

facing end is covered by a dome-like structure shielding the active site. It consists of α-helices 

α1 to α3, α5 to α7, the loops βB/βC and βN/α8 from the N-terminal domain, and helix α15 

and loop α9/α10 from the dimerization domain. Laterally a funnel-shaped opening provides 

access to the active site (Figure II.15). 
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Figure II.15: Catalytic domain of SdsA1. (A) Cartoon with coloring as in (Figure II.14). Side-chains coordi-
nating Zn-ion (yellow spheres) are shown as sticks. The active-site dome (light blue) is not conserved in other 
metallo-β-lactamase (MBL) fold enzymes. The sulfate recognition loop βN/α8 (see below) is shown in purple.  
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IIA.7.3  Dimerization of SdsA1 

SdsA1 is observed to be a dimer in the crystal structure (Figure II.14). Analytical gel-filtration 

experiments were performed to establish whether this is also true in solution. The theoretical 

molecular weight of an SdsA1 dimer is 148 kDa. In gel-filtration experiments it elutes at ap-

proximately the same retention volume as the 158 kDa protein aldolase, supporting the infer-

ence that SdsA1 is a dimer in solution (Figure II.16 A). Structurally, the dimerization domain, 

exclusively α-helical (α10-α15) and encompassing the central section of the protein (Figure 

II.14, Figure II.16 A) is responsible for creating the observed homodimer. The domain of each 

monomer contributes five α-helices (α11 to α15) creating a vessel-like structure (Figure 

II.16 B). Extended loops preceding the α-helices symmetrically twist around a central void, 

again preceded by ‘lid’ α-helix α10. The dimerization domains thus encircle each other by a 

complete rotation, creating a central water-filled cavity (Figure II.16 B). Monomers hence 

interlock to a degree that would require complete unfolding or cleavage of one polypeptide 

chain to physically separate them. This resolves the question of how SDS-degrading enzymes 

resist denaturation by SDS (Hsu, 1963). 
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Figure II.16: SdsA1 is a dimer in solution. (A) Analytical gel filtration runs of SdsA1 (red chromatogram) and 
proteins of known size (blue chromatogram). (B) Dimerization domain of SdsA1 in cartoon representation, col-
ored as in Figure II.14. A large water-filled cavity is located within the dimerization domain. Van-der-Waals 
surfaces of enclosed water molecules (red spheres) are shown in translucent grey. 
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IIA.7.4  C-terminal domain of SdsA1 

The C-terminal domain consists of a five-stranded mixed β-sheet (βQ to βU) covered on one 

side by six short α-helices, α16 to α21. Together, the β-sheet and α-helices create a deep 

groove perpendicular to the β-strands. The groove is lined almost exclusively by hydrophobic 

residues (Figure II.17). 

 

 

Figure II.17 C-terminal domain of SdsA1 (coloring as in Figure II.14). Amino acid side-chains lining the 
hydrophobic groove are shown in stick representation (left and right panel).  

 

IIA.7.5  Domain interactions 

Although separated by the dimerization domain in terms of sequence, the N-terminal and C-

terminal domains of SdsA1 are spatially directly adjacent. They form a functional unit in 

which the hydrophobic groove of the C-terminal domain directly abuts and leads into the 

similarly hydrophobic active-site channel of the catalytic N-terminal domain. Together, both 

domains form a hydrophobic chute leading towards the active site pocket (Figure II.18). Hy-

drophobic substrates may thus be recruited by the C-terminal domain or hydrophobic products 

presented. 

 



Results 44 

po
la

r

N208

E207

I205

V209

M538

L535

N208

E207

I205

V209

M538

L535

am
in

o 
ac

id
 ty

pe
no

np
ol

ar
ba

si
c

ac
id

ic

N-terminal domain C-terminal domain

Zn1

Zn2

cut-away of SdsA1

 

Figure II.18: Functional cooperation between C- and N-terminal domains of SdsA1. The van-der-Waals 
surface of SdsA1 has been cut away to reveal the hydrophobic chute; the molecular interior is colored grey. Zn-
ions (yellow spheres) mark the active site. Selected amino acids are marked. Predominantly hydrophobic resi-
dues (grey) line the chute, while polar (light blue), basic (blue) and acidic (red) amino acids mark the active site 
or the molecular surface. 

 

IIA.7.6  Active site and metal binding site 

The ICP-MS based identification of the metal ions bound to the active site as Zn2+ (see IIA.5) 

was confirmed by anomalous scattering techniques (Figure II.19 A). The active-site Zn-ions 

denoted Zn1 and Zn2 are 3.2 Å apart. They are bridged by a water molecule or presumably a 

shared hydroxyl ion W1, a typical feature of binuclear Zn2+-centers (Alberts et al., 1998). Zn1 

has a distorted trigonal-bipyramidal coordination sphere where His174, His344 and W1 provide 

the equatorial, and Asp173 and Glu299 the axial ligands (Figure II.19 B). Zn2 is tetrahedrally 

coordinated by W1, His169, His171 and Glu280. W1, additionally, hydrogen bonds Asp173 (2.7 Å) 

and water W2 (2.7 Å), while W2 also hydrogen bonds to Glu299 (2.7 Å) (Figure II.19 B). A 

glutamate in the direct vicinity of the Zn-ions is unique to SdsA1. It replaces an aspartate, 

histidine or cysteine of related enzymes (Figure II.19 C). Note, that W2 has two negatively 

charged neighbors, W1 and Glu299, causing it to be highly polarized.  

While Zn1 is fully occupied in all structures of SdsA1, Zn2 appears to be lost more easily. 

Loop βL/βM (residues 276-284, including the Zn2-ligand Glu280) adopts two distinct confor-

mations in response to Zn2. When present, Zn2 binds Glu280 locking βL/βM into a closed 

conformation. Loss of Zn2 releases βL/βM, which folds away with Thr276 and Pro282 serving 

as hinges while Tyr325 rotates by ~65° and hydrogen bonds to Gln274-O and Thr276-N. This, 
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together with the formation of a hydrogen bond between Pro282-O and Gly192-N leads to the 

stabilization of βL/βM in the open conformation (Figure II.19 D). Soaking crystals with 

3 mM ZnCl2 prior to cryo-freezing suffice to ensure full Zn2 occupancy and a closed βL/βM 

conformation. Variable Zn2+-occupancies have been observed for other binuclear Zn2+-

clusters (Fabiane et al., 1998; Rasia et al., 2003). Nevertheless, the distinct conformations of 

βL/βM are specific to SdsA1. 

 

 

Figure II.19: Metal binding site of SdsA1. (A) Anomalous difference density (red mesh, λ=0.90 Å, 8σ) defines 
the location of the Zn2+ ions. (B) Metal binding site of SdsA1. Zinc ligands are shown in ball and stick represen-
tation. The coordination geometry of both Zn2+ (yellow spheres) is indicated by translucent polyhedra. Water 
molecules W1 and W2 are shown as red crosses. (C) Zn2+/Fe3+ ligands of SdsA1 and related MBL proteins (see 
below). Rubredoxin-oxidoreductase 1E5D binds iron. (D) Loop βL/M adopts two distinct conformations de-
pending on the occupancy of Zn2. Zn-ions are depicted as yellow spheres, water molecules or hydroxyls as red 
spheres, and metal-binding residues as stick models. Selected hydrogen bonds and interactions are indicated by 
grey dotted lines, distances are provided in Å. Backbone colors indicate temperature-factors: red - high, blue - 
low structural flexibility. Loop βL/βM adopts two distinct conformations depending on Zn2-occupancy, indi-
cated by red (high B-factor) - closed or green - open. Corresponding conformations of Tyr325 are also shown. The 
van-der-Waals surface of Ile239 is shown in translucent orange (top, left-hand corner). 

 



Results 46 

IIA.8  Binding of substrate, product and inhibitor to the active site 

To obtain structural information pertaining to the reaction mechanism of SdsA1, crystals were 

soaked in 2 % SDS (final concentration) for 10 min prior to cryo-cooling. The resulting elon-

gated difference electron density within the hydrophobic active-site channel was interpreted 

as a linear alcohol in two conformations, bound near the active site. The missing sulfate group 

indicates the presence of 1-dodecanol (1DO), the cleavage product of SDS (Figure II.20). 

 

 

Figure II.20: 1DO bound within the active site of SdsA1. (A) A stereo view of the active site. Selected resi-
dues are shown as sticks, Zn2+ ions as yellow spheres. 1DO, W1, and W2 were omitted for calculation of the omit 
map (ocher mesh, 3σ). The 2Fo – Fc map was calculated by using the complete refined model (blue mesh, 1σ). 
(B) Mean B factors and occupancies of selected residues/atoms are listed. (C) Schematic representation of inter-
actions between 1DO and SdsA1. 

 

Crystals were also soaked in mother liquor supplemented with 100 mM Li2SO4 for 24h. A 

SO4
2- is clearly visible in the electron density bound by Arg312, Arg317, Thr310, Asn307 His405 
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and W2 (Figure II.21). Its position does not overlap with that of the 1DO indicating that both 

products could simultaneously occupy the active site. 

 

 

Figure II.21: SO4
2- bound within the active site of SdsA1. (A) A stereo view of the active site. Selected resi-

dues are shown as sticks, Zn2+ ions as yellow spheres. SO4
2-, W1, and W2 were omitted for calculation of the 

omit map (ocher mesh, 3σ). The 2Fo – Fc map was calculated by using the complete refined model (blue mesh, 
1σ). (B) Mean B factors and occupancies of selected residues/atoms are listed. (C) Schematic representation of 
interactions between 1DO and SdsA1. 

 

To prevent substrate hydrolysis, SDS was substituted by 10 mM 1-decane sulfonic acid 

(1DA), an uncleavable SDS-analogue, in soaking experiments. At 1.9 Å resolution the differ-

ence density indicates one 1DA molecule bound within the active site (Figure II.22). An oc-

cupancy of 0.5 for 1DA resulted in matching temperature factors to those of surrounding 
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protein atoms while residual electron density near 1DAO1 was modeled as a solvent molecule, 

with an occupancy of 0.5 (not shown). 

 

 

Figure II.22: 1DA bound within the active site of SdsA1. (A) A stereo view of the active site. Selected resi-
dues are shown as sticks, Zn2+ ions as yellow spheres. 1DA, W1, and W2 were omitted for calculation of the omit 
map (ocher mesh, 3σ). The 2Fo – Fc map was calculated by using the complete refined model (blue mesh, 1σ). 
(B) Mean B factors and occupancies of selected residues/atoms are listed. (C) Schematic representation of inter-
actions between 1DO and SdsA1. 

 

Overall, the position of 1DA is similar to that of the reaction products (Figure II.20 A; Figure 

II.21 A). The 1DA sulfur atom is, located slightly nearer to the binuclear Zn2+-site and the 

bridging hydroxyl than the free SO4
2- ion. The sulfonic-acid group of 1DA is tightly bound by 

the same residues that coordinate SO4
2-. The movement relative to that of SO4

2- is accommo-

dated by side chain rotations rather than any changes in backbone conformations (Figure 
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II.21 A; Figure II.22 A). The sulfonic methylene group of 1DA (substituting for the substrate 

sulfate-ester oxygen) is found to be located opposite Nη1 and Nη2 of Arg312 indicating that 

Arg312 may activate the ester oxygen in the substrate complex by its positive charge. His306, 

on the other hand, appears to function as a “van-der-Waals bumper”, preventing the sulfate 

approaching Zn1 and Zn2. The electron density of the R-SO3
- group indicates a distorted tet-

rahedral sulfur geometry, which was accounted for by lowering the angular restraints of the 

sulfur substituents facing W2 during refinement to allow a better modeling of the observed 

density (Figure II.22 A). Interestingly, all residues involved in sulfate coordination, except 

His405, are part of the loop βN/α8. This “sulfate-recognition loop”, part of the active-site 

dome, is correspondingly conserved among SdsA1-homologues and instrumental in creating 

the specificity for the R-O-SO3
- group (Figure II.23; Figure II.15). 

 

 

Figure II.23: The sulfate-recognition loop (purple) of SdsA1. Schematic representation of the SdsA1 active 
site. The proposed two-step mechanism is indicated by arrows (see IIA.8.1). 
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IIA.8.1  A working hypothesis for the SdsA1 catalytic mechanism 

According to the structural information described above, sulfate-ester hydrolysis by SdsA1 

would appear to proceed by a two step mechanism. In the first step, W2, deprotonated by W1 

and additionally polarized by Glu299, mounts a nucleophilic attack on the electrophilic sulfur 

atom resulting in a double-negatively charged reaction intermediate. In the second step, this 

intermediate is relieved by charge transfer from the central sulfur atom to the leaving group 

oxygen which is possibly activated by the positively charged Arg312 (Figure II.23). 

 

IIA.9  Mutational analysis to corroborate the inferred mechanism 

IIA.9.1  Mutation E299D 

To establish whether Glu299 does indeed serve to polarize the proposed nucleophile W2, the 

residue was mutationally replaced by aspartatic acid. The activity of SdsA1E299D tested using 

S6S showed a dramatic decrease of Vmax by 97.5 % (Figure II.24 A). Because substitutions in 

the metal binding site could potentially destabilize the enzyme, SdsA1E299D was crystallized to 

verify that the larger distance between Asp299 and W2 directly accounts for the diminished 

sulfatase-activity. The crystal structure of SdsA1E299D was solved by difference-Fourier meth-

ods at a resolution of 2.3 Å (Table II-1). Structures of wild-type and mutant superimpose with 

an overall r.m.s.d. of 0.25 Å, demonstrating that the substitution exerts no effect on the overall 

structure of SdsA1. Adjacent to the mutated Asp299, small rearrangements of backbone atoms 

partly compensate for the shorter side chain of the substituted residue (Figure II.24 B). In 

SdsA1E299D the position of Asp299-Oδ2 is displaced by 0.9 Å relative to that of Glu299-Oε2 in 

SdsA1wt, increasing the distance to Zn1 by a mere 0.3 Å. As expected, the atom Asp299-Oδ1 is 

shifted by 1.4 Å compared to Glu299-Oε1 in SdsA1wt. The imidazol group of His306 rotates to 

preserve the hydrogen bond which connects Glu299 and His306 in SdsA1wt (not shown). Over-

all, the integrity of the metal cluster is maintained by a concerted shift of the remaining zinc 

ligands, both metal ions, W1 and W2 towards Asp299. The most striking structural change con-

cerns the distance between W2 and Oδ1 of Asp299. Compared to the wild-type structure this 

distance increased by 1.2 Å to 3.8 Å. 
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IIA.9.2  Mutation E299Q 

Glu299 was also replaced by glutamine, which is largely identical in size, but dramatically 

changes the electrostatic environment of W2. Relative to SdsA1wt, SdsA1E299Q retains only 

2 % of residual enzymatic activity, and thereby coincidentally closely matches the activity of 

the variant SdsA1E299D (Figure II.24 A). Like SdsA1E299D, SdsA1E299Q also potentially affects 

the integrity of the metal cluster. This was checked for by solving the crystal structure of 

SdsA1E299Q. A 1.9 Å dataset of SdsA1E299Q crystals was collected and the structure was solved 

by difference-Fourier methods (Table II-1). As for SdsA1E299D, the overall structure of the 

variant is identical to that of the wild-type protein (r.m.s.d. 0.27 Å). In contrast to SdsA1E299D, 

the metal binding site of SdsA1E299Q is essentially indistinguishable from that of SdsA1wt 

(Figure II.24 C). Strikingly, no electron density is present at the W2 binding site. This indi-

cates an absent or at least highly motile W2, explaining the diminished activity of the 

SdsA1E299Q mutant. 
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Figure II.24: Activity (A) and structures (B,C) of SdsA1 active site mutants. (A) Activity of variant enzymes 
SdsA1E299D, SdsA1E299Q, SdsA1R312Q relative to SdsA1wt. (B) Superpositioning of metal binding sites of SdsA1wt 
and SdsA1E299D. (C) Metal binding site of SdsA1E299Q. The refined electron density (2Fo-Fc, 1σ) is shown as a 
blue mesh. Notice the absence of electron density for W2. 

 

IIA.9.3  Mutation R312Q 

According to the proposed mechanism, the final step of the enzymatic reaction would be acti-

vation of the leaving group. Based on the sulfate- and 1DA-complex structures of SdsA1wt, 

Arg312 was proposed to fulfill this task. To test this hypothesis, the residue was replaced by 

glutamine. The sulfatase activity was again tested using the substrate hexylsulfate indicating 
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that the enzymatic activity of the variant SdsA1R312Q corresponds to ~2 % of that of the wild-

type enzyme (Figure II.24 A). 

 

IIA.9.4  Binding of SDS to inactive SdsA1E299Q 

SDS added to SdsA1wt crystals is cleaved yielding 1-dodecanol, which binds to the hydropho-

bic cleft connecting active site and C-terminus of the enzyme (see section IIA.8). To unravel 

how uncleaved SDS binds to SdsA1, crystals of inactive SdsA1E299Q were soaked with 10 mM 

SDS. The structure of a soaked crystal was solved at 1.9 Å resolution. 

Bild von act site peak

A C

B

Bild von act site peak

A C

B

SDS 1

SDS 2

SDS 1

SDS 2
SDS 3, 4

SDS 5

SDS

1DA

SO4
2-

Zn1

Zn2 W1

W2 (missing in E299Q)

N307

T310 R312

R317

H306

E/Q306

Y223

 

Figure II.25:  Binding of SDS to inactive SdsA1E299Q. (A) SDS bound to the C-terminal domain of SdsA1E299Q. 
SdsA1 is shown in surface representation. Carbon atoms are grey, all other atoms pale blue. SDS molecules are 
drawn in ball-and-stick mode. Aquamarine meshes represent 2Fo-Fc density contoured at 1σ. (B) Unspecific 
binding of SDS to the hydrophobic chute. (C) Disordered SDS molecule bound to the active site of SdsA1E299Q 
(yellow). Structures with bound SO4

2- (purple) and 1DA (white) are superimposed. Selected residues are indi-
cated. Note that W2 is missing in the SdsA1E299Q structure. 
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Difference density peaks interpretable as bound SDS-molecules were found in different re-

gions of the structure. Interestingly, the most clearly defined electron density was found in the 

hydrophobic cleft of the C-terminal domain (Figure II.25 A).  

The sulfate group of the corresponding SDS molecule is fixed by two hydrogen bonds from 

SDS-O1,O2 to Ala615-N (3.0 Å) and Val616-N (3.1 Å) respectively. The hydrophobic part of 

the ligand is deeply buried within the hydrophobic cleft and makes hydrophobic contacts to 

Phe544, Leu605, Leu608, Leu624, Leu633 and Phe637. Further elongated peaks of difference density 

are located along the hydrophobic chute connecting C-terminal domain and active site of 

SdsA1 (Figure II.25 B). The shape of this feature resembles the aliphatic tail of disordered 

SDS molecules. Finally, a well-defined difference-density feature is located in the active site 

and overlaps with the sulfate and 1DA binding sites of the respective complex structures 

(Figure II.25 C). The peak can be modeled as alternative conformations of the sulfate groups 

of a disordered SDS molecule bound to either Tyr223, Arg312, His405 in one conformation or 

Tyr223, Arg312, Arg317, His405 in a second conformation. Due to the missing W2, observed to 

interact with SO4
2- and 1DA in the corresponding enzyme complexes, the coordination of the 

sulfate group is no longer as defined as in the wild-type enzyme. 
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IIB  Crystal structure of the RdxR/Rdx complex 

IIB.1  Protein expression, purification 

To obtain pure PA5349 (RdxR) and PA5350 (Rdx) for biochemical characterization and crys-

tallization experiments, the proteins were overexpressed in E. coli Tuner cells (Novagen). 

Both proteins were purified by a combination of affinity- (C-terminal His6-tag), anion ex-

change- and size exclusion chromatography. Typically, 30-40 mg RdxR and 10-20 mg Rdx 

were obtained per liter of bacterial culture. 

 

IIB.2  RdxR is indispensable for n-alkane oxidation by P. aeruginosa 

A mutant of P. aeruginosa with an isogenic rdxR transposon insertion is unable to grow on 

hexadecane (Figure II.26), confirming earlier reports that RdxR is essential for the utilization 

of n-alkanes as sole carbon source by different pseudomonal strains (Smits et al., 2003; Peter-

son and Coon, 1968). This effect is completely reverted by supplying the RdxR gene on plas-

mid pUCP20 (Figure II.26). Interestingly, both RdxR and the Rdxs rubA1 and rubA2 from P. 

aeruginosa can substitute for their counterparts in P. putida GPo1 (Smits et al., 2003). This 

experiment was conducted by Dr. Thorsten Adams (MHH, Hanover) as part of his PhD thesis. 

 

wt ∆RdxR rev.
 

Figure II.26: Growth of P. aeruginosa on hexadecane. In contrast to the isogenic RdxR transposon mutant 
(middle), wild-type (left) and RdxR-supplemented transposon mutant (right) are able to utilize hexadecane as 
sole source of carbon. 
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IIB.3  Determination of the RdxR structure 

IIB.3.1 Crystallization 

Purified RdxR was crystallized by sitting-drop vapor diffusion using 96-well format commer-

cial crystallization screens. Crystals were obtained from several conditions containing poly-

ethylene glycol (Figure II.27A-C). RdxR crystals have a characteristic bright yellow color 

which is due to the co-purified FAD cofactor. However, only crystals grown from a condition 

containing 5 % PEG1000, 40 % PEG300, 0.1 M Tris-HCl, pH 7 diffracted X-rays to an extent 

sufficient to solve the RdxR structure (Figure II.27C). 

 

A B C

 

Figure II.27: Crystallization of RdxR: (A-C) RdxR crystals were obtained from various crystallization condi-
tions all containing a polyethylene glycol as precipitant. (C) Hexagonal crystals (space group P6122; condition: 
5 % PEG1000, 40 % PEG300, 0.1 M Tris-HCl, pH 7) used to solve the crystal structure of RdxR. 

 

IIB.3.2 Molecular replacement, model building and refinement 

A complete 2.4 Å dataset of RdxR crystals (Figure II.27 C) was collected using synchrotron 

radiation. Indexing of the diffraction images revealed a hexagonal space group. Using similar 

procedures as described in section IIA.6.2, it was possible to constrict the space group to 

P6122 or P6522. Nitrite reductase from Pyrococcus furiosus (Horanyi et al., 2004) (PDB: 

1XHC, 26 % sequence identity to RdxR) was chosen as search model for molecular replace-

ment. Guided by a sequence alignment of RdxR and nitrite reductase, the program 

CHAINSAW (CCP4, 1994) was used to trim the search model at positions which did not 

align with RdxR. Insertions in nitrite reductase were deleted and non identical amino acid 

residues were reduced to a common denominator by deletion of atoms which are not present 

in the corresponding RdxR residue. The “automatic” mode of PHASER (CCP4, 1994) was 

then used for the molecular replacement process in to independent attempts for both possible 
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space groups. As expected, the program did only find a solution for one enantiomorph and 

P6122 turned out as the correct space group. The molecular replacement solution shown in 

Figure II.28 has a good translation function Z-score of 8.3, indicating a correct solution. 

 

SPACegroup HALL  P 61 2 (0 0 5) #P 61 2 2
SOLU SET  RFZ=2.6 TFZ=8.3 PAK=0 LLG=49 LLG=49 
SOLU 6DIM ENSE ensemble1 EULER   52.404   10.837  2 75.752 FRAC -0.77010  0.04122 -0.00044

 

Figure II.28: PHASER output for the molecular replacement solution for RdxR. Parameters indicating the 
correctness of the solution are the high translation function Z-score (TFZ) of 8.3 and the lack of crystal packing 
clashes (PAK=0). 

 

 

Figure II.29: Determination of the RdxR structure with molecular replacement. Electron density maps 
(colored meshes) calculated using phases from different stages of the structure determination process (yellow: 
molecular replacement, purple: density modification, blue: refined model). The refined RdxR structure is shown 
as ball-and-stick model. 

 

Furthermore, an analysis of the resulting crystal packing which is automatically performed by 

PHASER did not result in any clashes between crystallographically related RdxR molecules. 

However, the phases derived from the molecular replacement step were of intermediate qual-

ity and had to be improved by density modification procedures as implemented in DM (CCP4, 
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1994) before it was possible to build a model of the complete RdxR structure (AA 3-384) 

(Figure II.29). The crude model was initially refined by simulated annealing techniques. After 

inclusion of cofactor-atoms (FAD) and water molecules maximum-likelihood restrained re-

finement protocols were used to lower the R-factor to a final value of 17 % (Rfree: 22 %). A 

part of the final electron density map is shown in Figure II.29, statistics of the structure de-

termination process in Table II-2. 

 

Table II-2: Data collection and refinement statistics for RdxR. 

Data statistics RdxR 

Space group P6122 

Unit cell length a,b,c (Å) 119.6,119.6,158.1 

Wavelength (Å) 0.981 

Resolution range (Å) 50.0-2.4 (2.50-2.40)* 

Mosaicity (°) 0.5 

Completeness (%) 98.1(82.9) * 

Redundancy 3.6(2.8) * 

Unique reflections 25303 

Wilson B-factor (Å2) 38.7 

I/σ(I) 11.8(2.7) * 

Rmerge (%) 7.3(34.0) * 

Refinement statistics  

Mol. (RdxR)/a.s.u. 1 

Resolution range (Å) 50.0-2.40 

R/Rfree (%) 17.3/22.2 

av. B-factor of protein atoms (Å2) 30.2 

#atoms protein/water/FAD 2984/233/58 

r.m.s.d. bonds (Å)/ angles (°) 0.02/1.6 

Ramachandran plot: favored/allowed (%)  97.6/100 

*Numbers in parenthesis refer to the shell of highest resolution. 

 

IIB.4  Structure of RdxR 

IIB.4.1 Overall structure of RdxR 

Structurally, RdxR comprises an NAD(P)H-binding domain, an FAD-binding domain, and a 

C-terminal Rdx-binding domain. (Figure II.30 A, B). The NAD(P)H-binding domain, encom-

passing residues 111-240, is inserted into the FAD-binding domain through two extended 
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loops, βG/α5 and βN/α8, dividing the latter into an N-terminal (residues 1-110) and a C-

terminal (residues 241-313) subdomain. The Rdx-binding domain consists of a five-stranded 

mixed β-sheet (βR-V), topped by the C-terminal α-helix α10. 
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A structure-based search of published structures using DALI (Holm and Sander, 1998) indi-

cates that the fold of RdxR is related to those of glutathione reductase (GR, (Schulz et al., 

1978)), murine apoptosis inducing factor (mAIF, (Mate et al., 2002)), the ferredoxin reductase 

component of biphenyl dioxygenase (BphA4, (Kurisu et al., 2001)) and putidaredoxin reduc-

tase (PdxR, (Kuznetsov et al., 2005)) (see below). Although a sequence alignment of these 

Figure II.30: Structure of RdxR. (A) 
Cartoon representation (stereo pair) of 
RdxR using a green (N-) to orange (C-
terminus) color gradient. FAD and 
NADH (modeled) are shown as ball-and-
stick models in orange and translucent 
grey. (B) Schematic representation of the 
RdxR secondary structure: circles, trian-
gles and lines respectively indicate α-
helices, β-strands and loops. 
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proteins reveals several insertions and deletions in peripheral regions (Figure II.31), the cofac-

tor-binding domains are structurally conserved resulting in r.m.s.d.s of RdxR with respect to 

mAIF, BphA4 and PdxR of 2.2 Å, 2.9 Å, and 3.7 Å, respectively. The more distant relation to 

GR (see below) is mirrored in a much greater r.m.s.d. of 10.7 Å. Compared to the 384 resi-

dues of RdxR, BphA4 (408), PdxR (422) and mature mAIF (489) are considerably longer. In 

BphA4 and PdxR, these additional residues mostly constitute two α-helices forming a C-

terminal three-helix-bundle. The C-terminus of mAIF is even longer due to the insertion of a 

putative protein-protein interaction loop (Mate et al., 2002; Cande et al., 2002). 

 

.         .         .   .         50                       .         . 
RdxR-2V3A : -------------------MSERAPLVII GTGLAGYNLAREWRKLDGETPLLMITADDGRSYSKPMLSTGFSK---------------NKDADGLAMAEPGAMAEQL :  73
PdxR-1Q1W : -------------------MNANDNVVIV GTGLAGVEVAFGLRASGWEGNIRLVGDATVIPHHLPPLSKAYLAG--------------KATAESLYLRTPDAYAAQN :  74
FdxR-1D7Y : ----------------MSQEALKAPVVVL GAGLASVSFVAELRQAGYQGLITVVGDEAERPYDRPPLSKDFMA---------------HGDAEKIRL---DCKRAPE :  73
mAIF-1GV4 : KQRRAIASATEGGSVPQIRAPSHVPFLLIGGGTAAFAAARSIRARDPGARVLIVSEDPELPYMRPPLSKELWFSDDPNVTKTLQFRQWNGKERSIYFQPPSFYVSAQ : 214
GR-1GRB   : ---ACRQEPQPQGPPPAAGAVASYDYLVIGGGSGGLASARRAAELGARAAVVESHKLGGTCVNVGCVPKKVMWN-------TAVHSEFMHDHADYGFPSCEGKFNWR :  97

.         .          100       .      .             .          .        150        . 
RdxR-2V3A : N--------ARI LTHTRVTGIDPGHQRIWIGE-EEVRYRDLVLAWGAE----PIRVPVEGDAQDALYP----INDLEDYAR-FRQAAAGKRRVLLLGAGLIGCEFAN : 162
PdxR-1Q1W : ---------IQL LGGTQVTAINRDRQQVILSDGRALDYDRLVLATGGR----PRPLPVASGAVGKANN-FRYLRTLEDAEC-IRRQLIADNRLVVIGGGYIGLEVAA : 166
FdxR-1D7Y : ---------VEW LLGVTAQSFDPQAHTVALSDGRTLPYGTLVLATGAA----PRALPTLQGATMPVH----TLRTLEDARR-IQAGLRPQSRLLIVGGGVIGLELAA : 162
mAIF-1GV4 : DLPNIENGGVAV LTGKKVVHLDVRGNMVKLNDGSQITFEKCLIATGGT----PRSLSAIDRAGAEVKSRTTLFRKIGDFRA-LEKISREVKSITVIGGGFLGSELAC : 316

GR-1GRB : VIKEKRDAYVSRLNAIYQNNLTKSHIEIIRGHAAFTSDPKPTIEVSGKKYTAPHILIATGGMPSTPHESQIPGASLGITSDGFFQLEELPGRSVIVGAGYIAVEMAG : 204

.         .         .         200        .         .               .         .         250    
RdxR-2V3A : DLSS----GGYQLDVVAPCEQVMPGLLHPAAAKAVQAGLEGLGVRFHLG---PVLASLKKAGEGLEAHLSDGEV------IPC DLVVSAVGLRPRTELAFAAGLAVN : 256
PdxR-1Q1W : TAIK----ANMHVTLLDTAARVLERVTAPPVSAFYEHLHREAGVDIRTGTQVCGFEMSTDQQKVTAVLCEDGTR------LPA DLVIAGI GLIPNCELASAAGLQVD : 263
FdxR-1D7Y : TART----AGVHVSLVETQPRLMSRAAPATLADFVARYHAAQGVDLR-------FERSVTGSVDGVVLLDD GTR------IAA DMVVVGIGVLANDALARAAGLACD : 252
mAIF-1GV4 : ALGRKSQASGIEVIQLFPEKGNMGKILPQYLSNWTMEKVKREGVKVMPN---AIVQSVGVSGGRLLIKLKDGRK------VET DHIVTAVGLEPNVELAKTGGLEID : 414
GR-1GRB   : ILSA----LGSKTSLMIRHDKVLR-SFDSMISTNCTEEL ENAGVEVLKFSQVKEVKKTLSGLEVSMVTAVPGRLPVMTMIPDVDCLLWAIGRVPNTKDLSLNKLGIQ : 306

.         .         .               .        300             .         .         .  
RdxR-2V3A : R----GIVVDRSLRTSHANIYAL GDCAEVDG------LNLLYVMPLMACARALAQTLAG------NPSQVA YGPMPVTVKTPACPLVVSP----------------- : 330
PdxR-1Q1W : N----GIVINEHMQTSDPLIMAV GDCARFHSQLYDRWVRIESVPNALEQARKIAAILCG-KVPRDEAAPWFWSDQY-EIGLKMVGLSEGY--------DRIIVRG-- : 354
FdxR-1D7Y : D----GIFVDAYGRTTCPDVYAL GDVTRQRNPLSGRFERIETWSNAQNQGIAVARHLVDPTAPGYAELPWYWSDQG-ALRIQVAGLASG---------DEEIVRGEV : 345
mAIF-1GV4 : SD-FGGFRVNAELQARS-NIWVAGDAACFYDIKLGR-RRVEHHDHAVVSGRLAGENMTG-AAKPYWHQSMFWSDLGPDVGYEAIGLVDSSLPTVGVFAKATAQDNPK : 517
GR-1GRB   : TDDKGHIIVDEFQNTNVKGIYAV GDVC----------GKALLTPVAIAAGRKLAHRLFEYKEDSKLDYNNIPTVVF SHPPIGTVGLTEDEAIHKYG----IENVKTY : 399

.         350       .                    .         . 
RdxR-2V3A : --PPRGMDGQWLVEGSGTDLKVLCRDTAGRVIGYALTG------------------------AAVNEKLALNKELPGLMA---------- ----- : 384
PdxR-1Q1W : SLAQPDFSVFYLQGDRVLAVDTVNRPVEFNQSKQIITDRLPVEP-----------------NLLGDESVPLKEIIAAAKAELSSAPARHH HHHH- : 431
FdxR-1D7Y : SLDAPKFTLIELQKGRIVGATCVNNARDFAPLRRLLAVGAKPDR-----------------AALADPATDLRKLAAAVAA---------- ----- : 408
mAIF-1GV4 : SATEQSGTGIRSESETESEASEITIPPSAPAVPQVPVEGEDYGKGVIFYLRDKVVVGIVLWNVFNRMPIARKIIKDGEQHEDLNEVAKLFNIHED : 612
GR-1GRB   : STSFTPMYHAVTKRKTKCVMKMVCANKEEKVVGIHMQGLGCDEMLQG--------------FAVAVKMGATKADFDNTVAIHPTSSEELV TLR-- : 478

FAD

NADH

C-term

N-terminal Lys

Glu 159

Trp lid Lys 320 (C-terminal Lys of RdxR)

 

Figure II.31: ClustalX alignment of RdxR and related enzymes. Domain boundaries are indicated by colored 
boxes. Selected residues are highlighted in red. Conserved residues are marked in blue. Enzyme structures are 
indicated by PDB codes. 

 

IIB.4.2 FADH binding site of RdxR 

FAD is recognized by RdxR through numerous interactions including water-mediated and 

direct hydrogen-bonds, a salt bridge from the AMP-phosphate to Lys45, and hydrophobic 

interactions mainly to the aromatic adenosine and isoalloxazine moieties (Figure II.32 A, C). 
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The extended conformation of FAD is similar to that observed in GR, PdxR, BphA4 and 

mAIF. While the xylene ring of the isoalloxazine moiety is buried in a hydrophobic pocket 

and the si-side is shielded from solvent, the re-side faces the NAD(P)H-binding cavity (Figure 

II.32 A, B). The atoms N5 and O4 of FAD are part of an extensive hydrogen bonding network 

to a salt-bridged glutamate-lysine pair (Glu159/Lys320) (Figure II.32A, B and below). Strik-

ingly, Lys320 functionally replaces a lysine located near the N-terminus (~pos. 50) in all 

other GR-fold enzymes (Figure II.31 and below). In addition, RdxR lacks a tryptophan-lid 

shielding the pteridine-ring of FAD from the solvent in PdxR, BphA4 and mAIF (Figure 

II.31). 

 

 

Figure II.32: FAD binding site of RdxR. (A) Schematic view of the FAD-binding site. Hydrogen bonds and 
salt bridges are indicated by dotted lines, hydrophobic interactions by grey arcs. 2Fo-Fc–electron density for 
FAD (blue mesh) is contoured at 1σ. Color coding for atoms: C - grey; N - blue; O - red; S - yellow; P - orange. 
(B) Van-der-Waals surface of the FAD binding cavity. The electrostatic potential is mapped onto the molecular 
surface (red: negative, blue: positive, white, neutral). The isoalloxazine moiety of FAD is shown as ball-and-
stick model. Relevant residues are indicated by their sequence numbers. (C) Valence dash formula of FADH2, 
the reduced form of FAD. Protons which are lost upon oxidation are shown in red. 
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IIB.4.3 NADH binding site of RdxR 

The crystal structure of RdxR does not include NAD(P)H. Experiments to cocrystallize 

NADH with RdxR were not successful and attempts to soak NADH into existing RdxR crys-

tals resulted in cracked crystals which did no longer diffract X-rays. However, FAD-based 

superpositioning of NAD(P)H-bound GR (1GRB, (Karplus and Schulz, 1987)) or BphA4 

(1F3P, (Senda et al., 2000)) upon RdxR, clearly indicates the NAD(P)H-binding pocket to be 

conserved in RdxR. Minor torsion angle adjustments of residues along the length of the mod-

eled cofactor suffice to allow NADH to be placed into the binding pocket. Similar conforma-

tional adjustments have been observed to occur on NAD(P)H-binding in both GR and BphA4 

(Pai and Schulz, 1983; Senda et al., 2000). In the modeled complex, the nicotinamide ring of 

NAD(P)H stacks upon the isoalloxazine ring of FAD at a distance of ~3 Å, suitable for hy-

dride transfer. The positions of atoms NN7 and NO7 of modeled NAD(P)H are occupied by 

two water molecules in the NAD(P)H-free structure of RdxR further corroborating the in-

ferred model (Figure II.33).  
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Figure II.33: NADH binding site of RdxR. (A) Cofactors (NADH: grey, FAD: orange) and selected residues 
are shown in ball-and-stick mode, solvent molecules as red spheres. The proposed conformational changes of 
Leu155 and Tyr288 required to accommodate NADH are indicated in grey. Water molecules are represented by 
red spheres, selected interactions by dotted lines. Cofactor atoms involved in hydrogen transfer (NADH: NC4, 
FAD: N5) are marked by asterisks. (B) Valence dash formula of NADH. The part of NADH which is shown in 
panel A is indicated by a dashed line. 
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Alternate conformations of Tyr288 observed in the RdxR and RdxR/Rdx structures presuma-

bly represent conformations respectively adopted in the absence or presence of NAD(P)H. 

The latter conformation places the side chain of Tyr288 opposite the NO2-NC2 bond of the 

nicotinamide-ribose indicating that bound NAD(P)H would be further stabilized by an O-H–π 

interaction (Figure II.32 A). 

 

IIB.5  Determining the crystal structure of the RdxR/Rdx complex  

IIB.5.1 Do Rdx and RdxR form a stable complex? 

ET-complexes are typically very transient (Crowley and Carrondo, 2004) and therefore not 

necessarily accessible to structural analysis by crystallographic methods. The interaction of 

both proteins was analyzed in solution to verify that RdxR and Rdx recognize and bind each 

other and to establish that a stable complex is formed by the two constituent proteins. The 

dissociation constant KD of the RdxR/Rdx complex was determined using the concentration-

dependent quenching of FAD fluorescence upon titration with Rdx (Perry et al., 2004). Non-

linear regression of the RdxFe binding data (Figure II.34) indicates a KD of 3±1 µM, compara-

ble to the KD = 1±0.1 µM for P. putida GPO1 RdxR/Rdx (Perry et al., 2004).  
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Figure II.34: Equilibrium binding analysis of the RdxR/Rdx complex. Binding curves for the interaction of 
RdxR to Fe3+ (red) and Ni2+ (green) substituted Rdx. 
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Purification of Rdx via Ni-NTA affinity chromatography results in a ~1:1 mixture of Ni2+ and 

Fe3+ substituted Rdx, the two of which could easily be separated by anion exchange chroma-

tography (Figure II.35). To test whether RdxR-Rdx affinity is influenced by the metal content 

and oxidation state of Rdx, the KD value for RdxNi2+ was determined in the same way. Despite 

a diminished effect on FAD-fluorescence by RdxNi2+ (lower equilibrium ∆F515,Figure II.34), 

the KD of 5±2 µM of RdxR-RdxNi2+ is comparable to that of RdxR-RdxFe3+. 
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Figure II.35: Separation of Ni2+ bound and native Rdx by anion exchange chromatography. The more 
negatively charged Ni2+ form of Rdx elutes at significantly higher salt concentrations. 

 

IIB.5.2 Crystallization of the RdxR/Rdx complex 

Orange-red crystals of the RdxR/Rdx complex were produced by mixing oxidized RdxR, oxi-

dized Rdx (molar ratio 1:1.2) and a precipitant solution containing 0.2 M KF, and 
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20 % PEG3350. Crystals were initially severely intergrown but could be optimized using mi-

cro-seeding techniques (Figure II.36). 

 

A B

 

Figure II.36: Crystals of the RdxR/Rdx complex. (A) Initial severely intergrown RdxR/Rdx complex crystals. 
(B) Crystals grown under the same conditions as in A, but optimized by micro-seeding techniques. 

 

IIB.5.3 Determination of the RdxR/Rdx structure by molecular replacement 

Using synchrotron radiation a complete 2.3 Å diffraction dataset of a RdxR/Rdx crystal was 

collected (Figure II.36 B). The indexing and scaling procedures unambiguously revealed an 

orthorhombic space group. Systematically absent reflections on the crystallographic l axis 

were used to determine the space group to P2221. The structure was solved by molecular re-

placement using the refined structures of RdxR (this work) and the Rdx from Pyrococcus fu-

riosus (Bau et al., 1998) (PDB: 1BQ8, sequence identity 54 %). As described for the RdxR 

case in section IIB.3.2, CHAINSAW (CCP4, 1994) was used to improve the Rdx search 

model for the molecular replacement procedure. 

 

SPACegroup HALL  P 2 2b #P 2 21 
2SOLU SET   RFZ=18.1 TFZ=28.8 PAK=4 LLG=568 LLG=609 RFZ=2.9 TFZ=14.0 PAK=4 LLG=680 LLG=728
SOLU 6DIM ENSE ensemble1 EULER   23.979   89.102  1 50.232 FRAC  0.32348 -0.05690 -0.74219
SOLU 6DIM ENSE ensemble2 EULER  216.143   36.588  3 09.617 FRAC  0.50101  0.40938  0.33730

 

Figure II.37: PHASER output for the molecular replacement solution of the RdxR/Rdx complex. Parame-
ters indicating the correctness of the solutions are the high translation function Z-scores (TFZ) of 28.8 for RdxR 
(orange) and 14.0 for Rdx (red). Four clashes between crystallographic related RdxR molecules (PAK=4) are 
due to conformational shifts of loops on the RdxR surface. 
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Again, the “automatic mode” of PHASER (CCP4, 1994) was able to find a solution for both, 

the RdxR and the Rdx model. Due to the fact that a “perfect” RdxR model was used, the solu-

tion for the RdxR part of the complex shown in Figure II.37 is characterized by a very good 

translation function Z-score (TFZ) of 28.8. This solution was then fed into a second run of the 

program leading to a clear cut solution for the Rdx molecule. The TFZ of 14.2 for this run 

was also high, but considerably smaller than for the RdxR solution. Reasons for this are the 

less perfect Rdx model and the small size of Rdx. Compared to RdxR (~3100 heavy atoms), 

Rdx (~500 heavy atoms) accounts for a smaller fraction of diffracted X-rays, reflected in a 

smaller signal to noise ratio in the molecular replacement procedure. The solved complex 

structure includes residues 4-384 of RdxR and residues 1-53 (of 55) of Rdx, and refines to an 

R-factor of 16 % (Rfree: 25 %) (Table II-3). 

 

Table II-3: Data collection and refinement statistics for RdxR and RdxR-Rdx datasets. 

Data statistics RdxR-Rdx 

Space group P2221 

Unit cell length a,b,c (Å) 61.1,97.1,81.3 

Wavelength (Å) 1.741 

Resolution range (Å) 50.0-2.3(2.40-2.30) 

Mosaicity (°) 1.4 

Completeness (%) 90.6(86.2) 

Redundancy 3.8(3.4) 

Unique reflections 19054 

Wilson B-factor (Å2) 41.0 

I/σ(I) 12.1(3.0) 

Rmerge (%) 10.1(40.2) 

Refinement statistics  

Mol. (RdxR+Rdx)/a.s.u. 1+1 

Resolution range (Å) 50.0-2.45 

R/Rfree (%) 16.4/24.7 

av. B-factor of protein atoms (Å2) 40.5 

#atoms protein/water/FAD 3069+449/238/58 

r.m.s.d. bonds (Å)/ angles (°) 0.01/1.5 

Ramachandran plot: favored/allowed (%)  97.4/100 

*Numbers in parenthesis refer to the shell of highest resolution. 
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IIB.6  Structure of the RdxR/Rdx complex 

RdxR was co-crystallized with RubA2 (PA5350), an AlkG2-type (see below) Rdx from P. 

aeruginosa. As in other Rdxs, the redox active Fe3+ of RubA2, is tetrahedrally coordinated by 

four cysteines (Figure II.38; Figure II.39). Crystal structures of several Rdxs have been de-

termined at atomic resolution and discussed in detail (Frey et al., 1987; Bau et al., 1998; Ku-

rihara et al., 2004; Perry et al., 2004; Lin et al., 2005a; Bönisch et al., 2005; Chen et al., 

2006). Of these structures, RubA2 most closely resembles that of P. furiosus Rdx (1BQ8; 

r.m.s.d. 0.88 Å; (Bau et al., 1998)) (Figure II.38 A). 

 

 

Figure II.38: Comparison of Rdx structures. (A) Rdx from P. aeruginosa (this study) is shown in cartoon 
representation (red-brown) (stereo pair). Other Rdx structures are shown as tubes (colors and PDB codes as 
indicated). The Fe3+-cofactors are indicated by green spheres. (B) Schematic plot indicating the topology of the 
Rdx fold. Triangles and lines respectively indicate β-strands and loops. 
 

As expected, the electron transfer complex between RdxR and Rdx is a 1:1 complex of the 

two proteins (Figure II.39 B). Rdx binds to the concave side of RdxR, interacting with each of 

its three domains. The accessible surface area buried upon formation of the complex is a mere 

~1120 Å (Krissinel and Henrick, 2005). This comparatively small interface (Crowley and 

Carrondo, 2004) covers 17 % and 3 % of the total surface areas of Rdx and RdxR, respec-

tively. 
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Figure II.39 Structure of the Rdx/RdxR complex in cartoon representation (stereo pair). RdxR colors are 
as in Figure II.30, Rdx is colored red-brown. FAD, modeled NADH (translucent) and cysteine residues of the 
iron-binding site are shown in ball-and-stick mode, Fe3+ as a green sphere. Anomalous-difference electron den-
sity (red) contoured at 6σ documents the presence of the Fe3+.  
 

The shortest direct distance between redox centers of both molecules (FAD-N3 to Fe3+) is 

7.5 Å, well below the 15 Å limit defined as physiologically relevant (Page et al., 1999). A 

well resolved, bridging water molecule (Wbridge) subdivides this distance into two shorter 

segments of 2.8 Å and 5.7 Å potentially affecting both likelihood and speed of electron-

transfer between the redox partners  (van Amsterdam et al., 2002; Beratan et al., 1991; Lin et 

al., 2005b). A third possible tunneling pathway of 6.2 Å ranges from FAD-N3 to Cys9Rdx-S
-

(Figure II.40). 

Electrostatic surface potentials for both, Rdx and RdxR, calculated using APBS (Baker et al., 

2001), reveal significant charge complementarity (Figure II.41). The interface is dominated 

by H-bonded interactions centered about the axis running from FAD-N3 to Rdx-Fe3+. These 

interactions include direct hydrogen bonds between residues Met290RdxR–Cys42Rdx, 

Arg297RdxR–Gly43Rdx, Ser44RdxR–Val8Rdx, and Ser44RdxR–Val7Rdx, as well as water-mediated 

hydrogen bonds between residues Thr318RdxR–Asp41Rdx and Pro316RdxR–Asp41Rdx (Figure 

II.42). 
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Figure II.40: Redox cofactor distances. The interface is shown schematically. Hydrogen bonds and salt bridges 
are indicated by dotted lines. Color coding for atoms: C - grey; N - blue; O - red; S - yellow; Fe - green. Cova-
lent bonds are yellow for RdxR and red for Rdx. 

 

Three salt-bridges within the interface connecting residues Glu21Rdx–Lys377RdxR, Arg21RdxR–

Asp48Rdx and Asp41Rdx–Lys372RdxR are all solvent exposed and partially disordered, indicat-

ing weak contributions to recognition. This matches the observation, that the affinity of P. 

putida GPO1 (or P. oleovorans) RdxR/Rdx is independent of ionic strength (Perry et al., 

2004). The methylene groups of Glu21Rdx additionally contribute a van-der-Waals interaction 

to Leu373RdxR. Overall the high charge complementarity of the two molecules, coupled to a 

small interaction surface and relatively few polar interactions ensure a highly specific yet 

transient interaction between RdxR and Rdx. 
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Figure II.41: Electrostatics of the RdxR/Rdx interface. The complex is shown in open-book representation. 
Electrostatic surface potentials are mapped on the van-der-Waals surface of RdxR and Rdx (blue: positive, red: 
negative, white: neutral). 
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Figure II.42: Interactions surrounding the redox active site of the complex. Interacting residues are shown 
as ball-and-stick models (C of RdxR yellow and of Rdx red-brown). FAD is shown in ball-and-stick mode. 
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IIB.7  The RdxR and RdxR/Rdx structures reveal a possible RdxR dimer 

IIB.7.1 RdxR forms identical crystallographic dimers in the RdxR and RdxR/Rdx 

structures. 

Despite distinct crystal packing arrangements for RdxR and RdxR/Rdx, RdxR forms identical 

dimers in both structures. The observed dimer, buries a surface area of 3260 Å2 (Krissinel and 

Henrick, 2005) and involves the convex surface of each monomer. Dimers have also been 

reported for GR, PdxR, BphA4 and mAIF (Schulz et al., 1978; Mate et al., 2002; Senda et al., 

2000; Sevrioukova et al., 2004). In GR and similar S-S oxidoreductases dimerization is essen-

tial as residues from both monomers create the active-site pocket (Pai and Schulz, 1983; Kar-

plus and Schulz, 1987). In contrast, the functional relevance of dimerization observed in 

electron transferases (PdxR, BphA4 and RdxR), currently remains unclear (Sevrioukova et al., 

2004) especially as the dimers are structurally unrelated. In addition, RdxR-dimerization re-

stricts access to the NAD(P)H binding pocket and results in a severe steric clash between the 

modeled adenine moiety of NAD(P)H and α-helix α8’ of the neighboring molecule (Figure 

II.43). Moreover, numerous water molecules at the dimer interface and an unfavorable 

Arg242-Arg242’ contact all indicate a weak RdxR/RdxR’-interaction. 

 

α8‘
βI/α7

NAD

α8‘
βI/α7

NAD

 

Figure II.43: Crystallographic RdxR dimer.  The RdxR-dimer (RdxR: yellow, RdxR’: white) observed in both 
crystal packing arrangements is portrayed as a cartoon model. Cofactors are rendered as ball-and-stick models. 
Inset: Steric clash between the modeled NADH and RdxR’, indicating (amongst others) that the dimer may not 
be physiologically relevant. 
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IIB.7.2 Biochemical and biophysical analysis of the observed RdxR dimer 

Due to the partially blocked NADH binding site, the observed crystallographic dimer (Figure 

II.43) is unlikely to be of physiological relevance. Biochemical experiments were performed 

to verify this assumption in solution. The elution volume (Ve) of RdxR was compared to those 

of standard proteins in gel filtration chromatography. A plot of the obtained Ve values against 

the particular molecular weights was fitted using a monoexponential function (MW=a*exp(-

b* Ve), a=18801 kDa, b=-0.41 ml-1) which was then used to calculate the native molecular 

weight of RdxR from the measured Ve (Figure II.44 A). The calculated molecular weight of 

RdxR is 77 kDa and therefore close to 88 kDa expected for the dimeric form. However, statis-

tical analysis (SIGMA PLOT) of the regression reveals a high standard error of the estimated 

molecular weights (Sy|x = 35 kDa) demonstrating that this method is not suitable to discrimi-

nate between monomeric or dimeric state of RdxR. Dynamic light scattering (DLS) of RdxR 

solutions was used as a complementary approach to determine the native molecular weight. 

Experiments were performed with two different DLS-devices resulting in molecular sizes of 

65 and77 kDa, intermediate between the expected values of 44 or 88 kDa (Figure II.44 B). 
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Figure II.44: Analytical gel filtration and dynamic  light scattering (DLS) of RdxR solutions. (A) The elu-
tion volume of standard proteins (grey circles) and RdxR (red crosses) from a Superdex200 10/30 column is 
plotted against the particular molecular weights. For comparison, RdxR is plotted for both, the monomeric and 
dimeric case (red crosses). Inset: statistical parameters of the regression (B) Distribution of particle sizes in 
RdxR solution over time as measured by DLS. The relative frequency of particle diameters is indicated by a 
color gradient from blue (not present) to red (most frequent). 
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Because, neither analytical gel filtration nor DLS experiments gave a clear cut answer to the 

dimer problem, RdxR solutions were analyzed by small-angle-X-ray-scattering (SAXS), 

which is sensitive to the overall shape of molecules in solution. The rationale behind this ex-

periment was to calculate theoretical scattering curves for atomic models of both, monomeric 

and dimeric RdxR, and compare these with experimentally obtained scattering curves from 

RdxR solutions. The SAXS experiments were performed in cooperation with Dr. Dmitri Sver-

gun (EMBL Hamburg outstation).  
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Figure II.45: Small angle X-ray scattering of RdxR solutions. The experimental scattering curve (blue) com-
pared to theoretic curves for monomeric (red) crystal-dimer (purple) and SAXS-dimer (green) forms of RdxR. χ2 
values quantify goodness-of-fit between theoretic and experimental curves for each molecule (smaller values 
indicate better fits). 

 

The program CRYSOL (Svergun et al., 1995) was used to fit theoretical scattering curves 

(monomer/dimer) to the experimental data. Oddly, the experimental curve could not be satis-

fyingly fitted using either of the two models (Figure II.45; red, violet). However, the dimeric 
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structure shows a much better fit at low scattering angles. This result thus favors a dimeric 

state in solution because this region of the curve is very sensitive to the overall size and shape 

of the molecule. Due to the bad fit of the crystallographic dimer at higher scattering angles, 

the program GLOBSYMM (Svergun, 2007) was used to construct dimeric structures with a 

better overall fit to the experimental data. The dimer structure with the best fit (SAXS-dimer) 

is shown in Figure II.45 (green).  

Since only backbone atoms were included during the construction of this dimer by 

GLOBSYMM, amino acid side chain positions were subsequently optimized by molecular 

dynamics simulations (Dr. Joachim Reichelt, HZI, Braunschweig), resulting in reasonable 

contacts across the interface. In contrast to the crystallographic dimer, both NADH and Rdx 

binding sites are freely accessible in this structure. Further experiments have to be performed 

to validate the SAXS-dimer. 
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IIC  Crystallization of the YopO/Actin complex 

IIC.1  Protein expression and purification 

YopO is an 82.3 kDa protein with an N-terminal membrane localization anchor spanning 

residues 1-88. A 72.1 kDa YopO construct lacking this hydrophobic region (YopO89-729) was 

cloned into a pGEX-4T-1 expression vector (via XhoI and EcoRI cleavage sites) by Prof. Mar-

tin Aepfelbacher and co-workers (Trasak et al., 2007). YopO89-729 when expressed from this 

plasmid is fused to an N-terminal glutathione-S-transferase-tag (GST-tag), which may be used 

to purify the recombinantly expressed fusion-protein by GSH-affinity-chromatography. The 

GST-tag can be removed using a thrombin cleavage site between GST-tag and YopO89-729. 

Initial experiments to purify the recombinant protein, showed that removal of the GST-tag by 

thrombin-cleavage led to unspecific cleavage of YopO89-729 at different sites (not shown). This 

problem was overcome by re-cloning the yopO89-729 gene into the related pGEX-6P-1 vector 

containing a cleavage site for the more specific PreScission® protease. 

 

IIC.2  Production and purification of YopO89-729 

Due to the presence of several rare codons in the yopO89-729 gene, the protein was overex-

pressed in E. coli BL21-codon+ cells at 16 °C. These conditions were crucial to expressing 

the protein in a soluble form. Figure II.46 shows that as early as 2 h after induction with iso-

propyl-β-thiogalactoside small amounts of the GST/YopO89-729 fusion protein are visible as a 

~96 kDa band in Coomassie stained SDS-gels (lane 2). GST-YopO89-729 is the most prominent 

protein after 12 h of induction (lane 3). After cell-lysis, more than 90 % of the GST-YopO 

protein was recovered in the soluble fraction (Figure II.46, lane 4; only for YopO89-729SLI/II, 

see below). Most E. coli proteins in the soluble fraction could be removed during the washing 

step of GSH-affinity chromatography. The GST-tag was removed by on-column cleavage of 

the immobilized protein with PreScission® protease. Figure II.46 shows that ~90 % of the 

protein could be eluted from the affinity column in this way. 
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Figure II.46: Recombinant expression and affinity chromatography of YopO89-729. Coomassie stained SDS-
gel documenting the over-expression of YopO89-729 (lanes 1-5). Lanes 6-11 correspond to the steps in the GST-
affinity chromatography as indicated above each lane. 

 

The relative amount of impurities could be significantly lowered during the affinity chroma-

tography step (Figure II.46). However, analysis by SDS-PAGE (Figure II.46) revealed re-

maining impurities that may constitute major obstacles for subsequent crystallization. The 

protein was therefore further purified by anion exchange chromatography. 

The anion exchange chromatogram (Figure II.47 A) exhibits one major and several smaller 

peaks of absorbance at 280 nm. The corresponding fractions were analyzed by SDS-PAGE. 

Impurities were only detectable in lanes 1 and 2 representing the first 4 fractions of the major 

absorbance peak. Protein fractions from all peaks were identified as YopO89-729 by N-terminal 

sequencing and showed similar behavior in the following experiments (crystallization). In 

most cases, only the central fractions of the large peak (red bar in Figure II.47 A) were pooled 

and used for further experiments. 
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Figure II.47: Chromatographic purification of YopO 89-729. (A) Anion exchange chromatography of YopO89-

729. Absorbances are indicated by lines (blue: 280 nm, red: 260 nm). Horizontal bars indicate fractions that were 
analyzed by SDS-PAGE (inset). (B) Gel-filtration chromatography of YopO89-729. Absorbances are indicated by 
lines (blue: 280 nm, red: 260 nm). Inset: SDS-PAGE of YopO89-729 after gel-filtration. 

 

Gel filtration chromatography was used as a last step of purification to remove excess salt 

introduced by the preceding anion exchange chromatography, aggregated protein and small 

molecular weight contaminants. As shown in Figure II.47 B, YopO89-729 eluted as a single 

peak from the gel filtration column. SDS-PAGE analysis of the concentrated gel-filtration-

pool showed no further impurities (Figure II.47 B, inset). Using the described expression and 

purification protocol, ~15 mg YopO89-729 could be produced from a 5 l culture. However, by 

serendipity, yields were at later stages significantly improved by surface engineering (see 

IIC.3). 

 

The quality of the produced YopO89-729 was checked by DLS. The concentrated protein solu-

tion (5 mg/ml) was perfectly monodisperse (Figure II.48 A). The molecular weight of 

67.5 kDa calculated from the measured diffusion coefficient is close to the expected value of 

72.1 kDa, which was also confirmed by mass spectrometry (Figure II.48 B). 
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Figure II.48: Quality control by DLS and mass spectrometry.  (A) DLS measurement of YopO89-729. (B) 
MALDI-TOF spectrum of YopO89-729. 

 

YopO89-729 was analyzed by CD-spectroscopy (AG Jahn, TU Braunschweig) to check the 

presence and relative amount of secondary structure elements (Figure II.49). The CD signal, 

recorded between 190 and 250 nm unequivocally proved the presence of α-helical secondary 

structure (minima at 208 and 222 nm). Using the program JFIT 

(http://www.ruppweb.org/cd/cdtutorial.htm), the measured CD curve could be fitted by linear 

combination of theoretical CD-curves for helix-, sheet- and coiled structures. This analysis 

revealed YopO89-729 to be a predominantly α-helical protein (Figure II.49). 
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Figure II.49: CD spectrum of YopO89-729. The measured CD curve (solid line) was fitted using the program 
JFIT (dotted line). 
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IIC.3  Surface engineering 

Surface entropy reduction (Derewenda, 2004) is one of several approaches to raise the crystal-

lization probability of proteins or to generate new crystal forms if only poorly diffracting 

crystals were obtained in the first place (see below). The principle of this method is to replace 

large, surface-exposed amino acid residues such as lysine, glutamate or arginine by smaller 

hydrophobic amino acids that have a higher propensity to form crystal contacts. However, 

especially for large proteins of unknown structure such as YopO it is difficult to decide on the 

most promising substitutions. 

To detect promising mutation targets by a rational approach, pure YopO89-729 was subjected to 

limited proteolysis by chymotrypsin (Figure II.50 A). The resulting degradation bands were 

N-terminally sequenced resulting in a fragmentation map of YopO89-729 revealing three re-

gions especially sensitive to cleavage by the chymotrypsin (Figure II.50 B). The correspond-

ing regions of the YopO89-729 sequence were scanned for high local contents of glutamate, 

lysine and arginine. The corresponding stretches of the sequence were further cross-checked 

by secondary structure prediction algorithms to detect surface exposed loop regions. 

Similarly functional parts of the enzyme were not modified. One stretch matching these pre-

requisites was found between AA340-350 and was termed surface loop I or SLI. A second 

stretch, SLII, is located between AA510-531. Three substitutions (SLI: E341A, K343S, 

R349S; SLII: K510A, R512S, E513A) were introduced into SLI and into SLII (Figure 

II.50 B). 

The modified protein YopO89-729SLI/II was expressed and purified as described for the wild-

type protein. Unexpectedly, the stability of the variant protein was significantly improved 

resulting in a significantly decreased susceptibility towards protease contaminations. Fur-

thermore, the protein was more soluble when expressed in E. coli resulting in a fourfold in-

creased yield compared to the wild-type enzyme. For this reason, YopO89-729SLI/II was used 

for all of the following experiments. For simplicity, YopO89-729SLI/II is termed YopO89-729 

below. 
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Figure II.50: Surface engineering. (A) Left: Western-Blot (Ponceau staining) of a limited chymotrypsin digest 
of YopO89-729. Right: Chymotrypsin cleavage sites (bold) mapped onto the YopO89-729 sequence. Substituted 
residues are shown in red (B) Fragmentation map resulting from limited proteolysis and mutations introduced in 
regions SL-I and SL-II. 

 

IIC.4  Purification of the YopO89-729/actin complex 

YopO89-729 forms a stable 1:1 complex with G-actin (Figure II.51 A, (Trasak et al., 2007)). To 

crystallize this complex, G-actin from Dictyostelium discoideum, provided by Prof. Michael 

Schleicher (LMU Munich) was labeled with tetramethylrhodamin (TMR, (Otterbein et al., 

2001)) to prevent polymerization and mixed with YopO89-729 in a molar ratio of 1:3 (YopO89-

729/actin). Figure II.51 B shows that the YopO89-729/actin complex could be separated from 

excess actin by gel-filtration chromatography. 

Prior to crystallization experiments, the complex was concentrated to 5 mg/ml and analyzed 

by DLS. The observed molecular weight of 120 kDa was close to the expected value of 

114 kDa (72 kDa YopO89-729 + 42 kDa actin). The polydispersity value of 17 % indicated a 

monodisperse solution which was therefore deemed suitable for crystallization experiments. 
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Figure II.51: Purfication of the YopO89-729/actin complex. (A) Analysis of complex formation between 
YopO89-729 and actin by analytical gel-filtration. (B) Preparative gel-filtration of YopO89-729/actin. Blue, red and 
purple lines represent absorption at 280 nm, 260 nm and 555 nm, respectively. Inset: SDS-PAGE of fractions 
indicated by they grey bars. 
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Figure II.52: Dynamic light scattering of the YopO89-729/actin complex. 
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IIC.5  YopO89-729 autophosphorylates upon complexation with actin 

The amino acid sequence of the N-terminal half of YopO89-729 bears a distinct resemblance to 

protein kinases. YopO had previously been shown to be expressed as an autoinhibited 

Ser/Thr-kinase that is activated upon complexation with G-actin (Juris et al., 2000). To con-

firm the activity of the purified YopO89-729/actin complex, the level of autophosphorylation of 

the complex was analyzed. 

YopO89-729/actin was mixed with ATP-containing buffer and incubated at 37 °C. Samples 

taken after 1, 5 and 30 min. were separated by SDS-PAGE and blotted onto a suitable mem-

brane. Incubation with a phosphoserine specific antibody unambiguously showed that 

YopO89-729 is phosphorylated and that it therefore forms a functional complex with different 

forms of actin used in this study (Figure II.53). Activity of the YopO89-729SLI/II mutant was 

verified in the same way (not shown). 
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Figure II.53: Autophosphorylation of the YopO89-729/actin complex. (A) Coomassie stained SDS-PAGE of 
autophosphorylation assays containing the indicated ingredients. (B) Western-blot of an SDS-PAGE which was 
loaded in the same way as (A). Autophosphorylated YopO was detected using a phosphoserine specific 
ATM/ATR antibody. 
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IIC.6  Crystallization 

IIC.6.1 Crystallization of YopO89-729 

The  experiments described above indicate that the recombinantly produced YopO89-729 pro-

tein was pure, monodisperse, folded and active. The protein was therefore perfectly suited for 

crystallization. Crystallization setups with more than 1000 different crystallization conditions 

were carried out at different concentrations of YopO89-729 (2-10 mg/ml). Although the protein 

was stable at higher concentrations, crystallization of solutions with ≥10 mg/ml led to precipi-

tation in ~90 % of the crystallization setups. 5-8 mg/ml YopO89-729 solutions were hence used 

as a standard in crystallization experiments. The crystallization temperature was varied be-

tween 4 °C and 25 °C (4, 12, 20, 25 °C). However, crystals of YopO89-729 could not be ob-

tained in any of these attempts. 

Often proteins and especially enzymes like YopO can only be crystallized after stabilization 

by ligands or cofactors. YopO89-729 was therefore mixed with potential cofactors such as 

Mg2+, Ca2+, ADP or AMP-PNP (a non-hydrolyzeable ATP analogue) potentially stabilizing 

the protein. Crystallization setups including these cofactors, however, did not yield any crys-

tals. 

Different albeit similarly unsuccessful approaches were to use YopO89-729 anion-exchange 

fractions eluted at higher salt concentrations (Figure II.47) for crystallization experiments or 

YopO89-729 incubated at elevated temperatures prior to gel-filtration and crystallization to re-

move potentially aggregation prone monomers. 

 

IIC.6.2 Crystallization of YopO89-729/actin 

The autoinhibition of YopO89-729 and the activation by actin-binding indicates a probable high 

protein flexibility and may explain the described difficulties in protein crystallization at-

tempts. Because actin could serve to stabilize YopO, the co-crystallization of the YopO89-

729/actin complex was also undertaken. Crystals were obtained under two distinct conditions 

each employing different forms of actin (TMR labeled and unlabelled D. discoideum actin) 

(Figure II.54). 

The crystals obtained were very small (~15 µm) and yielded no diffraction on a rotating anode 

or second-generation synchrotron sources. High-intensity X-rays of a third generation micro-
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focus beamline (ID23-2, ESRF, Grenoble, France), did result in smeared diffraction spots to 

~30 Å for the YopO89-729/TMR-actin crystals. Unlabelled crystals did not diffract at all. 
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Figure II.54: Crystallization of the YopO89-729/actin complex. Images on the left depict photographs of crys-
tals inside their crystallization plates. Images on the right show the same crystals as mounted at the ID23-2 
beamline. 

 

Although it was not possible to solve the structure of YopO89-729 or the YopO89-729/actin com-

plex during this work, the presented results represent a starting point for further efforts to gain 

structural insight into this protein (Uwe Wengler, HZI, Braunschweig, PhD thesis). 
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III  Discussion 

IIIA  SdsA1 defines a new group of sulfatases 

Microorganisms use a range of sulfatases of widely varying substrate specificities to utilize 

sulfate esters as carbon and/or sulfur source (Fitzgerald and Payne, 1972; Beil et al., 1995; 

Kahnert and Kertesz, 2000). Until recently, two mechanistically distinct groups of sulfatases 

had been identified (Figure III.1): Arylsulfatases, the best-studied group (hereby assigned to 

group I), are predominantly eukaryotic. They are characterized by an active-site serine or cys-

teine post–translationally modified to formylglycine that mediates the cleavage of the CO-S 

bond of organic sulfate esters, producing inorganic sulfate and the corresponding alcohol 

(Boltes et al., 2001; Kertesz, 2000; Ghosh, 2007). A second group (group II) of sulfatases is 

constituted by Fe(II) dependent bacterial alkylsulfatases. These enzymes oxidatively cleave 

sulfate esters into inorganic sulfate and the corresponding aldehyde and require α-

ketoglutarate as co-substrate (Müller et al., 2004). 

 

Arylsulfatase – group I

NH3+

N

N

H3N+N N

Ca
2+

HO

O

H

H

O
S O R

O

-O

H
N

formylglycine

sulfate ester

AtsK – group II

sulfate ester
α-ketoglutarate

Fe(III)

N

N

O O

N
N

O
O

O
O

O
O

O
O

R

S

OO

O
H

 

Figure III.1: Group I and II sulfatases. Arylsulfatases (left panel) use a hydroxylated formylglycine residue 
(red) as nucleophile for hydrolytic cleavage of the sulfate ester substrate (blue) (Ghosh, 2005). Group II sulfata-
ses like AtsK from Pseudomonas putida S-313 use dioxygen (red) and α-ketoglutarate (green) as co-substrates to 
oxidatively cleave sulfate esters (blue) in a more complicated multiple step mechanism (Müller et al., 2004). 
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Evidence for a third, metal-dependent group of sulfatases (group III) expressed by pseudo-

monal bacteria has accumulated over many years (Davison et al., 1992; Dodgson and White, 

1982; Barbeyron et al., 1995; Hsu, 1963; Hsu, 1965). The gene sdsA from Pseudomonas sp. 

ATCC19151 was implicated in the degradation of SDS and named accordingly (Davison et 

al., 1992). More than a decade later, a knock-out mutant of a yeast homologue of SdsA (Bds1 

or Yol164w) was shown to be unable to grow on alkylsulfates (Hall et al., 2005), demonstrat-

ing that group-III sulfatases are not specific to Pseudomonas spp.. As described above, the N-

terminal domain of SdsA and its homologues harbor a putative Zn2+-binding motif 

(THxHxDHxGG-102-E-18-AE-44-H) identifying them as MBL related enzymes (Daiyasu et 

al., 2001). This work experimentally confirms this assumption and represents the first system-

atic structural and biochemical characterization of this third group of sulfatases. 

 

IIIA.1  Structural characterization of group-III sulfatases 

Whereas structural information for both, group-I and -II sulfatases is available (Boltes et al., 

2001; Müller et al., 2004), SdsA1 is the first structurally characterized representative of 

group-III sulfatases. Using the SdsA1 structure as an example, the following sections give an 

insight into the 3-dimensional architecture of this group of sulfatases. 

 

IIIA.1.1  Group-III sulfatases are new representatives of the metallo-β-lactamase fold 

SdsA1 is a member of the MBL-fold family (Daiyasu et al., 2001). Figure III.2 demonstrates 

the structural conservation of the αββα-sandwich, a hallmark of the MBL-fold between 

SdsA1 and other members of this fold. Until recently, only three of the 17 protein groups pro-

posed to contain the MBL-fold had been characterized structurally, MBLs (group 1 or G1), 

glyoxylases II (G2) and rubredoxin oxidoreductases (G3). 
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A B

SdsA1: sulfate-recognition loop

SdsA1: dome

 

Figure III.2 SdsA1 is a new representative of the MBL-fold. (A) Cartoon representation of the SdsA1 cata-
lytic domain (blue). The catalytic domains of β-lactamase (Bacteroides fragilis, red) and rubredoxin:oxygen 
oxidoreductases (Desulfovibrio gigas, green) are superimposed. Conserved structural elements of the MBL-fold 
are indicated by dashed lines. (B) Whereas the main structural elements of the MBL-fold are conserved between 
MBL-fold enzymes (same enzymes as in panel A), the active site loop regions are distinct. Yellow spheres indi-
cate the Zn2+ ions of SdsA1, the sulfate recognition loop of SdsA1 is shown in purple. 

 

Lately, several new crystal structures of this family have been published, including acid phos-

phorylcholine esterase Pce (G9) (Garau et al., 2005; Hermoso et al., 2005), the tRNA 3’-

processing endoribonuclease tRNaseZ (G6) (Ishii et al., 2005), the N-acyl homoserine lactone 

hydrolase (G12) (Liu et al., 2005) and methyl parathion hydrolase (G15) (Dong et al., 2005). 

The structure of SdsA1 adds group 13 to this divergent family (Table III-1). 

 

Table III-1: SdsA1 is a new representative of the MBL-fold. Table of MBL-fold enzymes whose catalytic 
domain is structurally similar to SdsA1 (Z: DALI Z-Score with regard to SdsA1; higher Z-scores indicate higher 
structural similarity). The colored enzymes are superpositioned in Figure III.2. 

phophorylcholine esteraseStreptococcus pneumoniae9Zn/Fe3.48.7112BIB

alkyl sulfatasePseudomonas aeruginosa13Zn------SdsA1

endoribonucleaseThermotoga maritima6Zn3.87.6151W1

12 

2

15

3

1

Daiyasu group

Bacillus thuringensis

Homo sapiens

Pseudomonas sp Wbc-3 

Desulfovibrio gigas

Bacteroides fragilis

organism

N-acyl homoserine lactonaseZn2.512.6202A7M

glyoxylase IIZn2.713.6141QH5

methyl parathione hydrolaseZn3.314.2161P9E

rubredoxin oxygen:oxidoreductaseFe2.517.7181E5D

lactamaseZn2.420.5191A7T

functionmetalr.m.s.d.
(Å)

ZId. AA
(%)

PDB
code

phophorylcholine esteraseStreptococcus pneumoniae9Zn/Fe3.48.7112BIB

alkyl sulfatasePseudomonas aeruginosa13Zn------SdsA1

endoribonucleaseThermotoga maritima6Zn3.87.6151W1

12 

2

15

3

1

Daiyasu group

Bacillus thuringensis

Homo sapiens

Pseudomonas sp Wbc-3 

Desulfovibrio gigas

Bacteroides fragilis

organism

N-acyl homoserine lactonaseZn2.512.6202A7M

glyoxylase IIZn2.713.6141QH5

methyl parathione hydrolaseZn3.314.2161P9E

rubredoxin oxygen:oxidoreductaseFe2.517.7181E5D

lactamaseZn2.420.5191A7T

functionmetalr.m.s.d.
(Å)

ZId. AA
(%)

PDB
code

 



SdsA1 defines a new group of sulfatases 87 

 

The MBL-fold represents a stable scaffold that has repeatedly been used during evolution to 

catalyze a diverse range of chemical reactions (Table III-1). Structurally, this is achieved by 

varying the sequence and length of β-strand connecting loops near the active site to accom-

modate highly diverse substrates. Correspondingly, the active site dome and especially the 

sulfate recognition loop of SdsA1 are not conserved in other MBL-fold enzymes (Figure 

III.2 B; Figure III.3).  

 

SdsA  85 GKPRD SINPSLQRQALLNLKYGLFEVAEGIYQVRGFDLANITFIR GDSGW
1A7T  11 ............ISITQLSDKVYTYVSLAEIEGW GMVPSNGMIVINNHQA

*                              * *    *
SdsA 135 IVV DTLTTPATARAAYELVSRELGRRPIRTVIYSHAHADHFGGVRGLVEP
1A7T  49 ALL DTPINDAQTEMLVNWVTDSLH.AKVTTFIPNHWHGDCI GGLGYLQRK

SdsA 185 QQVAS GAVQII APAGFMEAAIKENVLAGNAMMRRATYQYGTQLPKGPQGQ
1A7T  98 ......G VQSYANQMTIDLAKEKG..........................

SdsA 235 VDMAI GKGLARGPLSLLAPTRLIEGEGEDLVLDGVPFTFQNTPGTESPAE
1A7T 116 ............... LPVPEHGFT.DSLTVSLDGMPLQCYYLGGGHATDN

SdsA 285 MNI WLPRQKALLMAENVVGTLHNLYTLRGAEVRDALGWSKYINQALHRFG
1A7T 150 IVV WLPTENILFGGCMLKDNQTTSIGNIS...ADVTAWPKTLDKVKAKF.

*
SdsA 335 RQ AEVMFAVHNWPRWGNAEIVEVLEKQRDLYGYLHDQTLHLANQG
1A7T 197 PS ARYVVPGHGNYG.....GT ELI EHTKQIVNQYIESTS......
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Figure III.3: Structure-based sequence alignment of SdsA1 and B. fragilis β-lactamase (PDB: 1A7T). Sec-
ondary structure elements of SdsA1 are depicted by rods and arrows. Conserved residues are marked in red; 
those conserved in all structurally related MBL-fold enzymes (see below) are marked by asterisks, and metal ion 
ligands by yellow circles. Residues of the sulfate recognition loop (wavy violet line) conserved among SdsA1 
homologues are similarly rendered in violet. 
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IIIA.1.2  Group-III sulfatases use their C-terminal domain to recruit amphiphilic sub-

strates 

Despite sequence identities of only ~10 %, the C-terminal domain of SdsA1 shows remark-

able structural homology to eukaryotic sterol-carrier proteins (SCP, Figure III.4). Structural 

information for three SCP domains is available (Choinowski et al., 2000; Haapalainen et al., 

2001; Dyer et al., 2003). Two of them, the rabbit (PDB: 1C44) and mosquito (PDB: 1PZ4) 

proteins (Choinowski et al., 2000; Dyer et al., 2003), function as single domain proteins and 

are implicated in lipid transfer. Interestingly, the human SCP-domain (PDB: 1IKT) 

(Haapalainen et al., 2001) shows the closest structural match to the SCP-domain of SdsA1. 

Like the latter, the human SCP-domain is part of a multi-domain enzyme, MFE-II, involved in 

β-oxidation of very long-chain fatty acids. 
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Figure III.4: Structure based alignment of SCP domains. (A) Superposition of the SdsA1 C-terminal domain 
(orange) with SCP-like structures (see B for details). The structures are shown in cartoon representation. (B) 
Similarity of structures shown in A relative to SdsA1. (C) Structure based sequence alignment of all structures 
shown in A. Secondary structure elements of SdsA1 are indicated by orange bars (helices) or arrows (strands). 

 

Two of the known SCP-2 structures (mosquito and human), contain a ligand (long chain fatty 

acid and Triton-X, respectively). In both cases, the ligand binds to the central hydrophobic 

groove of the SCP-fold. Differing orientation of both molecules suggests that a relatively un-

specific mode of binding allows the coordination of many different kinds of fatty acids or 

other hydrophobic molecules by the same fold (Dyer et al., 2003). The SDS molecule found 
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in the SCP-like domain of the SdsA1E299Q structure, supports this view by adding a further 

binding mode for a new class of ligand. SDS, too is predominantly bound through hydropho-

bic contacts to the central groove, its hydrophobic tail is oriented perpendicular to the hydro-

phobic parts of Triton-X 100 and the fatty acid in the corresponding structures (Figure III.5). 

 

A B

SDS

Triton-X 100

fatty acid

 

Figure III.5: Binding of SDS to the C-terminal SCP-like domain of SdsA1. (A) Ball-and-stick model of SDS 
(C: yellow, O: red, S: green) as bound to the C-terminal domain of inactive SdsA1E299Q (color gradient from 
orange (N-terminus) to red (C-terminus)). Amino acid side chains lining the hydrophobic groove are shown as 
sticks (C: beige, N: blue, O: red). The binding modes of Triton-X 100 and a long-chain fatty acid to similar pro-
tein domains are indicated by translucent ball-and-sticks. (B) Same scene as in A, but rotated around both z and 
x by 90°. 

 

Additional elongated electron density peaks along the hydrophobic chute and in the active site 

of the SdsA1E299Q structure reveal the presence of several secondary SDS binding sites 

(Figure II.25). Due to the hydrophobic environment of the chute, the sulfate groups of the 

bound molecules are mostly not directly coordinated resulting in structural disorder such that 

they are not visible in the electron density. This would suggest that the C-terminal domain 

serves to recruit amphiphilic substrates that then quickly diffuse to the active site pocket. This 

furthermore explains the pronounced substrate inhibition observed at concentrations of SDS 

exceeding 10 µM (CMCSDS: ~4 mM) in the kinetic assays (Figure II.4). Unspecifically bound 

SDS molecules (KS 170 µM for SDS) may potentially block the rather narrow entrance to the 
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active site and thereby slowing the enzymatic reaction. The significant reduction in substrate 

inhibition of less hydrophobic S6S (KS 39 mM) supports this assumption. 

 

IIIA.1.3  Group-III sulfatases − the result of “combinatorial protein-evolution”? 

The SdsA1 structure demonstrates how new enzymatic functions such as sulfate ester cleav-

age may be generated by combining a versatile catalytic scaffold (N-terminal domain of 

SdsA1) with auxiliary substrate-, product- or cofactor-binding domains (SCP domain) using 

suitable linker structures (dimerization domain of SdsA1). Other multi-domain MBL-enzymes 

such as Pce (Daiyasu group 9) or rubredoxin:oxygen oxidoreductase (Daiyasu group 3), ex-

emplify the general importance of this principle of evolutionary protein design (Daiyasu et al., 

2001). 

 

IIIA.1.4  Substrate specificity of SdsA1 as the prototype of group-III sulfatases 

Cleavage of the substrate SDS by SdsA1 is possibly coincidental as SDS has only been intro-

duced into the environment over the last century, especially through its use in detergents (Hall 

et al., 2005). Chlorinated and non-chlorinated alkyl diol disulfates originating form plants and 

algae have been proposed to represent physiological substrates of prokaryotic alkylsulfatases 

(Dodgson and White, 1982) and a related synthetic compound, octadecan 1,12-disulfate, has 

been demonstrated to be a substrate for both primary and secondary alkylsulfatases of Pseu-

domonas C12B (Payne and Painter, 1971). 

Structurally, the active site of SdsA1 appears rather larger than would be required to bind 

primary alkylsulfates (Figure III.6), indicating that larger substrates could be accommodated 

and cleaved. 
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Figure III.6: The active site of SdsA1 is larger than required to bind SDS. The van-der-Waals surface of 
SdsA1 (colored) has been cut away to reveal the hydrophobic chute; the molecular interior is colored grey. Zn-
ions (yellow spheres) mark the active site. Selected amino acids are marked. A color gradient running from white 
to green indicates the grade of conservation. 

 

The conservation of numerous hydrophilic residues near the active site but not involved in 

SDS-, 1DO- or 1DA-binding (Figure II.18; Figure III.6) indicates that SdsA1 may recognize 

and cleave a much wider range of substrates. Although glucosamine-2-sulfate and glucose-3-

sulfate are not cleaved by SdsA1 (Figure II.3), mono- or disaccharide-sulfates are easily ac-

commodated within the active-site pocket in silico. Linked to hydrophobic tails, to accommo-

date the hydrophobicity of the active-site channel and the C-terminal domain, sulfated sugars 

such as sulfoglycolipids may represent physiological substrates for SdsA1. However, SdsA1 

was not observed to cleave sulfatide, a representative of this group of potential substrates 

(Figure II.3). Due to the diversity of this family of compounds (Ishizuka, 1997) this finding 

does not exclude activity towards other molecules of this family. 

 

IIIA.2  Mechanism of sulfate ester cleavage by group-III sulfatases 

Enzymes have the remarkable ability to accelerate thermodynamically favorable reactions that 

would proceed more slowly by many orders of magnitude without catalytic assistance. 

Knowledge of the detailed three-dimensional structure of an enzyme allows the principles 

behind this ability to be investigated in detail. The following sections describe the mechanism 

of SdsA1 catalyzed substrate ester hydrolysis. 
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IIIA.2.1  W2 is the attacking nucleophile in SdsA1 

In hydrolytic enzymes bearing a binuclear metal-cluster (Wilcox, 1996), a hydroxyl ion bridg-

ing the metal ions or a Zn2+-bound water is generally thought to function as the nucleophile. 

Such a mechanism is widely accepted for phosphate ester hydrolysis (Knowles, 1980) and 

several supporting crystal structures are available (Hermoso et al., 2005; Klabunde et al., 

1996; Lindqvist et al., 1999). Typically, the product PO4
3- is found bridging the metal ions in 

these structures (Figure III.7). 
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Figure III.7: Unique geometry of the SdsA1 active site prohibits binding of PO4
3- or SO4

2- in direct vicinity 
of the metal ions. Stereographic view of Pce (grey lines) and purple acid phosphatase (PAP; yellow lines) active 
sites superimposed onto the active site of SdsA1 (blue sticks). Solvent molecules W1 and W2 of SdsA1 are repre-
sented by purple spheres, SO4

2- from the SdsA1/SO4
2- complex is shown in ball-and-stick representation. 

Ligands of Pce (phophorylcholine) and PAP (PO4
3-) are represented by ball-and-stick models. Steric clashes of 

SdsA1 with these ligands are indicated by jagged red circles. 

 

Superimposing Pce (PDB: 2BIB) or purple acid phosphatase (PDB: 4KBP) structures onto 

SdsA1 reveals that direct access to the Zn2+-cluster and W1 in SdsA1 is significantly more 

restricted due to the presence of large residues such as Glu280 and Glu299 (both Zn2+-ligands) 

as well as Ile239. As a result, both SO4
2- (product) or SO3

--group of 1DA (substrate analog) can 

not directly coordinate Zn2+, as indicated by the crystal structures of the protein complexes 

SdsA1/1DA and SdsA1/SO4
2-. Instead the sulfur is displaced by 5.0 Å (SO3

-) or 5.7 Å (SO4
2-) 

from the Zn2+-bridging hydroxyl W1 (Figure II.21 A; Figure II.22 A). A direct nucleophilic 

attack on the sulfur by W1 is therefore most unlikely. Nevertheless, the specificity of SO4
2- 
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and R-SO3
- recognition indicate the observed positions to be catalytically relevant (Figure 

II.21 A; Figure II.22 A; Figure II.23). Similarly, the lack of an obvious hinge region within 

the active site cavity argues against a significant translocation of the sulfate ion towards the 

hydroxyl as part of an active-site closure.  

If, as proposed, W1 is not the nucleophile, another water molecule would need to fullfill this 

function. W2 is a potential candidate for this task. In the complex of SdsA1 and 1DA, W2 fills 

the gap between the W1 and S1DA and at 3.0 Å interacts strongly with S1DA (Figure III.8).  
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Figure III.8: W2 is ideally positioned to mount a nucleophilic attack (stero pair). Active site of SdsA1 with 
SDS analogue 1-decanesulfonic-acid (1DA, vivid colors) superimposed on reaction product structures, SO4

2- 
(translucent blue) and 1-dodecanol (1DO) (translucent green). Zn2+-ligands are shown as thin grey sticks, sub-
strate/product-binding residues as thicker, colored sticks. A dotted yellow circle indicates the equatorial plane of 
the distorted trigonal-bipyramidal configuration of S1DA. Inset: 2Fo-Fc electron density of 1DA (1σ, blue) depicts 
the relative location of the proposed nucleophile W2 (see below) relative to S1DA. 

 

Polarizing interactions with hydroxyl W1 and Glu299 may induce W2 to mount a nucleophilic 

attack on a substrate sulfate ester in a first step of an addition-elimination reaction (Figure 

II.23). The directionality of the attack would be enhanced by the adjacent hydrophobic Ile239-

Cδ (Figure II.19 D; Figure III.8) while Asn310, Arg317 and His405 would serve to polarize the 

SO4
2--group of the substrate (SO3

- in 1DA). The relative positions of W2, S1DA and C11DA in 

the 1DA complex (angle W2-S1DA -C11DA:~ 120°; O21DA, W2, C11DA lying in one plane 

(Figure III.8)) thus appear to mimic a trigonal-bipyramidal transition state that would be re-
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lieved by loss of the leaving group alcohol in the elimination step of the reaction resulting in 

the overall cleavage of the CO-S bond. The positively charged guanidinium group of Arg312 is 

ideally positioned to activate the leaving group during the second step of the reaction (Figure 

II.23 A; Figure III.8). However, W2 and the leaving group occupy adjacent positions in the 

sulfur ligand sphere, arguing against a concerted mechanism in which both would occupy 

axial positions in a trigonal-bipyramidal transition state. Either the observed state does not 

represent a productive cleavage intermediate or a more complex addition-elimination reaction 

possibly involving pseudo-rotation of ligands would be required (Westheimer, 1968). 

 

IIIA.2.2  Biochemical data corroborate the inferred mechanism. 

Three different SdsA1 mutants were engineered and characterized to put the proposed mecha-

nism to test. SdsA1E299D and SdsA1E299Q were created to affect the polarization of the assumed 

nucleophile W2 by two orthogonal approaches, either by increasing the distance between W2 

and the activating carboxylate group (SdsA1E299D) or by changing the electrostatic environ-

ment of W2 (SdsA1E299Q).  

The finding that the introduction of both substitutions dramatically decreases the activity of 

SdsA1 supports the assumption that W2 indeed serves as the sulfur attacking nucleophile of 

SdsA1. The diminished activity of the SdsA1R312Q mutant is explained by its proposed role of 

activating the leaving group oxygen in the second step of the cleavage reaction. However, it 

cannot be ruled out that the loss in activity of this variant is due to a weaker binding of the 

substrate to the active site. An argument against this may be that Arg312 is partly disordered in 

the uncomplexed and complexed structures indicating that this residue does not provide a ma-

jor contribution to substrate binding. 

Arg312 is very distant (~8 Å) to the catalytically relevant metal cluster and together with the 

metal cluster it delimits the catalytically active region of SdsA1. The catalytic importance of 

Arg312 was inferred by the crystal structures of SdsA1/SO4
2- and SdsA1/1DA. Thus, in addi-

tion to supporting the proposed mechanism, the biochemical data presented here support the 

idea that the SdsA1 complex structures mimic productive steps of the enzymatic reaction. 
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IIIA.2.3  Is there a common catalytic mechanism for group-III sulfatases? 

Homologues of SdsA1 with sequence identities up to 23 % occur in numerous eubacteria. 

Eukaryotic homologues, presumably acquired by horizontal gene transfer from α-

proteobacteria (Hall et al., 2005), are less frequent but include EAL47917 of the human 

pathogen Entamoeba histolytica and Bds1 (Yol164w) of Saccharomyces cerevisiae. Residues 

important for metal- and sulfate-coordination (see above) are conserved among the different 

enzymes (Figure III.9).  

 

 

Figure III.9: Homologues of SdsA1 are widespread in bacteria and occur in some eukaryotic organisms. 
Abridged Clustal-X alignment of SdsA1 and homologues from eukaryotic(e)-, Gram-negative(-)- and Gram-
positive(+) organisms. Striped bars represent regions of the alignment not shown. Zn2+ ligands are marked by 
yellow spheres. The sulfate-recognition loop is indicated by a violet bar. A phylogenetic topology (left) indicates 
the evolutionary relationship (Kumar et al., 2004). Green numbers indicate percent sequence identities to SdsA1. 

 

This is also true for the key catalytic residues Glu299 and Arg312. The distantly related E. 

histolytica enzyme (28 % identity to SdsA1) is a notable exception, as Glu299 of SdsA1 is 

replaced by aspartate in this enzyme (Figure III.9). In SdsA1 this substitution adversely af-

fects the catalytic efficiency (see IIA.9.1). Thus, provided the E. histolytica sequence is cor-

rect (codons for aspartate and glutamate differ in one base pair only), it could be interesting to 

investigate how this structural modification (see IIA.9.1) is offset to preserve the functionality 

of the enzyme. Overall, the conservation of functional residues allows the prediction, that all 

SdsA1 homologues listed in Figure III.9 use the above described W2 dependent mechanism.  
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IIIA.3  SdsA1 - From structure to function 

IIIA.3.1  Prediction of function becomes increasingly important 

In its founding year, 1971, the Protein Data Bank (PDB) contained a total of 7 biomacro-

molecular structures. Due to improved experimental techniques such as modern molecular 

biology, cryo-crystallography and steadily improving phasing techniques, the PDB started to 

grow rapidly at the beginning of the 1990s (~500 structures) reaching 13623 structures in the 

year 2000. Currently the PDB holds structural information for more than 44000 biomacro-

molecules (http://www.rcsb.org/pdb/) (Figure III.10). 

 

 

Figure III.10: Growth of the PDB databank. Symbols (circles: complete databank; triangles: subset of SG 
structures) represent numbers of structures in a given year. The pie chart gives an estimation off “structures of 
unknown function” in 2007. The numbers were estimated by a keyword search of the complete PDB databank 
using the search term “unknown function”, revealing ~1400 of the SG structures and ~500 of the other entries to 
have no known function. 
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During the last years, the gain of structural information was additionally boosted by a steady 

flow of new structures from structural genomics (SG) projects (Figure III.10). Protein struc-

tures solved by SG are often not published and are archived in the PDB without further com-

ment or supporting information. In part this is due to the fact that the process of publishing 

such structures is difficult to automate and, more significantly, because the function of many 

solved structures is not known. Indeed, about 75 % of PDB entries with “unknown function” 

have been deposited by SG projects (Figure III.10). Predicting the function of proteins based 

on their primary-, secondary- or tertiary structure could solve this problem (Langlois et al., 

2007) and the elucidation of the SdsA1 function vividly demonstrates the abilities and 

boundaries of the available implementations of these protein-function prediction methods. 

 

IIIA.3.2  Sequence based function prediction 

Assigning a function based on the primary structure is already commonly done, with steadily 

improving algorithms over the last two decades (BLAST→PSI-BLAST) (Altschul et al., 

1990; Altschul et al., 1997). Tools such as PSI-BLAST (Altschul et al., 1997) make it possi-

ble to detect sequence motifs revealing conserved functional regions of very distantly related 

proteins. In fact, BLAST searches revealed the presence of an N-terminal β-lactamase domain 

before the SdsA1 structure was known. This annotation as “probable β-lactamase” initially 

appeared to confirm the hypothesis that SdsA1 is a quorum quencher implying that it would 

cleave the amide bond of AHLs, in analogy to the amide-bond cleavage in the β-lactam-ring 

by β-lactamases. Although this prediction turned out to be incorrect in the end, it correctly 

indicated SdsA1 to be an enzyme. 

 

IIIA.3.3  Prediction of function from genomic organization – Regulation of SdsA1 

Other approaches exploit the fact that in bacteria, genes are often functionally clustered to 

operons and the function of an enzyme can therefore sometimes be predicted by analyzing 

neighboring genes, whose function may well be known (Godzik et al., 2007). Gene locus 

PA0739, immediately downstream (anti-sense strand) of the sdsA1 gene (PA0740, sense 

strand) in the P. aeruginosa genome is predicted to encode a LysR-type transcription factor 

(www.pseudomonas.com).  
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PA0740 (sdsA1)PA0739 (sdsB1)PA0738PA0737 PA0742PA0741

sdsAsdsB

54% identical AA 23% identical AA

P. aeruginosa PAO1

P. sp. ATCC19151

+
 

Figure III.11: Prediction of SdsA1 regulation can by genetic comparisons. Patterned boxes represent open-
reading-frames.  

 

Interestingly, the corresponding gene product is very similar (>70 % id. AA) to SdsB, a tran-

scription factor regulating SdsA in Pseudomonas sp. ATCC19151. Like PA0739 (sdsB1), 

sdsB is located immediately downstream of sdsA and on the opposite strand of the chromo-

some (Davison et al., 1992) (Figure III.11). This striking similarity in genomic architecture 

strongly implies that expression of SdsA1 is regulated by PA0739. AtsA and AtsK, two addi-

tional sulfatases (class I and II, respectively) of P. aeruginosa, are respectively regulated by 

CysB (Hummerjohann et al., 1998) and SftR (PA0191) (Kahnert et al., 2002). However, the 

circumstances leading to SdsB induced SdsA1 transcription will need to be clarified experi-

mentally. 

 

IIIA.3.4  Structure based function prediction 

Protein structures or folds are generally more conserved than protein sequences or genomic 

architectures. The structure of RdxR (see above) demonstrates that even catalytically impor-

tant residues may in some cases “move” to other regions of the primary structure, yet fulfill 

identical functions due to overlapping spatial positions (Lys320 of RdxR, see IIB.4.2) and 

would therefore not be identified by BLAST or related algorithms. Apart from the example of 

Lys320 in RdxR, the striking structural similarity of the C-terminal domain of SdsA1 with 

eukaryotic SCP-2 domains (seq. id. ~13 %) further underscores this notion (Figure III.4). 

However, in comparison with sequences, it is much more difficult to automatically align huge 
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numbers of protein structures and to define a degree of conservation from this (Jones and 

Thornton, 2004; Kolodny et al., 2006). 

Nevertheless, applications such as the DALI-Server (Holm and Sander, 1998) which com-

pares a query structure to all structures in the PDB or more general methods such as the 

CATH and SCOP databases (Orengo et al., 1997; Murzin et al., 1995) are particularly useful 

in providing an initial indication of the potential function of a macromolecular structure, 

where such data is missing. Submitting the coordinates of refined SdsA1 to the DALI-server, 

identified numerous structurally related enzymes covering a broad range of catalytic func-

tions, most of which were only distantly related to SdsA1 by sequence (Table III-1). Super-

imposing the active sites indicates the metal binding site to be generally well conserved. In 

contrast to sequence based methods, it was immediately clear that the active site of SdsA1 is 

distinct from that of all related enzymes and that SdsA1 will have a different substrate (Figure 

III.2). Nevertheless, it was impossible to deduce a possible substrate from this structural com-

parisons. 

 

IIIA.3.5  The royal league – Predicting of the correct substrate 

Current algorithms (Jones and Thornton, 2004) are thus useful in assigning a protein to a 

broad functional class such as “hydrolytically active enzyme”. They are, however, nowhere 

near being able to predict the correct substrate of quite distantly related enzymes such as β-

lactamases and SdsA1. Only very recently, has a rough pre-selection of substrates been dem-

onstrated by automatically docking the probable transition state geometry of substrates into 

the active site, thereby reducing the range of possible substrates (Hermann et al., 2007). Ap-

proaches such as this one may develop into a standard technique in the not too distant future – 

though conformational changes of enzymes during catalysis, that are currently difficult to 

predict, will need to be taken into account (Hermann et al., 2007). 

For the foreseeable future, combining sequence- and structure-based methods and experimen-

tally verifying initial hypotheses – potentially combined with some degree of serendipity – 

will help to uncover the function of a probable enzyme as described for SdsA1 (see IIA.2) and 

other enzymes (Forouhar et al., 2007). 
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IIIB  The electron transfer complex RdxR/Rdx 

Since its discovery in 1965 (Lovenberg and Sobel, 1965), the small iron-sulfur protein Rdx 

has developed into a widely used model system to study electron transfer reactions. Due to its 

small size and stability, it was also one of the first proteins whose three-dimensional structure 

was determined and refined by X-ray crystallographic methods (Watenpaugh et al., 1973). 

The sections below discuss the first crystal structure of Rdx in complex with its physiological 

partner RdxR determined as a part of this work. 

 

IIIB.1  Relationship of RdxR to other FAD-dependent reductases 

Phylogenetic analysis (Kumar et al., 2004) of several structurally characterized, FAD-

dependent NAD(P)H oxidoreductases, indicates GR-fold enzymes to be evolutionary quite 

distant both from AdxR- and FNR-type enzymes (Figure III.12 A). 

 

 

Figure III.12  Phylogenetic topology of structurally characterized enzymes functionally and/or structurally 
related to rubredoxin reductase (RdxR). (A) FNR: plant-type ferredoxin reductase; AdxR: adrenodoxin reduc-
tase; RdxR: rubredoxin reductase; AIF: apoptosis inducing factor; BphA4: bacterial ferredoxin reductase; PdxR: 
putidaredoxin reductase; TrxR: thioredoxin reductase; LpdR: lipoamide reductase; GR: glutathione reductase; 
TptR: trypanothione reductase. Sequence identity to RdxR indicated in %. (B) Superposition of the active sites 
of RdxR (yellow) and BphA4 (grey). Selected side chains are shown in ball-and-stick mode. Position of the 
cofactors FAD and NADH is indicated. 
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The insertion of the NAD(P)H-binding domain into the FAD-binding domain is distinct for 

the three branches, indicating independent gene insertion events (Schulz, 1980; Ziegler and 

Schulz, 2000). The GR-branch itself comprises two phylogenetically and functionally distinct 

sub-branches, viz. electron transferases and disulfide oxidoreductases (Figure III.12 A). Thio-

redoxin reductase (TrxR) (Waksman et al., 1994; Williams, 1995; Lennon et al., 2000; Mus-

tacich and Powis, 2000) occupies an intermediate position by mechanistically resembling 

disulfide oxidoreductases but functionally belonging to the electron transferases. 

Several distinguishing features of RdxR underline its evolutionary distance from other GR-

branch electron transferases such as the mitochondrial AIF, prokaryotic PdxR and BphA4. 

Most importantly, C-terminal Lys320 of RdxR functionally replaces a conserved N-terminal 

lysine (Figure III.12 B), implicated in FAD-binding and hydride transfer (Senda et al., 2000; 

Pai and Schulz, 1983; Mate et al., 2002; Sevrioukova et al., 2004). The pteridine moiety of 

FAD, shielded from the solvent by a Trp-lid in other FdxRs, is exposed at the FAD-N3 atom 

in RdxR (Figure III.12 B). Finally, the C-terminal domains of RdxRs and FdxRs share only 

marginal sequence and structural similarity (Figure II.31), reflecting their divergent substrate 

specificities. 

 

IIIB.2  RdxR provides a preformed redox scaffold for Rdx 

Interestingly, although TrxR and RdxR share a similar fold, the enzymes employ divergent 

catalytic strategies. In TrxR, domains rotate relative to each other so that both NADPH and 

the catalytic disulfide interact with the same side of the flavin cofactor (Waksman et al., 1994; 

Lennon et al., 2000). In RdxR, by contrast, substrate- and cofactor-binding sites lie on oppo-

site sides of FAD (as in GR) eliminating the need for major conformational changes and al-

lowing for a simpler electron transport pathway. Correspondingly, the structure of RdxR and, 

in particular, the FAD-binding domain remains largely unperturbed by Rdx-complexation 

(Figure III.13 A). R.m.s.d. values for Cα-atoms are 0.42 Å for RdxR and 0.22 Å for the FAD-

binding domain. Comparison of both complexed and uncomplexed RdxR by error-scaled dif-

ference distance matrices (Schneider, 2000) reveals that small yet significant conformational 

changes occur mostly in the Rdx binding domain of RdxR (Figure III.13 B). Complex forma-

tion induces the RdxR C-terminal domain to rotate away slightly from the Rdx-binding site 
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resolving an unfavorably close contact between Leu373RdxR and Glu22Rdx (Figure III.13 A, B). 

Considering the small extent of the observed conformational changes, the uncomplexed con-

formation of RdxR thus represents a preformed Rdx binding site, avoiding time-consuming 

conformational rearrangements that gate ET reactions in other complexes (Leys et al., 2003). 

 

 

Figure III.13: Binding of Rdx to RdxR does not provoke major conformational shifts. (A) Superposition of 
uncomplexed (grey) and complexed RdxR (colored as in Figure II.30). Cofactors are shown as ball-and-stick 
models. For clarity, the position of Rdx is indicated by a brown sphere. (B) Difference-distance-matrix (DDM, 
upper right corner) and error-scaled DDM (lower left corner) indicating structural changes between complexed 
(x-axis) and uncomplexed (y-axis) RdxR. DDM regions are colored according to their structural domain (green: 
FAD-binding, yellow: NAD-binding, red: Rdx-binding) 

 

IIIB.3  RdxR discriminates between two types of Rdx 

Sequence alignments, indicate that Rdxs involved in alkane oxidation fall into two classes, 

denoted AlkG1- and AlkG2-type Rdxs (van Beilen et al., 2002). RubA2 and RubA1 of P. 

aeruginosa PAO1 are both AlkG2-type Rdxs, are encoded by neighboring genes, and are 

80 % identical by amino acid sequence (Figure III.14 A). Several exchanged residues cluster 

around the Fe3+/2+-binding site (Figure III.14 B) potentially affecting the Fe-centre redox po-

tential (Kümmerle et al., 1997). Some substitutions affect the molecular surface involved in 
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target recognition, implying that RubA2 and RubA1 may interact with distinct electron accep-

tors. 

 

RdxR(Pa5349) rubA2
rubA1

 
 
 
 
 

                                                       
         *         2 0          *         4 0          *      
MRKWQCVVCGF I YDEAL GL PEEGI PAGT RWEDI PADWVCPDCGVGKI DFEMI EI A
MKKWQCVVCGL I YDEAKGWPEEGI EAGT RWEDVPEDWL CPDCGVGKL DFEMI EI G
M4 KWQCVVCG I YDEA G PEEGI  AGT RWED6 P DW6 CPDCGVGK6 DFEMI EI  
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Figure III.14: RdxR discriminates between AlkG1- and AlkG2-type Rdxs. (A) The genomic organization of 
RdxR (PA5349), Rdx (rubA2) and Rdx2 (rubA1) on the chromosome of P. aeruginosa. A sequence alignment 
illustrates the high sequence similarity of both Rdxs. (B) Non-conserved amino acid between RubA1 and RubA2 
are indicated as spheres on Rdx: conservative - orange; non-conservative – blue. (C) AlkG1- and AlkG2-type 
Rdxs differ by the insertion of an arginine at the position indicated by the arrow (magenta). Modeling this inser-
tion into the crystal structure of the Rdx/RdxR protein complex reveals an unfavorable interaction of the posi-
tively charged residue with the likewise positively charged (blue) molecular surface of RdxR. 

 

Other n-alkane utilizing bacteria encode two distinct Rdxs, of AlkG1- and AlkG2-type. Only 

the latter productively interacts with RdxR (van Beilen et al., 2002). In AlkG1-type Rdxs an 

additional arginine is inserted immediately downstream of the second metal-binding CXXCG 

motif. The RdxR/Rdx complex structure indicates that this results in an unfavorably close 

contact to the positively charged molecular surface of RdxR (Figure III.14 C), explaining why 

AlkG1-type Rdxs are unable to productively interact with RdxR (van Beilen et al., 2002; 

Perry et al., 2004). 
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IIIB.4  Electron Transfer from RdxR to Rdx 

IIIB.4.1  Reductive half reaction 

Electron transfer from NAD(P)H to Rdx involves a reductive and an oxidative step with re-

spect to RdxR. NAD(P)H-binding initiates the reductive half reaction, involving hydride 

transfer from NAD(P)H–C4 to FAD–N5 (Figure III.15 A). The resulting blue charge transfer 

complex between FADH- and NAD+ is detectable as a broad absorption peak between 500-

800 nm after bleaching FAD (Figure III.15 B). During the oxidative half reaction two elec-

trons are sequentially transferred from FADH to two Rdx molecules (Lee et al., 1998) result-

ing in a flavin semiquinone reaction intermediate, which has, however, so far not been 

observed spectroscopically for RdxR (Lee et al., 1998). 
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Figure III.15: Reductive half-reaction of RdxR. (A) Active sites of RdxR, FdxR (BphA4) and AdxR. Cofac-
tors and selected residues are shown in ball-and-stick mode. Interactions are indicated by dotted lines. (B) Addi-
tion of NADH to RdxR leads to bleaching of FAD absorption at 450 nm. The resulting absorption band peaking 
at 700 nm is characteristic for a charge-transfer complex. 

 

The electron transfer reactions alter the protonation state of FAD-N5. First a hydride is trans-

ferred to N5 from NAD(P)H. Following the transfer of a first electron of the hydride to one 

Rdx and concomitantly with the transfer of the second electron to a second Rdx, the proton is 

released to the surrounding solvent. A Glu/Lys pair (Glu159/Lys320 in RdxR), involved in an 

intricate interaction network with FAD-N5 (Figure III.12 B, Figure III.15 A, Figure II.32 C) 

and functionally conserved in ETases or replaced by a histidine-bound “central water” (Figure 
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III.15 B) in AdxR (Ziegler and Schulz, 2000), was thought to be crucial for the hydrogen 

transfer reactions (Senda et al., 2000; Ziegler and Schulz, 2000; Pai and Schulz, 1983; Mate et 

al., 2002; Sevrioukova et al., 2004). Replacing these residues in mAIF, results in loss of FAD 

(Mate et al., 2002), while adding FAD increases activity beyond wild-type levels (Mate et al., 

2002). This residue pair thus appears primarily to be required for FAD-binding in RdxR-type 

enzymes rather than for hydride transfer. 

 

IIIB.4.2  Oxidative half reaction 

According to the Marcus theory (Marcus, 1956; Moser et al., 1992; Marcus and Sutin, 1985; 

Gray and Winkler, 1996), ET kinetics depend on the edge-to-edge distance of the redox co-

factors involved, the driving force of the reaction (∆G0) and the reorganization energy (λ) 

(Moser et al., 1992). At a given distance, ET-rates will be highest for activationless reactions 

where ∆G0=-λ (Figure III.16 A, B). For this optimal case, the distance of 6.2 Å between the 

two redox centers in the RdxR/Rdx complex, would allow transfer rates in the picosecond 

range (1011*s-1, (Page et al., 1999)) (Figure III.16 C). Assuming the redox potentials for RdxR 

and Rdx of P. aeruginosa to be similar to those of P. putida (Lee et al., 1998), indicates a ∆G0 

of around -0.25 eV. Combined with λ=1 eV, typical for intermolecular ET (Page et al., 1999), 

and a packing density of 0.64 (calculated using the ET rates package (Page et al., 1999), 

(Figure III.16 C)) this reduces the ET-rate to 109*s-1 (or 108*s-1 for λ=1.5 eV) (Page et al., 

1999). However, note that RdxR successively transfers two single electrons to two distinct 

Rdx-molecules. ∆G0 is therefore presumably different for both reactions (Lee et al., 1998), 

leading to distinct ET rates for each reaction. Thus, although the crystal structure of 

RdxR/Rdx allows the maximal theoretical rate of electron transfer to be estimated, parameters 

such as ∆G0 and λ would need to be determined experimentally to reveal the true ET-rate be-

tween RdxR and Rdx. 

Nevertheless, the ET-rate for RdxR/Rdx is probably faster than typical turnover rates of ET-

proteins (Page et al., 1999) implying that diffusional steps such as Rdx- and NADH-binding 

may be rate limiting. The binding site is thus under evolutionary pressure to optimize the in-

teraction. 
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Figure III.16: Interprotein electron transfer (ET) reactions. According to Marcus theory, the reactant and 
product states of an ET reaction can be described as harmonic oscillators. Energetic parameters controlling the 
reaction are the free energy of the reaction ∆G0 (dependent on the redox potentials of reactant and product state) 
and the reorganization energy λ which has to be employed to distort the nuclear coordinates of the product state 
into those of the reactant state. (B) The reaction is “free energy optimized” if -∆G0=λ. (C) Exponential depend-
ence of free energy optimized transfer rates on the edge-to-edge distance between redox centers. The packing 
density ρ of the system is one of the parameters controlling the strength of the exponential decay. (A, B and C 
are adapted and simplified from (Moser et al., 1992; Page et al., 1999; Page et al., 2003). 
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∆G0-optimized ET-rates, calculated for all points on the surface of RdxR ((Page et al., 1999), 

Figure III.17), demonstrate that the binding site is optimized to allow docking of Rdx at a 

pronounced tunneling hot-spot of RdxR. Interestingly, structurally unrelated Trx binds to a 

distinct, second hot-spot located on the opposite side of the FAD-cofactor in the related struc-

ture of thioredoxin reductase (Figure III.17) – though the process of electron transfer in that 

system is more complex than in RdxR/Rdx (Williams, 1995). 
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Figure III.17: Comparison of the Rdx (red) and Trx (black) binding sites of RdxR and TrxR. For clarity, 
only the molecular surface of RdxR is shown. ∆G0 optimized ET-rates (42) between FAD and each point of the 
RdxR surface are indicated by a color gradient (red: high ET rate, green: medium, blue: low). Inset: Close-up 
view of the cofactors involved.  
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IIIB.4.3  Electrostatics of ET complexes 

Electrostatics are important for the formation and kinetics of redox complexes (Crowley and 

Carrondo, 2004). Comparing the charge distribution at the molecular surface of RdxR/Rdx 

and related complexes indicates charges to be complementary for each redox pair (Figure 

III.18). The respective dipole moments (calculated using: bioportal.weizmann.ac.il/dipol/) 

intersect at acute angles (37° for FNR/Fdx, 47° for TrxR/Trx) allowing for favorable steering 

of the incoming reaction partner (Figure III.18) (De Pascalis et al., 1993). Thus, despite evolu-

tionary pressure to conserve substrate and cofactor interactions (Page et al., 2003), ET couples 

have diverged with respect to electrostatic forces and guidance of their particular substrate. 

 

 

Figure III.18: Electrostatics of inter-protein ET-r eactions. RdxR-Rdx (open-book mode) is compared to 
other ET-complexes: TrxR-Trx, FNR-Fdx. Complexes are shown in cartoon representation with the reductase in 
yellow and the substrate in red. FADs are shown in ball-and-stick mode, dipole moments as dumbbells. Electro-
static surface potentials are mapped onto van-der-Waals surfaces (red: negative, blue: positive, white: neutral). 
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IIIB.5  Role of the RdxR/Rdx couple is probably not confined to alkane oxi-

dation 

Biological one-electron redox reactions generally depend on an electron distribution system 

consisting of an FAD-dependent NAD(P)H-oxidoreductase combined with a small iron-

binding protein such as ferredoxin, cytochrome or rubredoxin. The small size and distinct 

redox potentials of the iron-binding proteins ensure that a multitude of electron acceptors can 

be supplied by a comparatively small number of electron carriers. The described features of 

the complex such as the preformed interaction surface, the pronounced electrostatic homing 

system, a short tunneling distance, as well as the weak dissociation constant imply the com-

plex to be optimized for rapid transport of reducing equivalents to the actual place of reduc-

tion. Clearly, the RdxR/Rdx-system is crucial to P. aeruginosa to grow on n-alkanes. 

However, employing such a sophisticated redox chain for this single purpose appears dispro-

portionate implying additional but as yet unidentified roles of the RdxR/Rdx-couple in P. 

aeruginosa. This inference of a more general but as yet experimentally unproved function for 

this ET chain is underlined by the finding that expression of the hydroxylases alkB1 and 

alkB2 is strictly n-alkane-dependent, whereas RubB/RubA1/RubA2 are constitutively pro-

duced by the bacterium and also by the impaired quorum sensing resulting from RdxR knock-

out (Smits et al., 2003; Wiehlmann, 2001; Marin et al., 2003) . 

 

IIIB.6  Concluding remarks for RdxR/Rdx and SdsA1 

Structural analysis of SdsA1 and RdxR/Rdx was initially motivated by experiments revealing 

them to have influence on the quorum-sensing system of P. aeruginosa (Wiehlmann et al., 

2007; Wiehlmann, 2001). Elevated levels of AHLs in the SdsA1 knock-out mutant led to the 

assumption that SdsA1 is an AHL-degrading quorum-quenching enzyme. This inference 

could however not be confirmed, as SdsA1 does not degrade AHL in vitro (Adams, 2004). 

The fact, that SdsA1 hydrolyzes alkylsulfates instead implies that sulfur metabolism and/or 

sulfur starvation-sensing pathways in some way interlink with quorum-sensing (Lazazzera, 

2000; You et al., 1998; Pesci and Iglewski, 1997). Sulfur deficiency would thus indirectly 

trigger AHL-production, signaling general stress conditions. Conversely, the RdxR knock-out 
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mutant showed a significantly reduced production of AHLs and furthermore an increased sus-

ceptibility to oxidative stress (Wiehlmann, 2001). The latter finding indicates an involvement 

of the RdxR/Rdx system into the overall redox household of the bacterial cell. The RdxR/Rdx 

couple is known to have this function in archaea by transporting reducing equivalents to 

 rubredoxin:oxygen oxidoreductases. Homologues of these enzymes are however not present 

in P. aeruginosa indicating an as yet unidentified oxidative stress response mechanism. 

Considering the results for SdsA1 and RdxR, quorum-sensing may represent more than a sim-

ple measure of crowding but a signal of general sustainability instead. Although, the exact 

reason for the corrupted quorum-sensing system is elusive in both cases, both structures pro-

vide the opportunity to influence this elaborate system. Especially the RdxR/Rdx knock-out 

phenotype renders the ET couple a possible drug target. While the small and relatively flat 

interaction surface between RdxR and Rdx is not well suited to be inhibited by small mole-

cule inhibitors, the convex side of RdxR containing the NADH binding pocket shows deep 

depressions and is thereby perfectly suited for the development of inhibitors. Superimposing 

the molecular surfaces of RdxR and GR (same fold) demonstrates that the NAD(P)H binding 

pockets of both enzymes are conserved yet distinct. This is a prerequisite for the development 

of inhibitors, because potential drugs should, if possible, not inhibit important human en-

zymes such as GR. 

 

GR

NADHGR

RdxR

 

Figure III.19: NADH binding pockets of RdxR and GR are generally conserved but distinct in detail. Su-
perimposed molecular surfaces of RdxR (yellow) and GR (white). The NAD(P)H cofactor is shown in ball and 
stick representation (purple). 
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However, the wealth of human enzymes using NADH as cofactors makes it difficult to find 

inhibitors specifically blocking the NADH binding pocket of RdxR. Even if this obstacle was 

successfully surmounted, a specific inhibitor of RdxR would not be bacteriocidic and would 

therefore need to be administered for elongated time periods or in combination with bacterio-

cidic drugs. 
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IIIC  YopO – a challenging target for structural analysis 

YopO is one of the effector proteins that Yersinia spp. employ to hijack and control the cellu-

lar immune response of host organisms. Structural analysis of this protein in complex with its 

host-derived binding partners would be a major contribution to the further understanding of 

the molecular aspects of Yersinia infections.  

Although the corresponding structures could not be solved in this work, some major obstacles 

such as the production of large amounts of pure YopO were surmounted. The following sec-

tions discuss strategies which were employed in this work and how they could be modified in 

future efforts to solve the structure of YopO. 

 

IIIC.1  Modification of loop regions by proteolysis assisted surface engineer-

ing 

Protein surface engineering was used to improve the crystallization behaviour of YopO. Sub-

stitutions were incorporated in two short stretches SL-I (AA 341-349) and SL-II (510-513) of 

the YopO sequence that were selected by different criteria such as secondary structure predic-

tion, AA sequence and susceptibility to protease cleavage (see IIC.3). Although this strategy 

was not sufficient to solve the structure of YopO, crystals of the YopO/actin complex were 

only obtained with the combined surface mutant (Figure II.54).  

One of the modified stretches, SL-II, resides in the C-terminal Rac-binding domain of YopO 

whose structure has recently been solved by a competing group (Prehna et al., 2006). The 

structure reveals that indeed, SL-II is part of a loop connecting two helices. Even more inter-

esting, this loop is not resolved in the structure and therefore very flexible (Figure III.20). 

Incorporating further mutations in this loop or deleting it entirely could therefore be helpful in 

crystallizing full-length YopO. 
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Figure III.20: Location of the SL-II loop in the Yp kA 439-731 structure. 

 

Surface-entropy-reduction (SER, (Derewenda, 2004)) of proteins has proven to be an impor-

tant tool in protein crystallography (Goldschmidt et al., 2007). Though, especially for large 

proteins it is difficult to decide on promising target sites for mutagenesis and tools such as the 

SER prediction server (SERp server, http://nihserver.mbi.ucla.edu/SER/) for automatic pre-

diction of promising mutations have been developed (Goldschmidt et al., 2007). Analyzing 

the YopO sequence with the help of this server reveals three high entropy regions in the 

kinase domain (AA 205-208, KEEA; AA 318-319, EK; AA295-298, EQPK), whereas no 

clusters are found in the C-terminal domain. The results presented for YopO demonstrate that 

limited proteolysis is a valuable extension of SER to scan the protein of interest for surface 

exposed and flexible regions. The fact that none of the automatically predicted entropy hot 

spots was found by the experimental approach may be due to the fact that chymotrypsin was 
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the only protease that was used in the experiment. Chymotrypsin selectively cleaves after 

aromatic amino acids like tyrosine, phenylalanine or tryptophan. None of the in silico pre-

dicted sites contains a chymotrypsin cleavage site. Thus, more than one protease should be 

used in future experiments. 

 

IIIC.2  Alternative strategies to crystallize YopO 

Despite the variety of approaches and strategies that were employed to crystallize YopO 

alone, no crystals could be obtained. In principle, two different strategies can be used in fur-

ther crystallization attempts. One approach would be an even more extensive sampling of 

crystallization space with existing YopO constructs or the YopO/actin complex by using more 

starting conditions, additives, temperatures or further modification of the protein by surface 

mutagenesis or reductive methylation. Secondly and more promising, the apparent flexibility 

of YopO (see IIC.6.2) could be reduced either by separating it into smaller domains or by 

complexing and stabilizing it with one, or better more, of its binding partners. 

 

IIIC.2.1  Structural characterization of the YopO kinase domain 

As pointed out above, YopO can be functionally divided into three distinct domains, N-

terminal membrane localization and kinase domains and a C-terminal Rac1-binding domain. 

Even though the crystal structure of the C-terminal part has been solved (Prehna et al., 2006), 

the remaining part is still of interest for structural analysis. It is of particular importance since 

it was recently shown that YopO phosphorylates the α-subunit of heterotrimeric Gαq-proteins 

and thereby interferes with important signaling pathways in the eukaryotic host cell (Navarro 

et al., 2007). Since the action of YopO has been shown to be crucial for virulence of Y. pestis, 

the structure of the kinase domain could guide efforts aimed at blocking this YopO activity by 

small molecule inhibitors (Hu et al., 2007). It had previously been shown that a YopO frag-

ment encompassing AA 89 to 440 can be expressed in soluble form in E. coli (Trasak et al., 

2007). An expression plasmid for this construct was generated by incorporating a stop codon 

at position 441 into the pGEX-6P-1/GST*YopO89-729SLI-II vector (not shown) used to ex-

press the full-length protein (see IIC.2). Due to time constraints the construct was not used 
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further during this thesis but has already proven to be functional in experiments performed by 

Uwe Wengler (HZI, Braunschweig). 

 

IIIC.2.2  Structural scaffolding to solve the YopO full-length structure  

Crystals containing YopO could only be produced by complexing the protein with actin prior 

to crystallization. This underscores the intrinsic flexibility of the protein. The poor quality of 

the resulting crystals could be due to partial or unspecific autophosphorylation upon forma-

tion of the complex, especially because actin binds ATP, which itself is a necessary substrate 

for the kinase reaction. This would lead to structural inhomogenity of the protein population 

hampering crystallization. Using a kinase-dead mutant of YopO could therefore be beneficial 

for crystallization. It is known that replacing residues Asp267 and Lys269 by alanine leads to 

a catalytically compromised enzyme (Trasak et al., 2007). Alternatively, addition of further 

interaction partners such as Rac and/or Gαq to the crystallization setups could lead to the ad-

ditional stabilization of the flexible YopO structure. 
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IV  Outlook 

IVA.1  Structure and function of SdsA1 and RdxR/Rdx 

IVA.1.1 SdsA1 

The described structural and biochemical results for SdsA1 represent a detailed characteriza-

tion of a new mechanistic class of sulfatases. It would be interesting to substitute further resi-

dues in the active site region of SdsA1 to unravel the catalytic importance of other conserved 

residues potentially supporting the catalytic key players Glu299 and Arg312. Further interesting 

experiments would be to replace Glu299 and Arg312 by other functional groups or artificial 

amino acids (Xie and Schultz, 2005). Exchanging Arg312 by glutamine led to a catalytically 

compromised enzyme. Although this result is probably mostly due to the missing positive 

charge in glutamine, it is also possible that the shorter side chain hinders proper coordination 

of the sulfate ester. Arg312 could therefore be exchanged by L-homoglutamine to exclude this 

possibility (Xie and Schultz, 2005). Additional experiments could include the crystallization 

of SdsA1 homologues. The variant from Entamoeba histolytica would be of particular interest 

since, provided the annotated sequence is correct, Glu299 is exchanged to aspartate in this or-

ganism. Incorporation of this substitution into SdsA1 form P. aeruginosa led to a catalytically 

dead enzyme. The structure of the E. histolytica enzyme could reveal how this substitution 

has been overcome. The fate of the proposed nucleophilic solvent molecule W2 could be 

probed using 18O water. This would reveal whether the labeled water is incorporated into the 

sulfate ion or, in the case of an attack onto a carbon, into the alcohol. A more detailed enzyme 

kinetic analysis, especially variations of KM at different pH-values would allow pKa values of 

residues involved in catalysis to be determined. The pH-indicator dependent assay used in this 

work would, however, not be suitable for this experiment, as it is based on changes in pH. 

Alternatively the increase in conductivity resulting from hydrolysis of the sulfate esters could 

be tracked. The metal exchange experiments revealed that SdsA1 is partly active when Zn2+ 

has been replaced with paramagnetic metals such as Mn2+ allowing for investigations by elec-

tron nuclear double resonance (ENDOR) spectroscopy. This could indicate whether ENDOR-

active 17O-water is on reaction timescales exchanged with the metal-bound shared hydroxide 

W1. If this were not the case and if 18O-water is indeed found to be incorporated into either 
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product, this would provide strong evidence that W2 and not the metal-bound W1 initiates the 

nucleophilic attack. 

Unraveling the influence of SdsA1 on P. aeruginosa quorum sensing is crucially dependent 

on the identification of the natural substrate. This could in principle be achieved by screening 

SdsA1 against substrate libraries. With regard to this approach, the inactive SdsA1 mutants 

which were produced in this work could be used to trap potential substrates from a mixture of 

substances. Another possibility would be automated in-silico docking of small molecules to 

the active site and subsequent biochemical assays as recently exemplified (Hermann et al., 

2007). 

 

IVA.1.2 RdxR/Rdx 

The structure of the RdxR/Rdx complex solved in this thesis is the first structure of Rdx in a 

productive ET complex. As such it provides important data for the detailed understanding and 

modeling of ET processes. However, the structure of RdxR was initially investigated because 

of the observation that RdxR knock-out mutants of P. aeruginosa are defective for quorum 

sensing. The structure of the complex itself does not provide an obvious reason for this obser-

vation. Instead further biochemical and genetic studies are required to resolve this question. A 

first approach would be to knock out both Rdxs, PA5350 and PA5351 in the P. aeruginosa 

genome. Should these mutants display the same phenotype as the RdxR knock-out mutant, 

this would indicate that the link to quorum sensing involves the transfer of electrons catalyzed 

by the RdxR/Rdx complex, rather than an undescribed alternate function of PA5349. Further 

experiments could include determining the exact redox potential of both Rdxs, PA5350 and 

PA5351. This data could provide some indication of the redox proteins targeted by both Rdxs. 

Even if the reason for the observed effect on quorum sensing should remain elusive, it could 

be possible to identify small molecule inhibitors of the RdxR/Rdx-interaction. As binding of 

NADH leads to a bleaching of the FAD cofactor, the successful blocking the NADH binding 

pocket could be easily monitored in high-throughput assays.  

From a structural point of view, it would be interesting to further investigate the oligomeriza-

tion of RdxR in solution. The proposed solution structure derived from SAXS experiments 

could be verified by mutational studies. 
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IVA.2  Structure of the type-III secretion effector YopO 

The recently published structure of the C-terminal domain of YpkA (Prehna et al., 2006) un-

derscores the concept of separating proteins that are difficult to crystallize into functional do-

mains. Future experiments could therefore concentrate on the crystallization of the YopO 

kinase domain. Crystallization of the full-length protein should presumably only be pursued in 

combination with interaction partners such as actin, Rac or the newly identified target Gαq. 

Structures of these complexes would be of high scientific interest. In parallel, YopO could be 

further engineered to facilitate crystallization. Amongst others, the incorporation of additional 

substitutions in regions especially prone to cleavage by proteases could be attempted. As 

stated above, proteases other than chymotrypsin should be used for the detection of additional 

surface loops. Further efforts could include modifying surface entropy hot-spots predicted in-

silico. 
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V Methods 
VA  SdsA1 

VA.1 Cloning, protein expression and purification 
The gene PA0740 (sdsA1) of P. aeruginosa PA01 was amplified from genomic DNA using 
oligonucleotides 5’-GACGGCCATATGAGCCGTCTGCTTGCACTCCTG-3’ and 5’-GCGC-
AGATCTGCCTTCGGACTTCGCCGCCGGCGT-3’ as forward and reverse PCR-primers, 
and cloned into expression vector pBBR22bII, a derivative of pBBR22b (Rosenau and Jäger, 
2004), using restriction enzymes NdeI and BglII. SdsA1-His6 fusion protein was expressed in 
E. coli Tuner cells (Novagen) grown in LB-medium supplemented with 37 µg/ml chloram-
phenicol. Cells were grown to an OD600 of 1.0 at 37 °C. Protein expression was then induced 
by addition of 0.5 mM isopropyl-β-D-thiogalactoside overnight at 20 °C. SeMet-substituted 
His-tagged SdsA1 was produced as described (Guerrero et al., 2001). Following centrifuga-
tion, resuspended cells were lysed by French press (lysis-buffer: 100 mM K2HPO4/KH2PO4 
pH 8, 100 mM NaCl, “Complete” protease inhibitor cocktail (Roche), 2 µl benzonase 
(4.2 U/µl, Merck)) and cell debris were removed by centrifugation. Initial purification was 
achieved by Ni-NTA affinity chromatography (Qiagen). After immobilization of the protein 
the column was washed with ~ 500 ml wash-buffer (100 mM K2HPO4/KH2PO4 pH 8, 
100 mM NaCl). The protein was eluted by stepwise addition of elution buffer (wash-buffer 
supplemented with 0.5 M imidazol; steps: 5, 20, 100, 500 mM). The protein buffer was then 
changed to 50 mM Tris-Cl pH 8 by dialysis. Further purification steps included anion ex-
change chromatography (MonoQ HR10/10, (Pharmacia); gradient: 0-250 mM NaCl, 30 col-
umn volumes) and gel filtration (Superdex 200 HR 16/60, Pharmacia). The molecular mass in 
solution was estimated using gel filtration calibration kits HMW and LMW (Pharmacia). Pro-
tein of >95 % purity was concentrated to 3 mg/mL and stored in 50 mM Tris-HCl pH 8 at 
4 °C. 3 mM DTT was added to the SeMet-substituted protein to prevent oxidation of selenium 
atoms. 

 

VA.2 Site-directed mutagenesis 
The Quick-Change XL kit (Stratagene) was used to mutate the pBBR22bII*sdsA1 expression 
plasmid. Expression and purification of SdsA1 mutants was than performed as described for 
the wild-type protein. The following oligonucleotides were used as forward PCR primers for 
the mutagenesis reactions (reverse primers are complementary): 

SdsA1E299D: 

5’-GGGTACCGACCACGTTGTCGGCCATCAGCAGGGC-3’ 

SdsA1E299Q: 

5’-GGGTACCGACCACGTTCTGGGCCATCAGCAGGGC-3’ 

SdsA1R312Q: 

5’-GCATCACGTACCTCGGCGCCCTGCAGGGTGTACAGGTTGTG-3’ 
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VA.3 Bacterial growth  
P. aeruginosa strain TBCF10839 wild type and the isogenic SdsA1-transposon mutant were 
grown on E3 (Vogel and Bonner, 1956) agarose containing 3.5 g NaNH4HPO4• 4H2O, 7.5 g 
K2HPO4• 3H2O, 3.7 g KH2PO4 per liter and 0.1 % (v/v) trace salts solution. One liter aqueous 
trace salts solution contained 2.86 g FeCl3 x 6 H2O, 1.98 g MnCl2• 4H2O, 3.31 g 
CoCl2• 6H2O, 1.47 g CaCl2• 2H2O, 0.17 g CuCl2• 2H2O, 0.61 g ZnCl2. Combinations of either 
0.1 % (w/v) SDS and 10 mM citrate, SDS and 1 mM MgSO4 or SDS alone were provided as 
sole carbon and sulfur sources. Growth of bacterial colonies was monitored at 37 °C for three 
to five days.  

 

VA.4 Organic synthesis 
The secondary and tertiary sulfate ester compounds were synthesized via a pyridine sulfonic-
acid adduct. (Gilbert, 1962) The reaction products were analyzed and validated with mass 
spectrometry and NMR (1H-, 13C-NMR). Sodium-2-hexylsulfate: 1H-NMR: (300 MHz, 
MeOD) δ 4.78 (s), 4.45 (7, 1H), 3.3 (5), 1.7 (m, 2H), 1.55 (m, 2H), 1.35 (t, 2H), 1.35 (d, 3H), 
0.95 (t, 3H); MS-(EI): 227.03 (23 %), 431.07 (100 %), 635.11 (50 %), 839.15 (15 %). 
Pyridinium-2-methyl-2-pentylsulfate: 1H-NMR: (300 MHz, D2O) δ 9.15 (2, 2H), 8.6 (3, 1H), 
8.15 (3, 2H), 3.8 (1), 3.4 (1), 2.1 (m, 2H), 1.9 (s, 6H), 1.15 (m, 2H), 0.9 (t, 3H); 13C-NMR 
(75 MHz, D2O): δ 162.3, 145.6, 142.1, 128.5, 72.9, 66.3, 55.9, 49.4, 44.8, 27.1, 16.9, 14.7, 
13.6. 

 

VA.5 Biochemical characterization of sulfatase activity 

VA.5.1 Steady-state kinetics (phenol red assay) 
A standard kinetic assay (1 ml) contained 1.3 mM Hepes pH 7.5 and 0.08 mM phenol red. 
SDS and S6S were added in concentrations ranging from ≤ 1 mM and ≤ 30 mM respectively. 
3 µg SdsA1 were added to start the reaction. The reaction was monitored at 557 nm for at 
least 400 s, the first 30 s after addition of enzyme were omitted from slope calculations. All 
measurements were performed in triplicate at 37 °C. 

 

VA.5.2 Colorimetric assay for arylsulfate hydrolysis 
The assay was performed in 100 µl scale and contained 10 µl p-nitrophenylsulfate (100 mM) 
or p-nitrocatecholsulfate (20 mM), 90 µl 1 mM K2HPO4/KH2PO4 pH 8 and 1 µl SdsA1 
(3 mg/ml). Photometrical readout did not yield any activity towards either substrate. 

 

VA.5.3 Methylene blue assay 
Some potential substrates (Figure II.3) were tested for degradation using a methylene blue 
based assay (Hayashi, 1975; Ellis et al., 2002). The enzymatic reaction (0.9 ml) was per-
formed as described for the phenol red assay except that the indicator was replaced by deion-
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ized water. Substrates were added at concentrations as indicated. After different reaction 
times, 100 µl of a 0.063 % (w/v) methylene blue solution were added and the mixture was 
thoroughly vortexed to allow complex formation between the remaining sulfate ester and the 
cationic dye. This complex was extracted from the aqueous phase in 800 µl of chloroform. 
The amount sulfate ester in the organic phase was then quantified photometrically at 653 nm.  

VA.5.4 Mass spectrometry 
For MS analysis, enzymatic reactions as in VA.5.3 were not supplemented with methylene 
blue. The cleavage product 1-dodecanol (1DO) was extracted using chloroform and its 
trimethylsilyl derivative confirmed by GC/MS. 

 

VA.6 Metal exchange 
20 mg SdsA1wt (75 mM Mes pH 6) concentrated to 1 mg/ml were incubated with 2.5 g 
Chelex-100 resin (Bio-Rad) for two days at 4 °C. After one day, the Chelex-100 was replaced 
by the same amount of fresh resin. Aliquots of the resulting apo-enzyme (0.7 mg/ml) were 
then supplemented with 5 µM of ZnCl2, CoCl2, MnCl2 or CuCl2 and incubated for 1 day at 
4 °C. Activities were measured using the phenol red assay described above with 10 mM S6S 
as substrate. Prior to metal analysis by Inductively Coupled Plasma - Mass Spectrometry 
(ICP-MS), excess metal was removed by buffer exchange with NAP5 desalting columns (GE 
Healthcare). All steps were performed using water of TraceSelectUltra grade (Fluka). ICP-
MS measurements were done in duplicate. 

 

VA.7 Crystallization 
SdsA1 crystals were grown at 20 °C by hanging-drop vapor-diffusion using equal volumes 
(2 µL) of protein (3 mg/mL) and reservoir solutions (12 % PEG4000, 10 % isopropanol, 
200 mM LiCl, 100 mM Na citrate, pH 6). For cryo-protection, 30 % PEG 400 was added to 
the reservoir solution. Crystals (space group P6522, a=b=86 Å, c=367 Å) grew after 12h. A 
plausible VM of 2.7 Å3/Da and solvent content of 54 % were obtained by assuming one mono-
mer/asymmetric unit. Isomorphous SeMet-substituted crystals, obtained by micro-seeding, 
were used for X-ray data collection. Crystals of SdsA1E299Q and SdsA1E299D were grown and 
cryo-protected as described previously. To ensure full occupation of both Zn2+ binding sites, 
crystals were routinely soaked with 3 mM ZnCl2 prior to freezing in liquid nitrogen. 

 

VA.8 Structure determination 

VA.8.1 3-wavelength MAD experiment 
X-ray diffraction datasets were collected at three wavelengths (inflection: 0.9796 Å, peak: 
0.9790 Å, high-energy remote: 0.9256 Å) at beamline BW7A (DESY, EMBL Hamburg out-
station, Germany) on a MARCCD detector (Marresearch, Norderstedt, Germany). Data were 
processed using the HKL (Otwinowski and Minor, 1997) and CCP4 suites (CCP4, 1994). 
Statistics are listed in Table II-1. Phasing was achieved by multiple anomalous dispersion 
(MAD) techniques. SHELXD was used to locate Se-sites (Schneider and Sheldrick, 2002; 
Pape and Schneider, 2004). Following phase calculation, phase extension and phase im-
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provement by density modification (SHELXE, (Sheldrick, 2002; Pape and Schneider, 2004)), 
~50 % of the polypeptide (~300 AA) could be traced using ARP/WARP, (Perrakis et al., 
1999) and RESOLVE, (Terwilliger, 2004). The second half was built manually (O, (Jones et 
al., 1991)). The structure of SdsA1SeMet was refined to a resolution of 2.6 Å (Refmac5, 
(Murshudov et al., 1997)) and deposited in the Protein Data Bank as 2CG3. 

VA.8.2 SdsA1 complex structures and mutants 
SDS, 1-decane-sulfonic-acid (1DA) and Li2SO4 were dissolved in reservoir solution and 
added 1:1 to crystal mother liquor. SDS was soaked at 2 % (w/v) for 10 min, 1DA at 10 mM 
for 2d and Li2SO4 at 100 mM for 2d. Diffraction data were collected at EMBL-beamlines 
X11, X13 (DESY, Hamburg, Germany) and beamline PX I (SLS, Paul Scherrer Institute, Vil-
ligen, Switzerland). X-ray diffraction data sets for the SdsA1 mutants were collected on 
MarCCD detectors at beamlines BW7a (SdsA1E299D) and X12 (SdsA1E299Q), both located at 
the European Molecular Biology Laboratory Hamburg outstation, Germany. O (Jones et al., 
1991) and COOT (Emsley and Cowtan, 2004) were used for model building, structural analy-
sis and substrate modeling. Structures were validated using PROCHECK (Laskowski et al., 
1993) and WHATIF (Vriend, 1990). Statistics are listed in Table II-1. Figures were prepared 
using PYMOL (www.pymol.org). Protein Data Bank codes of deposited structure coordinates 
are 2CFU (1DA), 2CFZ (1DO), 2CG2 (SO4

2-). 

 

VB RdxR/Rdx 

VB.1 Cloning, Protein Expression and Purification 
The genes PA5349 (RdxR) and PA5350 (Rdx) of P. aeruginosa PAO1 were amplified from 
genomic DNA using following PCR primers: 

RdxR (PA5349): 

 

5’-GCGCTCTAGATAACGAGGGCAAAAAATGAGCGAGCGTGCGCCCCTGGTA-3’, 
5’-GCGCAGATCTAGCCATGAGGCCGGGTAACTCTTTG-3’ 

and Rdx (PA5350): 

5’-GACGGCCATATGCGCAAGTGGCAATGCGTGGTC-3’,  
5’-GCGCAGATCTGGCGATCTCGATCATCTCGAA-3’. 

 

The NdeI-/BglII digestion products were cloned into pBBR22bII, a derivative of pBBR22b 
(Rosenau and Jäger, 2004) resulting in His6-fusions of the target proteins. Proteins were pro-
duced in E. coli Tuner cells (Novagen) in LB-medium supplemented with 37 µg/ml chloram-
phenicol. At an OD600 of 1.0 (37 °C), protein expression was induced by 0.5 mM isopropyl-β-
D-thiogalactoside and continued overnight at 20 °C. Cells were centrifuged, resuspended, 
lysed by French press (lysis-buffer: 100 mM K2HPO4/KH2PO4 pH 8, 100 mM NaCl, “Com-
plete” protease inhibitor cocktail (Roche), 2 µl benzonase (4.2 U/µl, Merck)) and cell debris 
removed by centrifugation. Initial purification was achieved by Ni-NTA affinity chromatog-
raphy (Qiagen). Immobilized proteins were washed with ~500 ml wash-buffer (100 mM 
K2HPO4/KH2PO4 pH 8, 100 mM NaCl). The proteins were eluted by stepwise addition of 
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elution buffer (wash-buffer supplemented with 0.5 M imidazol; steps: 20, 40, 60, 100, 200, 
500 mM). The buffer was changed to 50 mM Tris-Cl pH 8 by dialysis. Anion exchange 
chromatography was performed using a MonoQ HR10/10 (GE Healthcare) and a linear gradi-
ent of 0-400 mM NaCl in 30 column volumes (both proteins). Ni2+- (due to Ni-NTA) and 
Fe3+-binding Rdx were separated during ion-exchange chromatography. The proteins were 
further purified by gelfiltration (Superdex 75 (Rdx), Superdex 200 (RdxR); GE Healthcare) 
and dialyzed against 100 mM NaCl, 50 mM Tris-HCl pH 8. 5 mM β-mercaptoethanol was 
added to RdxR, to prevent cysteine oxidation. Proteins were stored at 4 °C at concentrations 
of 8.5 mg/ml (RdxR) and 30 mg/ml (Rdx). 

 

VB.2 Alkane oxidation 
P. aeruginosa strain TBCF10839 wild type, the isogenic RdxR-transposon mutant 
(Wiehlmann et al., 2007) and the RdxR-complemented strain were grown on E2 minimal 
agar. The plates were placed in a sealed container and hexadecane was supplied as the sole 
carbon source. Growth was monitored for 3 to 5 days at 30 °C. 

 

VB.3 Equilibrium binding studies 
A Nanodrop ND-3300 fluorospectrometer was used to monitor Rdx-induced changes in FAD 
fluorescence. The intensity of blue LED (λmax=470nm) induced FAD fluorescence was moni-
tored at 515nm. A concentration of 12 µM for RdxR was used throughout, whilst that of Rdx 
varied between 0 and 140 µM. A short optical pathway (<1mm) largely eliminated inner filter 
effects. Measurements in triplicate were performed in 50 mM Tris-HCl pH 8 and 50 mM 
NaCl. Dissociations constants KD were determined as described (Perry et al., 2004). 

 

VB.4 Crystallization 
Hexagonal RdxR crystals were grown at 20 °C by sitting drop vapor-diffusion with equal vol-
umes (0.1 µl) of protein (8.5 mg/ml) and reservoir solution (5 % PEG1000, 40 % PEG300, 
0.1 M Tris-HCl, pH 7). Crystals were flash frozen in liquid nitrogen without further cryo-
protection. 

RdxR-Rdx complex crystals were also grown at 20 °C by sitting drop vapor-diffusion. RdxR 
at 10 mg/ml was mixed with a 1.2 molar excess of Rdx and diluted to 8.5 mg/ml. Equal vol-
umes (0.1 µl) of protein mixture and reservoir solution (0.2 M KF, 20 % PEG3350) were 
used. Microseeding with severely intergrown initial crystals yielded plate-shaped orthorhom-
bic crystals of the complex. Mother liquor supplemented with 25 % PEG400 was used for 
cryo-protection.  

 

VB.5 Structure Determination 
X-ray diffraction data for RdxR were collected at λ=0.92 Å at beamline BL1 (BESSY, Berlin, 
Germany), for RdxR/Rdx at λ=1.7 Å at beamline BW7A (European Molecular Biology Labo-
ratory Hamburg outstation, Germany) using MarCCD detectors (Marresearch, Germany). 
HKL2000 (Otwinowski and Minor, 1997) was used for data processing, PHASER (McCoy et 
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al., 2005) for molecular replacement, CNS (Brünger et al., 1998) and CCP4 suites (CCP4, 
1994) for structure refinement, and COOT (Emsley and Cowtan, 2004) for model building, 
structural analysis and validation. Figures were prepared using PYMOL (www.pymol.org). 
Crystallographic statistics are listed in Table II-2 (RdxR) and Table II-3 (RdxR/Rdx). 

 

VC YopO 

VC.1 Cloning, expression and purification 
A pGEX-4T-1 plasmid containing the GST*YopO89-729 ORF was kindly provided by Prof. M. 
Aepelbacher (Universitätsklinikum Hamburg Eppendorf). Using the XhoI and EcoRI restric-
tion sites, the YopO89-729 gene was re-cloned into a pGEX-6P-1 plasmid yielding the same 
GST*YopO89-729 ORF except that the thrombin site was in this way exchanged for a PreScis-
sion®-protease cleavage site. Only the latter construct was used throughout this work. The 
protein was produced in E. coli BL21-codon+ cells (Stratagene) in LB-medium supplemented 
with 37 µg/ml chloramphenicol and 100 µg/ml ampicillin. At an OD600 of 1.0 (37 °C), protein 
expression was induced by adding isopropyl-β-D-thiogalactoside to a final concentration of 
0.1 mM and continued overnight at 16 °C. Cells were centrifuged, resuspended, lysed by 
French press (lysis-buffer: 50 mM Tris-Cl pH 8, 300 mM NaCl, 3 mM DTT, “Complete” pro-
tease inhibitor cocktail (Roche), 2 µl benzonase (4.2 U/µl, Merck)) and cell debris removed 
by centrifugation. Initial purification was achieved by GST-sepharose (GE Healthcare) affin-
ity chromatography. The GST column was equilibrated with 50 mM Tris-Cl pH 8, 150 mM 
NaCl; 3 mM DTT, “Complete” protease inhibitor cocktail (Roche) prior to application of the 
cell lysate. For on-column PreScission cleavage, the buffer was exchanged to 15 ml PBS sup-
plemented with 1 mM EDTA and 1 mM DTT. Cleavage was initiated by adding 50 µl Pre-
Scission® protease (2 U/µl, GE Healthcare) and continued for at least 12 h at 4 °C overnight. 
After elution, YopO89-729 was diluted with 50 mM Tris-Cl pH 8, 3 mM DTT to reach a salt 
concentration below 100 mM (cleavage buffer: 150 mM) and directly applied to a MonoQ 
HR10/10 anion exchange column (GE Healthcare). The protein was eluted using a salt gradi-
ent running from 100 to 250 mM during 26 column volumes. Gelfiltration (Superdex 200; 
GE Healthcare) was used as a final purification step. YopO89-729 was stored at 4 °C at concen-
trations of 2.5-5 mg/ml. 

 

VC.2 Purification of the YopO89-729/actin complex 
Actin from D. discoideum was obtained from Prof. Michael Schleicher (LMU, Munich) and 
labelled with tetramethylrhodamine (TMR) to prevent polymerization under crystallization 
conditions. The labelling reaction was performed as described previously (Otterbein et al., 
2001). YopO89-729 and TMR-actin were mixed in a molar ration of 1:2 and immediately sub-
jected to gel filtration chromatography (Superdex 200 10/30, GE Healthcare) using 50 mM 
Tris-HCl pH 8 as running buffer. The isolated complex was concentrated to 5 mg/ml and di-
rectly used for crystallization setups. 
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VC.3 Site directed mutagenesis 
The Quick-Change XL kit (Stratagene) was used to incorporate mutations into the pGEX-6P-
1/GST*YopO89-729 expression plasmid. The following oligonucleotides were used as forward 
PCR primers for the mutagenesis reactions (reverse primers are complementary): 

SL-I: 

5’-GAAAGATCCGGCGATAAGCCCTAATCAAGGACTGAGCTTCATTACC-3’ 

SL-II: 

5’-GGAGCCTATATCGCAGGCAGCGCAGGGGATACCAAG-3’ 

Expression and purification of YopO89-729 mutants was performed as described for the wild-
type protein. 

 

VC.4 CD spectroscopy 
A JASCO J-810 CD spectrometer was used for the CD experiments (AG Jahn, TU Braun-
schweig). YopO89-729 was diluted to 0.1 mg/ml in 50 mM KH2PO4/K2HPO4 pH 8 and filled 
into a quartz cuvette with 0.1 cm optical pathway. Spectra were recorded in the range from 
190 to 250 nm and evaluated using the JFIT/CDFIT algorithm (http://www.ruppweb.org/). 

 

VC.5  Autophosphorylation of YopO 
YopO89-729 (5 µg) was mixed with 5 µg of D. discoideum actin (kindly provided by Prof. M. 
Schleicher, LMU Munich) and supplemented with 20 mM Hepes pH 7.5, 10 mM Mg acetate, 
1 mM DTT, 5 mM ATP in a final volume of 50 µl. The reaction was incubated at 37 °C and 
samples (10 µl) were taken after 1, 5 and 30 minutes. Reactions were stopped by boiling in 
presence of 10 % SDS. An SDS-PAGE of the samples was blotted onto a PVDF membrane, 
which was then blocked by incubation with 5 % milk powder for 1 h at room temperature. 
Incubation with the primary antibody solution (AK1; ATM/ATR antibody (1: 1000, Cell Sig-
nalling Technology), 5 % BSA, 0.1 % Tween 20) was done at 4 °C for 12 h. AK1 bound to 
phosphorylated YopO89-729 was detected via a second peroxidase coupled antibody (AK2; 
goatαrabbit (1:10000)). 

 

VC.6 Limited proteolysis 
To detect flexible surface regions of YopO, 25  µl of YopO89-729 (4.8 mg/ml) were mixed with 
10 µl 500 mM Tris-Cl pH 8, 1.5 M NaCl, 20 mM MgCl2, 1 µl chymotrypsin (4 mg/ml, 1:50) 
and adjusted to a final volume of 60 µl. The reaction was incubated on ice. Samples of the 
reaction taken after 5, 10, 60 and 120 minutes were stopped by addition of hot (95 °C) SDS-
PAGE loading buffer (10 mM Tris-Cl pH 6.8; 20 % (v/v) glycerol; 500 mM β-
mercaptoethanol; 10 % (w/v) SDS; 0.2 mg/ml bromophenol blue) and analyzed by SDS-
PAGE. The N-terminus of the resulting fragments was identified by N-terminal sequencing 
(Rita Getzlaff, HZI, Braunschweig). 
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VC.7 Crystallization 
Severely intergrown initial crystals of YopO89-729 SLI/II complexed with unlabeled D. dis-
coideum actin were obtained by mixing 0.1 µl complex solution (5 mg/ml) with 0.1 µl 0.2 M 
ammonium acetate, 20 % (w/v) PEG 3350 in sitting drop vapor diffusion setups (Figure 
II.54). Elaborate refinement of crystallization conditions including streak seeding, tempera-
ture screening and variation of protein/reservoir ratio led to the production of single crystals 
using the following conditions: 1.5 µl of complex solution were mixed with 3 µl deionized 
water and 1.5 µl precipitant solution (0.24 M ammonium acetate, 16 % PEG 3350). Crystalli-
zation nuclei were added by horse hair streak seeding with initial intergrown crystals. The 
hanging-drop setup was incubated at 25 °C for several days. 

Small needle like crystals of YopO89-729 SLI/II complexed with TMR labeled D. discoideum 
actin (Figure II.54) grew in sitting drop plates under the following conditions 0.67 M 
(NH4)2 citrate/NH4OH pH 8.5, 10.1 % isopropanol. Pink crystals (TMR label) appeared after 
several days at 10 °C. 
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