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Abstract

The x-ray crystal structure of the oxidized and the reduced forms rubredoxin from 
Pyrococcusfuriosus, a hyperthermophilic marine Archae, have been solved by molecular 
replacement and refined by the method of restarined least squares to a maximum resolution 
of 1.1A for the oxidized form and 1,5A for the reduced form. The oxidized form of the 
protein crystallizes in the orthorhombic space group P 2 i2 j2 i  with unit cell dimensions of 
a=33.8A, b=34.6A, c=43.4A and V=50,755AA The reduced form crystallizes in the same 
space group with the nearly identical unit cell dimensions of a=33.8A, b=34.5A, c=43.2A 
and V=50,375A3- Data on both forms was collected at -161 °C. Three refinement 
packages were used in the refinement and the results from each arc discussed as are the 
possible determinants of the thermal stability. Refinement of the oxidized form (414 
protein atoms and 104 solvent oxygens) with TNT or XPLOR resulted in a crystallographic 
residual of approximately 17% and a model with rms deviations of bond distances and 
angles from target values of approximately 0.015A and 2.5° respectively. Refinement of 
the oxidized form with SHELXL-93 resulted in a model with 132 solvent oxygens and an 
R=13.9% (Rfree=17.2%) and GOF=1,08. The rms deviation from the target values for 
bond distance and angles are 0.014A and 1.75° respectively. Refinement of the reduced 
form with TNT (110 solvent oxygens) or SHELXL-93 (including 130 solvent oxygen 
atoms) results in an R-factor of approximately 17% and the geometry of the model deviates 
from the target values by approximate rms values of 0.022A for the bond distances and 
3.0° for the bond angles.

The x-ray crystal structure of the MoFe nitrogenasc protein from Az.otobcicter 
vutelandii has been refined against data collected at the Stanford Synchrotron Radiation 
Laboratory (SSRL). The data extends to a maximum resolution of 2.2A and two packages 
were used in the restrained least squares refinement. Refinement of the model (including 
625 solvent oxygens) with TNT or XPLOR yielded a crystallographic residual of less than 
18% and a model with bond distances and angles deviate from the target values by rms 
values of 0.02 A and 2.5° respectively.

The x-ray crystal structure of the Ru(2,2'-bppy)2(imd)His83 azurin from 
Pseudomonas aeruginosa has been solved and refined by the method of restrained least 
squares to a limiting resolution of 2.5A. The labeled protein crystalizes in the monoclinic 
space group C 2 with a=100.6A, b=35.4A, c=74.7A, b=106.5\ V=255,069A3 and Z=8. 
Data was collected at -16TC to a maximum resolution of 2.3A yielding a data set that is 
82% complete containing 11,083 reflections. Refinement in TNT (including 150 solvent 
oxygen atoms) resulted in an R-factor of 17.3% with rms deviations in the model bond 
distances and angles from ideal values of 0.026A and 3.09° respectively.
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Introduction

to

Electron Transfer Proteins



2

The three dimensional structure of electron transfer proteins is an active area of 

research. The thermodynamic and kinetic properties of the biological electron transfer 

process have been developed by Marcus et al. (Marcus and Sutin, 1985) and a balanced 

review of the models for electron transfer in biological systems has been published 

(Canters and van de Kamp, 1992). The interested reader is referred to these two papers 

since the electron transfer theory is not be the focus of this thesis. There are three types of 

redox cofactors found in proteins; small organic molecules, amino acid side chains or metal 

redox centers. The disulfide bridge of cystine is an example of amino acid side chains that 

can function as a redox center. Examples of small organic molecules that can mediate 

electron transfer in biological systems are quinones, nictotinamide adenine dinuclcotide 

phosphate (NADP) and nictotinamide adenine dinucleotide (NAD). There are four basic 

types of electron transfer proteins; cytochromes, iron-sulfur proteins, blue copper proteins 

and flavodoxins (Adman, 1979; Meyer and Cusanovich, 1989). This thesis will focus on 

the structure of three metalloproteins, two iron-sulfur proteins (Rubredoxin and 

Nitrogenase MoFe) and one blue copper enzyme (Azurin).

In a review of the available crystal structures of electron transfer proteins Adam 

pointed to six properties that were common to electron transfer proteins (Adman, 1979). 

They are:

1. possession a cofactor that acts as an electron sink;

2. placement of this cofactor close enough to the surface of the protein 

to allow the entry or exit of an electron;

3. substantial alteration of the reduction potential of the cofactor by the 

protein;

4. the existence of a hydrophobic shell adjacent to but not necessarily 

surrounding the cofactor;

5. only small structural changes in the protein upon the transfer of
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electrons;

6. a flexible architecture that permits expansion or contraction in 

preferred directions upon electron transfer.

Some metalloproteins simply transfer electrons (i.e.. rubredoxin and azurin) while others 

may transport and/or activate small molecule (i.e.. hemoglobin) and still others may both 

transfer electrons and activate small molecules (i.e.. the nitrogenase MoFe protein). The 

transfer of electrons and activation of a small molecule generally requires multiple redox 

centers. Other examples of metalloenzymes that contain multiple redox sites and facilitate 

intramolecular electron transfer between metal centers that may have ligands bound to them 

are cytochrome c oxidase and xanthine oxidase.

The most simple of all electron transfer proteins are the rubredoxins. Rubredoxin is 

primarily found in anaerobic bacteria but their function is still unknown. These proteins are 

small (approximately fifty amino acids, molecular weight 6 kD) and contain a single iron 

atom liganded to four cysteine sulfurs in an approximately tetrahedral environment. The 

reduction potential of the Fe(III/Il) couple is significantly lower in the protein than in water. 

For example, the reduction potential of the rubredoxin from Clostridium pasteuriamim is 

-0.057 mV at pH 7 (Lovenberg and Sobel, 1965). Presumably the difference between 

that value and 0.77 V for Fe+3/Fe+2 in water arises from a stabilization of the Fe+3 form 

by the negative charge on the cysteinyl sulfurs (Eaton and Lovenberg, 1973). Comparative 

studies on these most simple of the redox proteins hold the possibility of understanding 

how the protein environment influences the electron transfer and redox properties of the 

iron site. For instance, it has been proposed that the conserved aromatic residues of the 

hydrophobic core of rubredoxin play an important role in mediating the transfer of electrons 

(Frey, Siekeret al., 1987; Adman, Siekeret al., 1991; Sun, Ueyamaet al., 1993). 

Numerous studies on model compounds of the rubredoxin FeS4  center have been reported 

(Werth, Kurtzet al., 1989; Sun, Ueyamaet al., 1991; Walters, Dewan et al., 1991; Maelia,
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Millar et al., 1992; Ueyama, Sun et al., 1992; Huang, Moura et al., 1993; Sun, Ueyamaet 

al., 1993). A more complete description of the rubredoxin from the hyperthermophilic 

marine organism Pyrococcus furiosus is given in Chapter 1.

Ferredoxins are another class of iron-sulfur proteins. The simplest of the 

ferredoxins have a molecular weight of between 10-20 kD, are generally found in plant 

chloroplasts and contain a [2Fe-2S] redox center. The redox potential of these proteins is 

generally low at approximately -400 mV. Small ferredoxins (MW 6-10 kD) with 

four-iron clusters are found in many species o f bacteria. These redox centers contain four 

iron atoms and four sulfides that occupy the alternating corners of a distorted cube. The 

[4Fe-4S] clusters of these proteins also have reduction potentials of approximately 

—400 niV. The modeling of [4Fe-4S] clusters and investigation of their electron transfer 

properties has attracted much attention (Excoffon, Laugieret al., 1991; Kodaka, Tomohiro 

et al., 1991; Ohno, Ueyama et al., 1991; Langen, Jensen et al., 1992; Roth and Jordanov, 

1992; Ueyama, Oku et ah, 1992; Zhou, Scott et ah, 1992; Kambayashi, Nagao et al.,

1993; Yanada, Nagano et al„ 1993; Evans and Newton, 1994). The nitrogenase MoFe 

protein contains two different types of metal centers that are variations of the FeaSa cubanc 

motif. As with the FeS4 and Fe4S4 redox centers, the metal centers of the nitrogenase 

MoFe protein were an area of intense interest for investigators who were attempting to 

synthesize models of these metal centers (Coucouvanis, Challen ct ah, 1989; Chailen, Koo 

el ah, 1990; Challen, Koo et ah, 1990; Cen, MacDonnell et ah, 1994; Demadis and 

Coucouvanis, 1995; Laughlin and Coucouvanis, 1995; Malinak, Demadis et ah, 1995). 

However, unlike the FeS4 and Fe4S4 clusters, the x-ray crystallographic structure of these 

sites had not been solved until the report by Kim and Rees (Kim and Rees, 1992) and to 

date there have been no reports of the successful synthesis of these redox centers. The 

2.2A resolution refinement of the crystallographically determined structure of the 

nitrogenase MoFe protein is reported in Chapter 2.
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Blue copper proteins also serve as electron-transfer agents in biological systems. 

These proteins contain three ligands ( two His and one Cys) are tightly bound to the copper 

atom. Two other ligands (Met and a mainchain carbonyl oxygen) occupy the axial 

positions in a trigonal bipyramidal coordination sphere around the copper atom. The 

intense blue color of these proteins arises from the Cu-S interaction and the reduction 

potential is believed to be tuned by the Met sidcchain. The reduction potential of the blue 

copper proteins tend to be approximately 300 mV, a value much higher than that observed 

in the iron-sulfur proteins. Bioinorganic chemists have used redox-active inorganic 

complexes as artificial substrates in an attempt to understand the electron transfer process 

through the blue copper proteins. Chapter 3 will discus the structure of azurin with 

Ru(2,2'-bppy)2(imd) as a ligand to His83. This structure has relevance to the work 

currently in progress in the laboratory of Professor H. B. Gray here at Caltech (Gray and 

Solomon, 1981; Gray and Malmstrom, 1983; Kostic, Margalit et at., 1983; Gray, 1986; 

Che, Margalit et al., 1987; Mizoguchi, Di Bilio et al., 1992; Winkler and Gray, 1992).
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Chapter 1 

Rubredoxin from  

Pyrococcus furiosus
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1.1 Introduction to Rubredoxin

In the early 1980's organisms were discovered that thrived at temperatures near 

100 °C. They are termed hyperthermophiles due to their optimal growth temperatures 

between 80 and 110 °C and lack of growth at temperatures below 60 °C (Huber, Stoffers 

et al. 1990). These organisms have been primarily classified as belonging to the family 

Archaea (Woese, Kandleret al. 1990) (formerly Archaebacterium) and are found in both 

terrestrial and marine geothermal environments. The hyperthermophiles (from the domain 

Archaea) are believed to be the most ancient organisms in their domain and the two 

hyperthcrmophilic organisms of the domain Bacteria appear to be the most ancient in that 

domain as well. This observation leads one to the postulate that these organisms are the 

ancestors of all life and that life at lower temperature is the result of evolutionary pressure 

to adapt to temperatures significantly lower than 100 °C.

The domain Archaea can be divided into two kingdoms: Euryarchaeota (containing 

the methanogens and their relatives) and Crenarchaeota (made up of the hyperthermophiles) 

(Woese, Kandler et al. 1990). The majority of the hyperthermophiles are strictly anaerobic 

heterotrophs that can grow on complex mixtures of peptides and depend on the reduction of 

elemental sulfur (S°) to H2 S to maintain growth (Adams 1993). This general dependence 

on the reduction of sulfur for significant growth has limited the study of the physiology of 

hyperthermophiles to those few species that will grow in the absence of S°. The organism 

Pyrococcus furiosus is one such species and the remainder of this discussion will focus 

mainly on this organism and primarily on the structure of the 53 amino acid, iron-sulfur 

protein, rubredoxin, isolated from it.

A novel genus of thermophilic marine organism growing between 70 and 103 °C 

was first isolated by Stetter and Fiala (Fiala and Stetter 1986) from sediments surrounding 

a geothermal vent at the beach of Porto di Levante, Vulcano, Italy. The new genus was 

named Pyrococcus, meaning the "fireball." The species and strain is Pyrococcus furiosus
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Vc 1 (DSM 3638), Pyrococcus furiosus grows optimally at 100 ’C with a doubling time of 

37 min. The organism grows helerotrophically in either the presence or absence of sulfur 

(S°) by the fermentation of either amino acids or oligosaccharides where the fermentation 

products are CO2 , acetate, acetoin and H2 . In the presence of elemental sulfur, the latter, 

which inhibits growth, is converted to H2 S by hydrogenase and thus removed from the 

environment. The pathway for the reduction of elemental sulfur by H2  is not understood at 

this time. Enzymes have been isolated in Pyrococcusfuriosus that are responsible for the 

metabolism of starch, glucose and pyruvate as well as enzymes with proteolytic activity.

See Figure 1.1-1 for a simplified schematic of the metabolic pathways in P, furiosus.

Proteins
Peptides Biomass

Amino Acids

Maltose Glucose

[ATPPyruvate

Oligosaccharides

CO, A ceta te

F igure 1.1-1. A  schematic representation o f  the metabolic pathways in 
P. furiosus  illustrating the extracellular cleavage o f  oligosaccharides and the 
intercellular proteolysis o f  peptides and proteins and the hydrolysis o f  maltose.

P. furiosus grows well on complex organic substrates like yeast extract or tryptone.

Whole proteins or enzymatically hydrolyzed casein will support sustained growth, but the

organism will not grow on single amino acids. Experiments have shown, however, that

P. furiosus will incorporate cysteine and methionine (Blumentals, Itoh et al. 1990) and the

addition of single amino acids to the media can significantly increase growth (Kelly,
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Blumentals et al. 1992). This suggests that P. furiosus may be auxotrophic for one or more 

amino acids. It is reasonable to assume that the peptide requirement for sustained growth 

may reflect the greater stability, with respect to temperature, of peptides over single amino 

acids.

Carbohydrates are not required for growth. P. furiosus will grow on maltose and 

starch but will not grow on glucose. Enzymes responsible for the hydrolysis of starch 

(Constantino, Brown et al. 1990) and the metabolism of glucose (Mukund and Adams 

1991) have been isolated so it would seem that P. furiosus is not able to transport glucose 

across the membrane but is able to metabolize glucose once maltose or starch have been 

hydrolyzed inside the cell.

The pathway for the metabolism of sugars by P. furiosus is a subject that has 

attracted much interest recently. Initial investigations suggested that P. furiosus glucose 

metabolism proceeded by a unique pathway. It has been demonstrated that many 

archaebacteria utilized the Entner-Doudoroff pathway rather than the Embdcn-Meyerhof 

pathway observed in most all higher organisms. The main difference arises from the lack of 

a 6-phosphofructosekinase (Conway 1992; Danson and Hough 1992). This enzyme is 

present in eukaryotes and many anaerobic eubacteri a where the Embden-Meyrhof glucolytic 

pathway is operative. This pathway produces two molecules of ATP per molecule of 

metabolized glucose. Many strictly aerobic organisms do not contain this enzyme and 

therefore use the Entner-Doudoroff pathway where only one molecule of ATP is generated 

per glucose. However, ATP-phosphofructosekinase has not been delected in any species of 

Archaea so it has been proposed that variations of the Entner-Doudoroff pathway are 

operative here. P. furious has been proposed to metabolize glucose by a non- 

phosphorylated Entner-Doudoroff pathway where there is no net yield of ATP (Schafer and 

Schonheit 1992).

The fate of the Q-carbon is different in the two pathways (see Figure 1.1-2.)
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(Conway 1992; Danson and Hough 1992). During Entner-Doudoroff metabolism the C]- 

carbon of glucose is evolved as CO2 - The Cj-carbon of glucose becomes the methyl group 

of pyruvate during Embden-Mcyerhof metabolism. In this case, labeled CO2  would not be 

seen until much later, after pyruvate has been completely metabolized during the 

tricarboxylic acid cycle. This provides a convenient method for the elucidation of which 

cycle is responsible for the major portion of glucose metabolism. All of the enzymes 

necessary for gluconeogenesis via the Embden-Meycrhof pathway are present in 

P. furiosus (Schafer, Xavier et al. 1994). Cell free extracts of P. furiosus contain all the 

enzymes necessary for the modified non-phosphorylated Entner-Doudoroff pathway except 

gluconate dehydratase (Schafer and Schonheit 1992).
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F igure 1.1-2 Labeling patterns for g lycolysis. C O 2  from the 
Embden-M eycrhof (EM) pathway will be formed from the C3  and C 4  

carbons. The Entner-Doudoroff (ED ) pathway will form C O 2  from the Cj 
and C4  carbons.

Kengen et al. used in vivo 13C NMR and enzyme measurement in cell free extracts 

to trace the fate of labeled glucose during metabolism by P. furiosus. Their findings 

indicate that the Embden-Meyerhof pathway is the major glycolytic pathway and it is 

operative by way of a number of novel ADP-dependent kinases (Kengen, de Bok et al. 

1994). It could be that P. furiosus would gain an advantage from such an arrangement on 

the basis that ATP would be less stable than ADP at optimal growth temperatures and that
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ADP would supply the same amount for energy. Similar t3C NMR experiments with 

labeled glucose by Schafer on cell free extracts suggest a novel pathway utilizing a 

combination of reactions from both the Embden-Meyerhof and the non-phosphorylated 

Entner-Doudoroff pathways (Schafer, Xavier et al. 1994).

As mentioned above, the reduction of elemental sulfur (SH) to H2 S is a process 

common to all hyperthermophiles. Most hyperthermophilic archaea appear to utilize sulfur 

for respiration and are therefore obligately dependent on its presence for growth. 

Experiments have shown that the addition of sulfur to the culture medium stimulates the 

growth of P. furiosus (Schicho, Ma et al. 1993). Although P. furiosus is not obligately 

dependent on the presence of sulfur for growth, it has been proposed that sulfur reduction 

to H2 S is a means of removing H2  from the environment (H2  being a growth inhibitor).

The means by which this process occurs has generated much interest.

Elemental sulfur has many allotropes and the form that is most thermodynamically 

stable at the optimal growth temperature of P. furiosus is monoclinic [1-sulfur. This form of 

sulfur is an eight membered ring that is essentially insoluble in water. The question then 

becomes: how does the organism sequester this insoluble form of sulfur for reduction to 

H2 S. The two are possibilities (1) the organism must be in direct contact with the solid 

sulfur substrate or (2) the organism must, in some way, convert the sulfur compound into a 

soluble form. Experiments have shown that P. furiosus does not need to be in direct 

contact with elemental sulfur and that soluble polysulfides are a likely candidate for the 

soluble sulfur substrate reduced by H2  evolved by the organism (BJumentals, Itoh et al. 

1990). Polysulfides can be formed by nucleophilic attack on (3-sulfur in ionic solutions at 

around 100 °C. It is, therefore, reasonable to expect polysulfides to exist in the natural 

environment of P. furiosus. It is interesting to note that S° reduction to H2 S also occurs 

abiotically at the growth temperature of P. furiosus, so it is not entirely clear as to the 

organism's role in sulfur reduction.
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In their experiments on the effect of S° added to an energy-limited culture system, 

Schicho et al. found that the maximum yield of cells nearly doubled when the organism 

was grown in the presence of sulfur. This suggested that the reduction of sulfur might be 

an energy conserving reaction (Schicho, Ma et al. 1993). In their pursuit of the enzymes 

responsible for the sulfur reduction, they found that the hydrogenase protein of P. furiosus 

was found to have a S()-reducing activity (Ma, Schicho et al. 1993). It was further found 

that reduction of sulfur to H2 S appears to be a common reaction catalysed by hydrogenascs 

from not only hyperthermophiles but some mesophiles as well. Interestingly, it was 

discovered that at pH 7.6 the reduction of sulfur by hydrogenase in P. furiosus proceeded 

at ~3 times the rate in the presence of the iron-sulfur redox protein rubredoxin as it did in 

the absence of rubredoxin. Rubredoxin had no effect at pH 8.4 and did not stimulate H2 

oxidation or H2  evolution in the pH range 7.0-8.4, The ferredoxin of P. furiosus, which is 

believed to be the in vivo electron donor to hydrogenase for H2 activity, had no effect on 

S°-reduction. A physiological role for rubredoxin has never been established in any of the 

organisms in which it has been found. Therefore, the finding that rubredoxin catalyzes the 

reduction of sulfur by hydrogenase at physiological pH presents the intriguing possibility 

that this might be rubredoxin's role in P, furiosus.

Because P. furiosus grows at such high temperatures, structural investigations of 

the proteins isolated from this organism present the opportunity to study the determinants 

of protein stability at elevated temperatures. An understanding of the factors that affect the 

thermostability of proteins has obvious consequences in protein engineering for industrial 

applications. Rubredoxin presents a unique opportunity in this respect because the x-ray 

structures of rubredoxins from four mesophilic organisms have been determined to near 

atomic resolution (i.e. between 1.2 and 1.5 A). These four other rubredoxins are 

structurally similar and show no exceptional thermostability. Therefore, the expectation is 

that a similar structural analysis of the rubredoxin from P. furiosus, which has been
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shown to be stable to at least 110 °C (Klump, Adams et al. 1994), will provide insights 

into the factors that lend thermostability to proteins. The determination and analysis of the 

structure of rubredoxin with respect to its thermostability will be the focus for the 

remainder of this chapter.

5 10  15 20  25 30  35  40 45  50

11 11 11 1111 11 11 11 
R d P f  a k w v c k i c g y i y d e d a g d p d n g i s p g t k f e e l p d d w v c p i c g a p k s e f e k l e d  
R dD g m d i y v c t v c g y e y d p a k g d p d s g i k p g t k f e d l p d d w a c p v c g a s k d a f e k q
R dD v m k k y v c t v c g y e y d f a e g d p d h g v k p g t s f d d l f a d w v c p v c g a p k s e f e a a
R d C p  MKKYTCTVCGYIYDPEDGDPDDGVWPGTDFKDIPDDWVCPLCGVGKDEFEEVEE
R dD d MQKYVCNVCGYEYDPAEHD--------------NV PFD Q LPSS WC CPVCGV3KDQFSPA

I II! II I I II II I I
C p f  MKKFICDVCGYIYDPAVGDFDNGVE PGTEFKDIPDDW VCPLCGVDKSQFSETEE
C t £  HEKWQCTVCGYIYDPEVGDFTQNIPPGTKFEDL.PDDWVCPDCGVDKDQFEKI
C b t  MQKYVCSVCGYVYDPADGEPDDP1DPGTGFEDLFDEVJVCPVCGVDKDLFEPES
DvM MKKYVCTVCGYEYDPAEGDPDNGVKPGTAFEDVPADWACPVCGAPK5EFEPA
DvH MK K YVCTVCG Y EYDPQEGDP DNGVK PG TSFD DL PA D WV CPVCGAPICSEF E AA
Me MDKYECSICGY1YDEAEGD-DGNVAAGTKFADLPADWVCPTCGADKDAFVKMD
P a  MQKFECTLCGYIYDPALVGPDTPDQDG-AFEDVSENWVCPLCGAGKEDFEVYED
Bm MQKYVCDICGYVYDPAVGDPDNGVAFGTAFADLPEDWVCPECGVSKDEFSPEA

F igu re 1.1*3. Sequence alignm ent for the rubredoxins from anaerobic bacterium. The 
top five sequences are for the rubredoxins w hose x-ray structures have been solved. The 
conserved cysteines are given in bold face. The sym bols U and I indicate residues that are 
unique to RdPf and residues that are strictly conserved in all known rubredoxins, 
respectively. The abbreviations and references are: RdPf, P. furiosus  (Blake, Park et al.
1991); RdDg, D, g igas  (Bruschi 1976a); RdDv, D, vulgaris (Bruschi 1976b); RdCp, C. 
pasteurianuin  (Watcnpaugh, Seiker et al. 1973; Yasunobo and Tanaka 1983); RdDd, D. 
clesulfuricans (Hormel, W alsh et al. 1986); Cpf, C. petfringens  (Seki, Seki et al. 1989);
Cts, C. ihcnno.sacciiarolyticum  (Meyer, Gagnon et al. 1990); Cbt C. Thiosu lfatophihm  
(W oolley and Meyer 1987); DvM , D. vulgaris strain Miyazaki (Shimizu, Ogata et al.
1989); DvH , D. vulgaris strain Hildenborough (Bruschi 1976b; Voordouw 1988); M e, 
M egasphaera elsdenii (Bachmeyer, Yasunobo et al. 1968b); Pa, Peptococcus aerogenes  
(Bachmcyer, Benson et al. 1968a); Bm, Butvribacterium  tnethyltrapiatm  (Saeki, Y a o e t  
al. 1989).

R eferences

Adams. M. W. W. (1993). "Enzymes and proteins from organisms that grow near and above 10 0 ‘C." Ann. 
Rev. M icrobial. 47 , 627-658.

Bachmeyer, H„ Benson, A. M .. Yasunobo, K. T., Garrad, W. T., et al. (1968a). "Nonhcme Iron Proteins. 
IV. Structural Studies of M icrococcus aerogenes Rubredoxin." B iochem istry  7, 986-996.

Bachmeyer, H., Yasunobo, K. T., Peel, J. L. and M ayhew, S, (1968b), “N on-hem e iron proteins.” J. Biol. 
Chem. 2 4 3 , 1022-1030.



17

Blake, P, R., Park, J.-B ,, Bryant, F. O., A ono, S., et af. (1991). "Determinants o f  Protein 
Hyperthermo.s lability: Purification and Am ino Acid Sequence o f  Rubredoxin from the Hyperthermophilic 
Archaebacterium Pyrococcus furiosus  and Secondary Structure o f  the Zinc Adduct by NM R.” Biochem istry 
30 . 10885 -1 0 8 9 5 .'

Blumentals, I. I„ Itoh, M., Olson, G. J, and K elly, R. M. (1990). “Role o f  Polysulfides in Reduction o f  
Elemental Sulfur by the Hyperthermophylic Archaebacterium P yrococcus furiosus."  Appl. Environ. 
M icrob io l. 56 , 1255-1262.

Bruschi, M. (1976a). "The amino acid sequence o f  the rubredoxin from the sulfate reducing bacterium, 
D esitlfovibrio  gigas."  Biochem. Biophys. Res. Cornmun. 70, 615-621.

Bruschi, M . (1976b). “Non-hem e iron proteins. The amino acid sequence o f  rubredoxin from Desitlfovibrio  
v u lg a r is"  Biochem. Biophys. A cta  434 , 4-17.

Constantino, H. R., Brown, S. H. and Kelly, R. M. (1990). “Purification and Characterization o f an ot- 
G lucosidase from a Hyperthermophilic Archaebacterium, Pyrococcus furiosus. Exhibiting a Temperature 
Optimum o f  105 to I I5°C .” J. Bacterial. 172, 3654-3660.

Conway, T. (1992), “The Entner-Doudoroff pathway: history, physiology and m olecular biology.” FEMS 
M icrob io log ica l R eview s  103, 1-28.

Danson, M, J. and Hough, D. W. (1992). “The enzym ology o f  archaebacterial pathways o f  central 
m etabolism .” Biochem. Sac. Sym. 58 , 7-21,

Fiala, G. and Stetter, K. O. (1986). "Pyrococcus furiosus  sp. nov. represents a novel genus o f  marine 
hetcrotrophic archaebacteria growing optim ally at 100‘C.” Arch M icrobiol 145, 56-61,

Hormel, S., Walsh, K, A ., Prickril, B. C„ Titani, K., et al. (1986). “A m ino-A cid Sequence o f  Rubredoxin 
from D esttlfovibrio  clesulfuricans Strain 27774." FEBS-Letters 201, 147-150.

Huber, R„ Stoffers, P., Chcm inee, J. L., R ichnow, H. H., et al. (1990). “Hyperthermophilic archaebacteria 
within the crater and open-sca plume o f  erupting Macdonald Seamount.” Nature  345 , 179-182.

K elly, R. M ., Blum entals, 1.1., Snowden, L. J. and Adams, M. W . W. (1992). “Physiological and 
biochemical characteristics o f  Pyrococcus furiosus, a hyperthermophilic archaebacterium." Annals O f  The 
N ew  York A cadem y O f Sciences  665, 309-319.

Kengen, S. W. M ., dc Bok, F. A. M., van Loo, N .-D ., Dijkema, C ., et al. (1994). "Evidence for the 
Operation o f a Novel Embden-M cyerhof Pathway That Involves ADP-dependcnt Kinases during Sugar 
Fermentation by P yrococcus fu riosu s.” J. Biol. Che in. 269 . 17537-17541,

Klump, H. H., Adams, M, W. W. and Robb, F. T, (1994). “Life in the pressure cooker: The thermal 
unfolding o f  proteins from hypcrthermophiles." Pure Appl. Client. 6 6 , 485-489.

Ma, K., Schicho, R. N ,, K elly, R. M. and Adam s, M. W. W. (1993). "Hydrogenase o f  the 
hyperthermophile Pyrococcus furiosus is an elemental sulfur reductase or sullhydrogenase - evidence for a 
sulfur-reducing hydrogenase ancestor.” Proc. Natl. Acad. Sci. USA 90, 5341-5344,

Meyer, J., Gagnon, J., Sicker, L. C., van Dorsselaer, A., et al. (1990). "Rubredoxin from C lostridium  
thermosaccharolyticum: Am ino Acid Sequence, Mass-Spectrometric and Preliminary Crystallographic 
Data." B iochem ical Journal 271. 839-841.

Mukund, S. and Adams, M. W . W. (1991). “The N ovel Tungsten-Iron-Sulfur Protein o f  the 
Hyperthermophilic Archaebacterium, Pyrococcus furiosus, Is an Aldehyde Feredoxin Ox i do reductase.",/.
Biol. Chem. 2 6 6 , 14208-14216.



18

Saeki, K., Yao, Y ., Wakabayashi, S., Shen, G. J., et al. {1989). “Ferredoxin and Rubredoxin from 
Butyribacterium methylotrophicum: Com plete Primary Structures and Construction o f Phylogenetic Trees." 
Journal o f  B iochem istry  106, 656-662.

Schafer, T. and Schonheit, P. (1992). “M altose fermentation to acetate, Co^ and in the anaerobic
hyperthermophilic archaeon Pyrococcus furiosus  - evidence for the operation o f  a novel sugar fermentation 
pathway.” A rch ives O f  M icrobio logy  158, 188-202.

Schafer, T., Xavier, K. B„ Santos, H. and Schonheit, P. (1994). “G lucose fermentation to acetate and 
alanine in resting cell suspensions o f  Pyrococcus furiosus: Proposal o f  a novel gycolytic pathway based on

*^C labelling data and enzym e activities.” FEMS M icrobio logy Letters 121,  107-1 14.

Schicho, R. N., Ma, K., Adams, M, W. W. and K elly, R. M. (1993). “Bioenergetics o f  Sulfur Reduction 
in the Hyperthermophilic Archacon P yrococcus fu rio su s'' J. Bacterial. 175, 1823-1830.

Seki, Y ,, Seki, S„ Sat oh, M., Ikcda, A ., et al. (1989). “Rubredoxin from Clostridium  perfringcus  - 
Complete A m ino-A cid Sequence and Participation in Nitrate Reduction.” Journal o f  Biochem istry  11)6, 
336-341.

Shim izu, F., Ogata, M ., Yagi, T., W akabayashi, S., et al. (1989). “A m ino-A cid Sequence and Function o f  
Rubredoxin from D esitlfovibrio vulgaris  M iyazaki.” Biochem ie  71, I 171-1177.

Voordouw, G. (1988). “Cloning o f  genes encoding redox proteins o f  known amino sequence from a library 
o f  the D esitlfovibrio vulgaris (Hildenborough) genom e.” Gene  67, 75-83.

Watenpaugh, K. D ,, Seiker, L. C., Herriot, J. R. and Jensen, L. H. (1973). “Refinement o f  the model o f  a 
protein: Rubredoxin at I.5A resolution." A cta  C iysta liogr, IJ29, 943.

W oese, C. R., Kandler, O. and W heelis, M. L. (1990). "Towards a natural system  o f  organisms: Proposal 
for the domains Archae, Bacteria, and Eucarya.” Proc. Nati. Acad. Sci. USA 87, 4576-4579.

W oolley, K. J. and Meyer, T. E. (1987). “The com plete amino-acid sequence o f  rubredoxin from the green 
photrophic bacterium Chlorobittm  thiosulfatophihan  strain PM .” Eur. J. Biochem. 163, 161-166.

Yasunobo, K, T. and Tanaka, M. (1983). The type, distribution in nature, structure-function, and 
evolutionary data o f  the iron-sulfur proteins. In Iron-Sulfur Proteins. (W. Lovenberg, cds.) pp. 27-130. 
Academic Pres, N ew  York.



19

1.2 Experimental 

1.2.1 Crystallization

The growth of Pyrococcus furiosus and the isolation of rubredoxin (RdPf) were as 

previously described (Bryant and Adams 1989; Blake, Park et al. 1991). Crystals of the 

oxidized form of rubredoxin were grown using the hanging drop method by equilibrating a 

4gl drop against a solution containing 30% 2-methyl-2,4-pentanediol, 2.2M (NH4 )2 SC>4 

and O.IM Tris/HCl pH 8.5. The drop contained 2gl of protein solution (-60 mg/ml protein, 

0.3M NaCI and 50mM Tris/CI pH 8.0) and 2pl of buffered ammonium sulfate solution 

(3.2M (NH4 )2 S0 4  and 0 .15M Tris/CI pH 8.5). Deep red rectangular shaped crystals of 

approximate dimensions 0.3 x 0.3 x 0.4 mm grew overnight in the orlhorhombic space 

group P 2 ] 2 j2 1 with unit cell dimensions of a=34.6A, b=35.5A, c=44.4A and 

V=54,536A^. Assuming 4 molecules in the unit cell, the ratio of volume to molecular 

weight (Matthews 1968), Vm, is calculated to be 2.30A3/daIton. At low temperature 

(-16TC) the unit cell dimensions each shrink by approximately 2.5% to a=33.8A, 

b=34.6A, c=43.4A with a corresponding 7% loss in volume to V=50,755A3.

Crystals of the reduced form of rubredoxin were obtained by adding a minimum

amount (several grains) of sodium dithionite (Na2 S2 C>4 ) to drops containing crystals of the

oxidized form of rubredoxin. Upon addition of sodium dithionite, the crystals gradually

lose their deep red color over a period of one to two minutes, becoming colorless and

extremely fragile. When the crystals became colorless, they were removed from the drop

and mounted on a glass spatula for data collection and immediately placed into a -16TC

stream of N2 . The space group and measured unit cell dimensions are virtually identical to

those of the oxidized form (P 2 j2 12 ĵ  a=33.8A, b=34.5A, c=43.2A and V=50,375A3).
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1.2.2 Data Collection

All intensity data were collected on a Siemens X-1000 area detector with the crystal 

to detector distance set at 8.0 cm. Cu Ka  (X=1.5418A) radiation was generated by a 

Siemens rotating anode generator operating at 4.5 kW (50 kV x 90 mA) with a graphite 

monochromator. For low temperature data collection, the crystals were cooled to -161°C 

with a stream of cold nitrogen generated by a Siemens LT-2A low temperature device, 

employing the cryocrystallographic techniques of Hope (Hope 1988; Hope 1990).

Data for initial phasing and model building were collected at room temperature to a 

maximum resolution of 2.2A with the detector center set at 20=10°. Unfortunately, the 

crystal dissolved during data collection and it was not possible to obtain data from a second 

orientation in O. A total of 7767 observations with an average ^  = 35 were integrated 

using XENGHN (Howard, Gilliland et al. 1987). Only 5067 of the integrated observations 

could be successfully scaled using the program package ROCKS (Bethge 1984; Reecke 

1984), The resulting data set (2322 reflections) was 66.9% complete to 2.2A with 

Rmerge=8-8%  (sec Table 1.2.2-1). A Wilson plot (Wilson 1942) for the data indicates an 

average B =16.2A 2.

T able 1.2.2-1 . D ata  collection s ta tistics  fo r  the fo u r  data se ts  used in the refinem ent o f  R dP f

Data set
Resolution

range
Unique

reflections % Observed
Number of 

observations Emerge
R. T.a °o-2.2A 2322 66.9 7767 0.088

-16TC (ox)b ™-1. i A 17366 81.2 78073 0.044

2 e=2 0 °c oo-l .8A 4439 87.3 18963 0.025

-16TC (red)^ 1.5 A 7859 90.9e 45990 0.037

:iroom temperature, oxidized RdPf data set used for the initial molecular replacement calculations 
^complete oxidized RdPf data set collected at -161‘C, merging data collected with the detector center at 

both 2 0 =2 0 ’ and 20=60’
How temperature, oxidized RdPf data collected with the detector center set at 20= 20“ and used for 

structure refinement
^low temperature, reduced RdPf data collected with the detector center set at 20=30" and used for 

structure refinement
e 100% com plete to 1.8A resolution
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Data used for the refinement of the structure were collected at -161°C from a single 

crystal of the oxidized form to a maximum resolution of 1.1 A, employing two orientations 

of the area detector. Data to 1,8A resolution were collected with the detector centered at 

20=20° with two orientations around the O axis. Data between 2.8A and 1.1 A resolution 

were collected with the detector at 20=60° using three different rotations around the O axis 

(see Table 1.2.2-2). The 78023 observations (average -^ = 24) obtained from the seven 

different orientations were integrated, scaled and merged using XENGEN resulting in a 

data set (17366 reflections) 81.2% complete to 1.1 A with Rm crge=4.4%  (see 

Table 1.2.2-1) and a Wilson B = 3.9A2.

T able 1.2.2*2 Data was collected on crystals o f  approximately 0.3 x 0.3 x 0.3 mm in .size using the 
following orientations, scanning in H  at (lie 2 0  and angles shown with a crystal to detector distance o f  
8 . 0  cm .

Oxidized
Orientation

# 20
Starting

O
Starting

Q
Frame

width o
Time
(sec)

#
Frames

1 60° 120° 30° 0.10 150 1000
2 60° 40° 30° 0.10 150 1000
3 20° 120° 30° 0.10 150 352
4 20° 120° 10° 0.15 75 1233
5 60° 120° 75° 0.15 150 350
6 20° 30° 35° 0.15 75 500
7 60° 75° 75° 0.15 150 343

Reduced
I 30° 00 O o 45 ' 0.15 75 1200
2 30° 170° 45° 0.15 75 1200
3 30° 125° 45° 0.15 75 1200

Data were collected at -161° C from a single crystal of the reduced form to a 

maximum resolution of 1.5 A with a single setting of the detector at 20=30° and in three 

orientations around the <b axis (see Table 1.2.2-2). Data (45990 observations, average 

-~ = 23) were integrated, scaled and merged as above. The final data set (Wilson
C l

B = 7.8A 2) containing 7859 reflections is 98.7%  complete to 1,6A and 90.9%  complete to
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1.5.A with Rmerge—3.7%. 
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1.2.3 Structure Determination

Molecular Replacement

A model was prepared from RdCp by truncating side chains that were not common 

to each structure to alanine. This resulted in 338 atoms common to both RdPf and RdCp. 

The origin of the coordinate system was then adjusted to coincide with the geometric center 

of the molecule.

The structure of oxidized RdPf was solved by molecular replacement, using as the

search model 337 atoms (excluding Fe) common to RdPf and RdCp. Rotation functions

were calculated with the Fast Rotation Function of Crowther (Crowther 1972), using all

measured reflections between 8-3A and integration radii varying between 12 and 20A. A

peak consistently appeared in the P=75° section corresponding to the Euler angles 0,=125\

02=75° and 0 3 =-4 O°. The oriented molecule was positioned in the cell by a brute force

translation search using reflections between 6.5 and 3.5A resolution. A solution was found

with a correlation coefficient of 0.54 that was 50% greater than the next highest peak. This

solution required a translation by x=0.365 (12.63A), y=0.067 (2.40A) and

z=0.122 (5.46A). The R-factor ( R = Z ||F0 | ~ |f c||/X)Fo]) for the rotated and translated

model (calculated with the refinement package TNT (Tronrud, Ten Eyck et al. 1987)) was 

R=0.45.

Patterson Results

The availability of high resolution data offered an opportunity to verify the 

correctness of the molecular replacement solution. This was done after the structure had 

been solved and refined. A Patterson map was calculated using the native structure factors 

(Fav) between 2.5-1.1A resolution. The Harker sections for x=0.50, y=0.50 and z=0.5 

are shown in Figure 1.2.3-1. The Fe-Fe vector is the largest feature in each section 

although there are other peaks of similar magnitude in each section. The S-S self vectors
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and the Fe-S cross vectors are not present above the noise ievel of the map.
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F igu re 1.2.3*1. The Harkcr sections o f  the Patterson map calculated from 
the high resolution data using all data between 2.5A  and 1.1A resolution. Only 
the asymmetric unit is shown. The peaks corresponding to Fe-Fe vectors are 
apparent and the predicted position o f  the Fe-Fe in each section vector is labeled.

Another Patterson map was calculated using the anomalous differences in the 

structure factors. Reflections between 4.0-1.0A  resolution were used with a filter applied 

to these reflections that discarded any reflections where the anomalous difference was 

greater than 40%  of the structure factor for the hkl reflection. The map is shown in 

Figure 1.2.3-2. The Fe-Fe vectors are definitely the strongest features o f this map and 

appear at the six sigma level in each Harker section. Again, the S-S vectors are not readily 

apparent above the two sigma level.



26

X = <LHKh
C n r H d u r l i i y c n a  | + ’ t v b  =  2  .1 4  J  f i
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F igure 1 .2.3-2, The Harker sections o f  the Patterson map calculated from the 
anomalous differences for all data between 4-l.oA resolution. Only the 
asymmetric unit is shown. The peaks arising from Fe-Fe vectors are now quite 
obvious. The predicted position o f  the Fe-Fe vector is shown for each section.

Protein Phasing for anomalous data

The iron position was then used as though it was a heavy atom derivative atomic 

position, and the anomalous data, as though it was derivative data. The iron was input at 

the position derived from the Patterson map and protein phases were calculated with the 

Xtalview suite of programs. A map using the observed structure factors was generated 

from these phases and is shown in Figure 1.2.3-3. The four sulfur atoms appear in these 

maps at the 4o  level.
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Figure 1.2.3-3. F observed map calculated from phases derived from the 
iron position.
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1.2.4 Law Resolution Refinement

Oxidized Fowl

The 337 atoms of the starting model (excluding the Fe atom) were refined as a rigid 

body against data in the resolution range between 11 and 2.5A, using the refinement 

package TNT. The initial model rotated by less than 0.1 ° and translated by less than 

0.002A along any axis, lowering the R-factor from 0.45 to 0.41. Calculation of F0-Fc and 

2F0-Fc maps revealed the positions of the Fe atom and 9 of the 23 residue side chains not 

in common with the RdCp structure. The position indicated for the Fe atom was consistent 

with the strongest peaks observed in the native anomalous difference Patterson map (not 

shown). Refinement of the new model using the geometric restraints in TNT and a single 

overall temperature factor yielded R=0.33. Electron density difference maps (F0-Fc and 

2F0-FC) revealed the positions of six more residue side chains. At this point, manuat 

adjustments were made to the existing structure using the computer graphics program TOM 

(Jones 1978). The new model was refined with TNT incorporating the 2243 reflections 

between 20-2.2A resolution with a resulting R=0.27. A subsequent set of electron density 

difference maps (F0-Fc and 2F0-FC) established the positions of the remaining side chains. 

As before, manual adjustments were made to the model as needed. Alternating refinement 

of positions and temperature factors for the complete model including data between 20* 

2.2A resulted in an R-factor of 0.25.

Following the stercochemically restrained least squares refinement of RdPf with 

TNT, the slow-cooling simulated annealing protocol of X-PLOR (Briinger, Kuriyan et al. 

1987; Briinger, Krukowski et al. 1990) was used for further refinement of atomic 

positions. Unit weights were applied to the structure factors during refinement. From a 

starting temperature of 4000 K, the final temperature of 300 K was reached by decreasing 

the temperature in steps of 25 K every 50 femtoseconds resulting in a residual of 0.26. 

Refinement of temperature factors in X-PLOR, followed by another round of simulated
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annealing and temperature factor refinement, lowered the R-factor to 0.20 with rms. 

deviations from ideality in bond distances of 0,018A and in bond angles of 3.25°.
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20rj«£
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R e s id u e  N u m b e r

F igure 1.2.4*1. Average main chain and side chain temperature factors for the 
oxidized form. The main chain is shown by the solid line and the side chain is 
shown by the dashed line.

LYS 50 LYS 50

F1P3,+■ ■ OH 137 OH 137

GLU 14

Figure 1.2.4-2. Stereo view o f  the final 2Fo -  Fc electron-density map in the 
region around Glu 14 o f the oxidized form. The map is contoured at the 2a  
level.

The model was further refined against the data collected at -16TC, to a maximum 

resolution of 1.8A (4439 reflections, 87% complete). The present refinement included all 

reflections with intensities greater than zero, collected with the detector centered at 29=20° 

(corresponding to a limiting resolution of 1.8A). Electron density maps calculated to higher
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resolutions (between 1.8A and 1.1 A resolution) displayed pronounced anisotropic electron 

density due to smaller sampling of reciprocal space along the b* direction. At present, the 

structure refinement, which includes the incorporation of 61 solvent H2 O molecules (of 

approximately 120 possible, based on volume considerations), has resulted in a residual of 

R=0.178, with rms. deviations from ideal bond lengths of 0.014A and bond angles of 

2.06°. The average temperature factors for the main chain and the side chain atoms are 

6.6A^ and 8.9A2 respectively. Residues Glu-52 and Asp-53 at the C-terminus, and the 

side chains of Lys-6, Lys-28, GIu-30, Glu-31, and Glu-49, have large average B’s 

(>  1 7A^) (see Figure 1.2.4-1). Two conformations of the Glu-52 and Asp-53 side chains 

were identified, although only the major conformation for each residue was refined. The 

final 2F0-Fc electron density map in the region around G lu-14 is illustrated in 

Figure 1.2.4-2.

0.4 0

0 .30
L.oCJd 0.20

0.00

0 00 0 .0 5 0 . 1 0 0 ,1 5 0 . 2 0

s i n 2 0 A Z

F igure 1,2.4-3. Dependence o f  R-factor on resolution for the oxidized form o f  
rubredoxin. Theoretical curves are calculated for coordinate error o f  0 .15A (top 
line) and t).2 0 A (bottom line) and for a partial model containing 97% o f  tiie 
scattering mass with an average coordinate error o f 0 .15A (middle curve). Only 
reflections in the resolution range 5 -  l .s A  were used in the refinement.

Estimation of the average coordinate error from a Luzzati (Luzzati 1952) plot was 

complicated by the nearly constant value of the R-factor as a function of resolution (Figure
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1.2.4-3). This is possibly a consequence of applying unit weights to the structure factors 

during refinement (Adman 1990). If the dependence of R on resolution is examined to a 

limiting resolution of 1.1A where data between 1.8A and I . lA resolution were not 

included in the refinement, then a Luzzati-type analysis (Srinivasan and Parthasarathy 

1976) is consistent with an average coordinate error of ~0. ISA, and a model that is -97% 

complete. The missing scattering matter presumably consists of partially occupied solvent 

molecules that have not yet been included in the refinement.

A Ramachandran plot of the (<t>4|0 main chain torsion angles is shown in 

Figure 1.2.4-4. All residues have angles in allowed regions. The five residues with (j) 

angles near 90° are glycines.

tw>

F igure 1.2.4-4. Ramachandran plot for the oxidized form o f RdPf. Glycine 
residues are indicated by +.

Reduced Form

The R-factor between the data from the reduced form, and the oxidized RdPf observed data 

to 1.8A is 0.43. The corresponding R-factor with the RdPf oxidized model is 0.45. 

Difference Fourier maps between the data from the reduced crystal and, either the oxidized 

F0’s or the oxidized model Fc’s, were very noisy and revealed no structural differences.
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The model from the oxidized form, including solvent H2 O oxygen atoms, was then refined 

against the data from the reduced form as a rigid body resulting in R=0.31. The model 

rotated by 2,98° and translated by up to 0.31 A along the crystallographic axes. The 

stereochemically restrained individual atomic positions were refined in the next cycles, 

followed by refinement of the temperature factors. The resulting model with R=0.24 was 

used to calculate Fo-Fc and 2Fo-Fc maps to evaluate the model. Again, no gross structural 

changes were observed, although it became apparent that the solvent region would require 

redetcrmination. A total of 24 solvent H2 O, all having either large temperature factors or 

questionable locations, were removed. The protein without the solvent shell was refined by 

simulated annealing with X-PLOR, followed by positional refinement of both the solvent 

shell and protein. At present, the R-factor is 0.193, with rms. deviations from ideal bond 

distances and bond angles of 0 .012A and 1.95°, respectively. Electron density from the 

2Fo -  Fc map for this model is shown in Figure 1.2.4-5. The reduced form of RdPf has 

average temperature factors for the main chain atoms of B=7.6A2 and B=9.9A2 for side 

chain atoms. The side chains of the reduced RdPf with large average temperature factors 

(B>15A2) include those mentioned above for the oxidized form, and Asp-20, Glu-31, Asp- 

34 and Asp-35 (B>20A2) (see Figure 1.2.4-6). In contrast to the oxidized model, the side 

chains of residues 52 and 53 appear to have one major conformation.

A Ramachandran plot of the (0 ,4 0  main chain torsion angles is shown in 

Figure 1.2.4-7. All 53 residues of the model have 0,4^ angles in the allowed regions. 

Again, the five residues with O angles near 90° arc glycines.

Estimation of the average coordinate error by examination of the dependence of the 

residual on resolution is subject to the same complications discussed above for the oxidized 

model, namely the use of unit weights during refinement and the incomplete modeling of 

the solvent region. If the same type of analysis as used for the oxidized model is applied in
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this case the estimated average coordinate error is approximately the same, i.e. 0 .15A (see 

Figure 1.2.4-8).

F igure i.2 .4 -5 . Stereo view  o f  the 2Fo -  Fe electron density map for the 
reduced form o f  RdPfin the area nearTrp-3, Glu-14 and Phc-29. Contour level 
is 2 cr.
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F igure 1.2.4-fi. Average main chain and side chain temperature factors for the 
oxidized form. The main chain is shown by the solid tine and the side chain is 
shown by the dashed line.



F igu re 1.2.4-7 . Ramachandran plot o f  the reduced form o f  RdPf. Residues 
represented by +  are glycines.
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F igure 1.2.4-8. Dependence o f  R-factor on resolution for the reduced form o f  
rubredoxin. Theoretical curves are calculated for coordinate error o f  0 .15A (top 
line) and 0.20A  (bottom line) and for a partial model containing 97% o f  the 
scattering mass with an average coordinate error o f  0 .15A (middle curve). Only 
reflections in the resolution range 5 -  l.fiA were used in the refinement.
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1.2.5 High R esolu tion  R efinem ent

Oxidized Fonn

The coordinates from the PDB file for the oxidized rubredoxin (Bernstein, Koetzle 

et al. 1977; Abola, Bernstein et al. 1987) listed as 1CAA were refined further against the 

data collected at -161 °C to a limiting resolution of 1.1A (17125 reflections, 80% complete). 

The data used in this stage of the refinement was a combination of the data collected with 

the detector center set at 20=20' and 20=60° resulting in reflections with a maximum 

20=90°. However, since only 241 or approximately 3.5% of the possible reflections in the 

shell of reciprocal space between 1.1 and l .oA  resolution were successfully collected and 

integrated, these reflections were not included in the refinement.

It is interesting to note that significant portions of reciprocal space were not sampled 

within this 1.1A resolution shell. The indices in reciprocal space that were sampled were 

as follows; 0 < h <  30, 0 < k < 24 and 0 < / < 39. This is not a result of anisotropic 

diffraction by the crystal, but is a result of data collection strategy and the limitations 

inherent in the geometry of the experiment. Considering that the a and b edges of the unit 

cell are very nearly the same length (33.8A and 34.6A respectively), it is apparent that the 

data is of a lower resolution (only 1.4A) along the y-axis than along the others. It is likely 

that the lack of high resolution data in reciprocal space along k is the cause of the 

anisotropic electron density seen in the maps. This hypothesis is consistent with the 

observation that the electron density is elongated along the y-axis (see Figure 1.2.5-1).

Two refinement packages were used in parallel for this stage of the refinement 

process. Both TNT (Tronrud, Ten Eyck et al. 1987) and XPLOR (Briinger, Kuriyan et al. 

1987; Briinger, Krukowski et al. 1990) were used during four rounds of refinement and 

model building during which the refined model was evaluated against electron density maps 

calculated using the phases resulting from the refinements. A weighting scheme applying
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( weights to reflections between 10-1.1A was used. The resulting model contained 104 

solvent oxygens.

C yS

CY S41 CYS 41

CYS 5

I CYS 39 ICYS 58

F igure 1.2.5-1. Stereo view  at the 5 a  level o f  2Fo-Fc electron density for 
the Fe-S center in rubredoxin showing the anisotropy o f the density. The y-axis 
is vertical in the plane o f  the page.
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Figure 1.2.5-2. Average main chain and side chain temperature factors for 
the model o f oxidized rubredoxin after refinement in XPLOR at between 10- 
1 .1  A. The main chain is represented by the solid lines and the side chains by the 
dashed lines.

The XPLOR refined model resulted in a residual of R=18.0% with rms. deviations 

from target values for bond distance and bond angles of 0.014A and 2.02° respectively.
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The average temperature factors for the main chain and side chain atoms are 5.8A2 and 

9.7A2 respectively while the average temperature factor for the solvent oxygens is 22.9A2 

All solvent oxygen atom were refined at full occupancy. Consistent with the low- 

resolution refinement results, the temperature factors for the side chain atoms of residues 

Lys-6, Lys-28, GIu-30, Glu-31 and Glu-49 have large B's (>20A2) as do the two C- 

terminal residue (GIu-52 and Asp-53) as shown in Figure 1.2.5-2. No attempt was made 

to refine alternate conformations for these residues. Electron density calculated from the 

2Fq-Fc map is shown in Figure 1.2.5-3 for the residues around Glu-14 (compare to Figure

1.2.4-2). Analysis of coordinate error using the method of Luzzati (Luzzati 1952) 

estimates the coordinate error to be approximately 0.14A on average (see Figure 1.2.5-4). 

Unlike before, in the low-resolution refinement, the analysis does not appear to be 

complicated by a nearly flat value of the R-factor as a function of the resolution. However, 

a weighting scheme was used as described above and this may explain a more normal 

distribution of R-factor vs. resolution. Additionally, the model is more complete than 

before (due to the addition of 40 solvent oxygens), and this should have a similar effect on 

the Luzzati plot.

LYS 50

GLU 1*

.Vh

LYS 50

OH 130

GLU 14

F igu re 1 .2.5-3. Stereo view  o f the refined 2Fo-Fc electron density map after 
refinement in XPLOR at 1 .lA  resolution. The region around G lu-14 and Trp-3 
is shown at the tw o sigm a level.
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F igure 1 .2 .5-4 . R-factor as a function o f  resolution after refinement in 
XPLOR. The theoretical curves are calculated for coordinate error o f  0 .15A (top 
line), 0 .13A  (middle 1‘rnc) and 0 .I 0 A (bottom line). R eflections in the 
resolution range 8 - 1 . 1 A were used in the refinement.

30

20

Am
v

0 3 0 4 010 20 5 0

R es idu e  N u m b e r

F igure 1,2.5-5. Average main chain and side chain temperature factors for the model 
o f  oxidized rubredoxin after refinement in TNT at between 10 -I.lA . The main chain is 
represented by the solid lines, and the side chains, by the dashed lines.

Tile refinement with TNT resulted in a model with a crystal lographic residual of 

R=16.J% and a weighted residual of R - 13.1%. The rms. deviations of the bond distance
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and bond angles from the target values are 0.017A and 2.98° respectively. Main chain 

atoms, side chain atoms and solvent oxygen temperature factors have average values of 

5.8A2, 10.6A2 and 22.sA 2 respectively (see Figure 1.2.5-5 ). Perhaps the most striking 

difference between refinement in TNT and XPLOR is reflected in the average values of the 

side chain B's for Lys-6, Lys-28, Glu-30, Glu-31, Glu-49, Glu-52 and Asp-53. The 

average values arc higher in the model from TNT and results from one or two atoms of 

these side chains having much larger temperature factors than other atoms of the same 

residue. This appears to be a tendency of TNT, to be less effective than XPLOR at 

restraining the temperature factors of covalently bonded atoms to similar values. No 

attempt was made to model alternate side chain conformations. Electron density maps 

calculated from this model are virtually identical to those from the XPLOR refinement and 

arc not shown. A slight complication occurs in the analysis or coordinated error using a 

Luzzati due to the choice of which residual to consider, weighted or unweighted (see 

Figure 1.2.5-6). The unweighted residual would seem to indicate an error that is 

essentially equal to that of the XPLOR refinement, i.e. 0.13 A; however, the R-factor curve 

from the weighted residuals is consistent with a coordinate error of 0 .10A. It is doubtful 

that the coordinates derived from refinement in TNT are significantly more accurate than 

those resulting from the XPLOR refinement.

Reduced Form

The PDB coordinates for reduced RdPf refined at l.sA resolution, listed as 1CAD, 

were refined against the entire data set of 7,859 reflections to a limiting resolution of 1.53A 

(91% complete). This is the same data set used in the low resolution (1 .sA) refinement and 

the model that was derived from that refinement. The only difference was the inclusion of 

data between 1.8A and 1.5A resolution. This data is 98% complete to 1.6A and
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approximately 55% complete in the shell between 1.5A and 1.6A. Reciprocal space was 

evenly sampled and includes 0 < h < 21, 0 < k < 22 and 0 < I < 27.
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F igu re 1 .2 .5-6 . Plot o f  R-factor as a function o f  resolution from refinement with 
TNT. T w o R-faclors curves are shown, the upper curve results from units weights anti 
the lower curve is the weighted R-factor. The theoretical curves arc calculated for 
coordinate error o f 0 .15A (top line). 0 .1 3 A (middle line) and 0.10A  (bottom line).
Reflections in the resolution range 8-1.1 A were used in the refinement.

As with the oxidized model a parallel refinement using both TNT and XPLOR was

undertaken. However, only TNT was used in the final round of refinement, A weighting 

scheme using was applied during the refinement. The occupancy of the 110 solvent

oxygens was refined during the final refinement round.

The resulting model containing a total of 524 non-hydrogen atoms refined to an 

unweighted cryslallographic residual of R=17.3% and a weighted residual of RW=I3.1%. 

Representative electron density from the final 2Fo-Fc map is shown for the residues 

surrounding Trp-3, and Glu-14 is shown in Figure 1.2.5-7 (compare to Figures 1.2.4-5 

and 1.2.5-3). The geometry of the model deviates from the ideal values with rms. values 

of 0.022A for bond distances and 3.78° for bond angles. The average values of the 

temperature factors for the main chain, side chain and solvent oxygen atom are l . l k 2,
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13.6A2 and 30.2A2 respectively (see Figure 1.2.5-8). A Luzzati analysis of the coordinate 

error estimates and average coordinate error of 0.13 A (see Figure 1.2.5-9).

r"'lY 5 50

QLU 14

m m

Figure 1.2.5-7. Stereo view  o f  representative electron density in the 
2Fo-Fc map from the final model in the area around Trp-3, Glu-14 and 
Phe-29. The contour level is 3ct.
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Figure 1.2.5-8. Average temperature factors for the model o f  
reduced rubredoxin refined in TNT. Main chain atoms are shown in 
solid line and the side chain atoms are represented by the dotted line.
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F igure 1.2 .5-9. Plot o f R-faclor as a function o f resolution from 
refinement o f  reduced RdPf with TNT. Two R-factors curves are 
shown, the upper curve results from units weights and the lower curve 
is the weighted R-factor. The theoretical curves are calculated for _ 
coordinate error o f  0.15A  (top line), 0.J3A (middle line) and O.IOA 
(bottom line). Reflections in the resolution range 8-1.5A  were used in 
the refinement.
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1.2.6 High Resolution Refinement with SHELXL-93

SHELXL-93 (Sheldrick 1993) is a program designed for the refinement of 

molecular structures against x-ray diffraction data. It has primarily been used for the 

refinement of small inorganic and organic molecules. However, the case with which 

restraints can be applied to the refinement process makes the use of SHELXL-93 an 

attractive choice for the refinement of macromolecular (i.e., protein) structures as well.

The application of restraints for the refinement of a protein is facilitated by a utility program 

(PDB1NS) that accepts a standard PDB coordinate set and writes an appropriate 

SHELXL-93 input file (*.INS) containing the restraints. The restraints are those compiled 

by Engh and Huber (Engh and Huber 1991) from data in the Cambridge Data Base (Allen, 

Kennard et al. 1983). PDBINS also sets up default values for the correlation of 

temperature factors between atoms that are covalently bonded to each other and for the 

corrections applied to the atomic scattering factors required in order to account for the 

presence of bulk solvent in the crystal.

This program is attractive for the refinement of RdPf because it offers the 

possibility to refine the structure by the conjugate-gradient (CGLS) algorithm (Hendrickson 

and Konnert 1980) or by full-matrix least squares (LSFM) with or without restraints. 

Isotropic or anisotropic displacement parameters can be used in the refinement. 

Furthermore, hydrogen atoms can be included during the refinement if they are warranted. 

Additionally, a free R-factor refinement can be performed allowing an additional check 

against over-refining the structure. Considering that the rubredoxin model could be 

expected to contain approximately 540 non-hydrogen atoms (414 protein, -120 solvents) 

per asymmetric unit, refinement with isotropic B's (4 parameters/atom) would result in a 

data to parameter ratio of approximately 8:1 (17800 data/2136 parameters, depending on 

how many reflections were removed for calculation of the free R-factor) for the oxidized 

form. Refinement of the protein with anisotropic displacement parameters (9
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parameters/atom) while keeping isotropic B's for the solvent atoms would maintain a data 

to parameter ratio of 4 to I without restraints and 5 to 1 with restraints. Anisotropic 

refinement of the reduced form (7780 data) does not seem to be prudent although a 

restrained least-squares full-matrix refinement appears to be within reach. A particular 

advantage of refinement by the method of least squares would be the possibility of 

obtaining coordinate, bond distance and bond angle errors directly from the least-squarcs 

parameter matrix. It is of interest to compare these values with errors obtained in the usual 

way for protein structures, i.e., a Luzzati (Luzzati 1952) plot of R-factor vs. resolution and 

comparison with a standard dictionary.

Considering the multitude of possibilities available with SHELXL-93, a test was

conducted to evaluate the results obtained from each possibility. The possibilities to be

evaluated were CGLS or LSFM refinement, either with or without restraints, using

isotropic or anisotropic B’s and using one o f two weighting schemes. The choice of

weighting schemes was between the weights generally used in a crystallograpliic

refinement, i.e., w= —-1 — and between w= —— :—  ---- ------- where P= r °21 3Pc3
c 2(Fo2) a 2(F o 2) +  (a P )2 +  bP -1

and the constants a  and b are chosen so as to give a flat analysis of the variance between

the observed and calculated square of the structure factors over the full range of

observations. The program suggests values of these constants as a result of its analysis of

the variance after the refinement. For this test only two values of these constants were

used, i.e., a=b=0 (which reduces to w= , 1  ̂ ) or a=0.1 and b=0 (the default values).
c r (F o -)

The test was applied to the oxidized form of RdPf without hydrogen atoms 

included. Refinement included all data within the 8.oA resolution shell. This resolution 

cutoff excluded 73 low angle reflections. An additional 10% of the reflections (every 10th 

in the list, 1732 reflections) were removed from the data set and not used during the 

refinement in order to calculate a free R-factor. The starting coordinates were those 

resulting from the high resolution refinement with XPLOR. For each case 20 refinement
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cycles were done, and the default restraints were used for the restrained refinements. The 

results were evaluated on the basis of R-factor, goodness of fit (GoF), R(free) and the 

errors in the bond distances, bond angles and atomic coordinates. For LSFM refinement 

the errors from the error matrix were also considered. Unrestrained refinement with 

anisotropic displacement parameters tended to be unstable and therefore was not included in 

the test. The results are summarized in Table 1.2.6-1.

Fe

( P 3 6

,PHE

Ft 10

IP 3 '
LYS

F igu re 1 .2 .6 -L  Stereo view  o f  the rubredoxin after unrestrained refinement in 
SHELXL-93 showing that to a large degree the m olecule is intact and visually adequate.
The aromatic residues o f  the core arc labeled and appear to be nearly planar. Many atoms 
in surface residues are not within bonding distance o f  each other. The solvent shell (not 
shown) is not greatly affected by unrestrained refinement. Two residues at the C-terminus 
(right side o f  figure) are visibly disrupted.

Unrestrained refinement did not appear to be a reasonable option for three reasons. 

Firstly, the initial intent was to use anisotropic displacement parameters in order to identify 

any regions of the molecule that might be undergoing large correlated motions and the 

simple observation that refinement was unstable under these conditions precluded the 

possibility of unrestrained refinement. Second, although the GoF tended to be better, 

(especially for w= weighting) the cryslallographic residuals R(free) and R(all data)O'-fro-)
tended to be ~0.3-0,5% higher than in the restrained refinement. The third and most 

important reason arises from the fact that the refined model must be chemically reasonable 

and that the calculated errors be small. Although the model remained intact and 

recognizable to the eye (sec Figure 1.2.6-1), the rms deviation in bond distances and angles
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from chemically reasonable values is unacceptably high (sec Table 1.2.6-1). For LSFM 

refinement the errors calculated from the error matrix were near double those in the 

restrained refinement.
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T able 1.2.6*!. Results o f  the evaluation o f  refinement m ethods in SH ELXL-93. The reflection list 
included 17366 reflections, 15561 o f  which were used in the refinement and 1732 which were withheld in 
order to calculate a free R-factor. A resolution range o f  8 - 1 ,()A was used which excluded 74 low angle 
reflections. For each situation 20 cycles o f  refinement were performed .

Isotropic displacement parameters
Value CG Least Squares Full Matrix Least Squares

Restrained Unrestrained Restrained Unrestrained
# of Parameters 2074 2073 2074 2073
# of Restraints 1656 — 1657 -

Weighting Scheme default default default default

Initial GoF 13.38 13.38 13.38 13.38
Initial GoF (restrained) 13.43 — 13.43 —

GoF 4.41 4.32 4.39 4.29
GoF (restrained) 4.19 — 4.18 —

R (refined data) 17.77% 17.58% 17.69% 17.43%
R (all data) 18.40% 18.89% 18.38% 18.81%
R (4 sigma, 14722 refs) 17.27% 17.07% 17.19% 16.91%
R (free) 20.37% 20.70% 20.68% 21.34%
rms Bond 0 .016A 0 .113A 0.015A 0.247A
average Bond sigma 0.021 A 0.041 A
rms Angle 1.91° 7.01° 1.87° 9.04°
average Angle sigma

-0.15 A
1.66° 2.72°

Luzzati plot -0.15 A -0.15 A - o . i s A
average coordinate sigma 0.056A 0.072A

Weighting Scheme 1/a2 1/a2 1/a2 1/a2

Initial GOF 27.15 28.49 27.17 28.49
Initial GOF (restrained) 27.23 — 27.23 —

GOF 24.77 19.08 25.09 15.35
GOF (restrained) 23.53 — 23.83 —

R (refined data) 18.61% 18.43% 18.55% 18.26%
R (all data) 19.41% 19.79% 19.38% 19.70%
R (4 sigma, 14722 refs) 18.01% 17.73% 17.95% 17.55%
R (free) 22.39% 22.38% 22.61% 22.91%
rms Bond 0 .0 2 0 A 0.347A 0.021 A 0 .2 17A
average Bond sigma 0.021 A 0.043A
rms Angle 2.21° 10.13° 2.21 ° 9.78°
average Angle sigma

- 0 .1 5 A -0.15A
1.89° 3.10°

Luzzati plot -0.15 A -0.15A
average coordinate sigma 0.054A 0.075A
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Table 1.2.6-1 (cont.)

Anisotropic displacement parameters
Value CG Least Squares Full Matrix Least Squares

Restrained Unrestrained Restrained Unrestrained
# of Parameters 4144 4144
# of Restraints 4778 4778

Weighting Scheme default default

Initial GOF 14.55 14.55
Initial GOF (restrained) 15.62 15.62

GOF 3,96 3.93
GOF (restrained) 3.41 3.39
R1 (refined data) 14.88% 14.83%
RI (all data) 15.62% 15.59%
R1 (4 sigma. 14722 refs) 14.47% 14.42%
Rl (free) 18.35% 18.70%
rms Bond 0 .016A 0 .016A
average Bond sigma 0.021 A
rms Angle 1.94° 1.93°
average Angle sigma 1.55°
Luzzati plot -0 .15A -0.15A
average coordinate sigma o .o so A

Weighting Scheme l/o~ 1/ct-

Initial GOF 30.40 30.40
Initial GOF (restrained) 32.65 32.65

GOF 16.41 16.25
GOF (restrained) 14.07 13.92
Rl (refined data) 15.88% 15.76%
Rl (all data) 16.73% 16.63%
Rl (4 sigma, 14722 refs) 15.34% 15.20%
Rl (free) 20.44% 20.58%
rms Bond 0.0I9A 0 .019A
average Bond sigma 0.021 A
rms Angle 1.75° 2.57°
average Angle sigma 1.74°
Luzzati plot -0.15 A -0.15 A
average coordinate sigma 0.051A
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Analysis of the results with respect to weighting scheme suggested that it would be 

prudent to use the default weighting scheme where the weights would be adjusted based on 

the difference between Fo and Fc and to use the values for the constants a and b that were 

suggested by the program rather than adjust the values manually until the numbers were 

perfect. This approach makes sense on a couple points. First, the free R-factors (in fact all 

of the R-factors) were lower with the default weighting scheme. The second point is that 

the sigma's for each reflection are suspect to begin with since they are generally considered 

to be underestimated. In a sense it may be reasonable to increase the sigma by some 

amount in accordance with the agreement between Fo and Fc. Additionally, we know that 

low angle reflections are affected by the solvent disorder in the crystal so they could 

certainly be downweighted and this scheme will have the most effect on the strongest 

reflections. This may indeed be a numbers game because the geometry and errors are 

essentially the same one way or the other. Nonetheless, a low R-factor and a GoF near 1.0 

are what most people seem to look for in a refinement and since the analysis of the structure 

is not going to be affected (at least in this case where restraints were also applied), the

decision was made in to not use ■ 1 _ weights.
a^fFo2) &

Visual inspection of the electron density maps did not reveal any significant 

differences between CGLS and LSFM refinement. Likewise, the choice of weights had no 

palpable effect on the maps. One feature of the maps is striking however; atomic positions 

are clearly visible as unconnected balls of electron density (see Figure 1.2.6-4) instead of 

connected tubes of density enclosing the bond between atoms, as is usually seen at the 

diffraction limit for proteins. It should be noted that this feature is not unique to refinement 

in SHELXL-93, but is also seen in maps calculated from coordinates refined in TNT and 

XPLOR. Although this is striking, it should not be regarded as unusual for structures 

refined to this resolution. Another feature that is worth noting and has bearing on the
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refinement strategy is the evidence of hydrogen atoms in Fo-Fc maps at the 3a  level (sec 

Figure 1.2.6-2).

F igu re 1.2.6-2. Stereo view  o f  the electron density map around Tyr-12, The 
light lines are from the 2Fo-Fc map at 4<r, and the heavy lines are from the 
Fo-Fc map at the 2cr level. A lthough noise is evident at the 2 o  level in the 
Fo-Fc map, there is clearly density in places where hydrogen atoms can 
reasonably be expected to be found.

Based on these observations the decision was made to refine both the oxidized and 

reduced form of RdPf using the restrained LSFM method and the default weighting 

scheme. Restraints were not applied to the Fe-S interactions. Throughout the refinement 

process default values were used for all restraints. The values of the constants a and b in 

the weights were left at the default values until the final refinement cycles when all the 

solvent atoms had been located. At that time, the values suggested by the program were 

applied. In the case of the oxidized form, the data seemed to support the inclusion of 

hydrogen atoms subject to riding restraints. The refinement of the reduced form did not 

include hydrogen atoms, and all atoms were refined isotropically.

Oxidized Form

The model from XPLOR was subjected to five rounds of restrained full matrix 

least-squares refinement of 4256 parameters against 15561 reflections and 4783 restraints. 

There was no manual intervention during this refinement process except for inspection of 

atoms in the solvent shell. The difference Fourier map of the asymmetric unit was searched
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and difference peaks that were an appropriate distance from existing atomic positions were 

automatically added as water. At the end of each refinement cycle, solvent oxygens with 

B(iso)>50.0A2 were removed from the coordinate list. The final model contains 414 

non-hydrogen protein atoms (with anisotropic parameters) and 132 solvent oxygen atoms 

(with isotropic B's). Hydrogen atoms were included as riding atoms on the protein atoms 

only. The final refinement cycle resulted in a residual of R= 13.9% (free R=17.2%) and 

GoF=l .08 with an rms deviation of bond distances and angles from ideality of 0 .014A and 

1.75° respectively. These values are in good agreement with the errors derived from the 

least squares parameter matrix where the average sigma for bond distances and angles are 

0.021 A and 1.48° respectively. A plot of the average B(eq)'s is shown in Figure 1.2.6-3. 

Large values (i.e., B(av)>20A2) arc observed for the sidechains of residues Lys-6,

Lys-28, Glu-31, Glu-52 and Asp-53.

30

20

0 20 3010 504 0

R e s i d u e  N u m b e r

F igure 1 .2 .6-3 . Plot o f  average equivalent B-factors for the oxidized form o f  
RdPf after refinement in SHELXL-93 with anisotropic displacement parameters 
and hydrogen atoms included. Main chain atoms are represented by the solid line, 
and side chain atoms, by the dashed lines.

For comparison to previous refinements, electron density around Trp-3, Glu-14,

Phe-29 and Lys-50 from the 2Fo-Fc map is shown in Figure 1.2.6-4. The density shown

in this figure is contoured at the two sigma level, and it is apparent that the individual atoms
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are starting to become defined. This density is representative of the average side chain 

density at this level. All of the main chain atoms, except two atoms of residue Asp-53, are 

in 3o density, as are nearly all of the side chain atoms. Figure 1.2.6-5 shows electron 

density for four residues in the hydrophobic core, Tyr-10, Tyr-12, Trp-36 and Phe-48, 

from the 2Fo-Fc map at the 4a  level. The atoms are resolved as individual spheres, and the 

oxygen atoms of the tyrosines and the nitrogen atom of the indole ring appear larger than 

the carbon atoms.

LYS 50 LYS 50

(I : , , OH 31 5  
/ ,  T R P 3  ^

■ .0 H 3 1 S
„ T PtP  3

G LU 14 GLU 14 ,

PHE 29 PHE £9

a

Os Lys 50

V ®  Trp 3

Glu 14

o
Phe 29

Lys 50

v̂ T rp3
Giu 14

P n e 2 9

m

F igure 1 .2 .6-4 , a) Electron density from the 2Fo-Fc map around Trp-3, 
GIu-14, Phe-29 and L ys-50 at the 2CT level. Compare with Figures 1.2.4- and 
with 1.2.5- , b) ORTEP representation o f  the sam e region showing the thermal 
ellipsoids at the 60% level.
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TYR 10

TYR 12 TYR 12

TRP36

Figure 1.2.6-5. a) Electron density at 4 c  from the 2Fo-Fc map for residues 
in the hydrophobic core. Many o f  the atoms are resolved as individual spheres 
and the oxygen and nitrogen atoms are significantly larger than the carbon 
atoms, b) ORTEP drawing o f the hydrophobic core showing 60% atomic 
ellipsoids.

As a consequence of LSFM refinement, the average coordinate error for this model 

can be estimated in two ways. A plot of the R-factor versus the resolution as shown in 

Figure 1.2.6-6 would indicate the average coordinate error is approximately 0.06A. This is 

in very good agreement with the average error in the atomic coordinates of 0.047A as 

calculated from the least-squares parameter matrix. This result would seem to indicate that 

a Luzzati type analysis of coordinate error is accurate for a complete model and probably 

overestimates the coordinate error for an incomplete model.



55

0 .4 0

0 .3 0
k.a . .

a
0 ,20los

0.00

0 . 0 5 0 .1 50,00 0.10 0 . 2 0

sin2 9A 9

Figure i.2 .6 -6 . A plot o f  R-factor versus resolution for the SHELXL-93 
refined model o f  RdPf. Theoretical curves are shown for an estimated error o f  
0 .1 0A  (top line) and 0 .06A  (bottom line).

Reduced Form

The model of reduced form TNT was taken through 4 rounds of restrained LSFM 

refinement against 7008 data and 1686 restraints. The 2138 parameters of the model were 

refined in the resolution range between 8-1.5A which resulted in 73 reflections with 

d>8.0A being excluded. An additional 778 reflections were removed before refinement to 

facilitate the calculation of a free R-factor. The refinement was done in the same fashion as 

for the oxidized form (sec above), with the exceptions that the hydrogen atoms were not 

included and that the temperature factors were refined isotropically. The final model 

contains 130 solvent oxygen atoms, in addition to the 414 non-hydrogen atoms of the 

protein. The resulting residual is R=16.5% against all 7859 data (GoF=1.09) and the free 

R-factor is 22.9% for the 778 reflections excluded from the refinement. The rms deviation 

from ideality of bond distances and angles is 0.013 A and 1.81° respectively. Again these 

values are in good agreement with the errors derived from the LSFM error matrix. The 

average errors in the distances and angles were calculated to be 0.022A and 2,15°. The 

average B-factors of the reduced form are shown in Figure 1.2.6-7. The side chains of
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Ly.s-6, Asp-20, Lys-28, Glu-30, Glu-31, Asp-34, Asp-35, Glu-49, Glu-53 and Asp-53 

have average temperature factors >2oA3.

5 0

4 0

30<  
*—-
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Re si d u e  N u m b e r

F igure 1.2,6-7 . Plot o f  average temperature factors for the reduced form o f  
RdPf after refinement in SHELXL-93 at 8 -1 .5A resolution. The solid line 
represents the main chain atoms, and the dashed line represents the side chain 
atoms. For a comparison with the other refinements, see Figures 1,2.4-6 and 
1.2.5-5.

A plot of the R-factor as a function of resolution is shown in Figure 1.2.6-8 as a 

measure of the average coordinate error. The plot shows three theoretical lines, one for a 

partial model (97% complete with ct=0.08A) and two for complete models with O.lOA
f c _

error (bottom line) and 0.12A error (top line). The curves for the complete model would 

suggest an average error in the coordinates of between 0 .10A and 0 .12A. The average 

error derived from the least squares refinement matrix indicate the error to be 0.08A, which 

fits the middle line well if the model is only 97% complete. This apparent discrepancy may 

arise from uninodeled disorder in both the solvent shell and the protein side chains. 

Electron density from the 2Fo-Fc map in the area around two of the unique residues of 

RdPf, Trp-3 and Glu-14 is shown in Figure 1.2.6-9.
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F igure 1.2.6-8. Estimation o f average coordinate error from a plot o f R- 
factor versus resolution for the reduced form o f  rubredoxin after refinement 
between 8 -j .5A with SHELXL-93. Theoretical lines are calculated for 0 .12A 
(top), 0 . 1 0 A (bottom) and for a 97% complete mode! with an average error o f
o .o sA .
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F igure 1,2.6-9. Stereo view  o f the electron density at 2 o  from the 2Fo-Fc 
map in the area around the residues believed to play an important role in the 
thermal stability o f  RdPf, Trp-3 and Glu-14.
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1.3 Structure Discussion

Overall folding

The overall folding (see Figure 1.3-1) of RdPf is very similar to the other 

rubredoxins which have been refined to high resolution (Watcnpaugh, Sicker et al., 1979; 

Sicker, Stenkampet al., 1986; Frey, Sieker et al., 1987; Adman, Sieker et al., 1991). An 

alpha carbon trace of the backbone is shown in Figure 1.3-2. The structure is made up of a 

3-stranded anti-parallel (Kshcet comprised of residues A!a-1 to Lys-6, Gly-9 to Glu-14 and 

Glu-47 to Leu-51, involving 9 hydrogen bonds (see Figure 1.3-3). The hydrogen bonding 

pattern between the first and second p strands is interrupted by a G 1 type p bulge 

(Richardson, Getzoff et ah, 1978) that occurs between residues Gly-9 and Tyr-10. The 

overall hydrogen bonding pattern is in close agreement with the pattern reported in the *H-

F igu re 1,3-1 Mol script representation .showing the overall 
topology of the rubredoxin from P yracoccusfuriosus. The iron- 
sulfur center is shown on the left and the 3-stranded P-shcet is 
shown at the top. The four helical corners are also shown.
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NMR secondary structure analysis (Blake, Park et al., 1991). The hydrophobic core 

contains six aromatic residues, Trp-3, Tyr-10, Tyr-12, Phe-29, Trp-36 and Phe 48, as well 

as the hydrophobic aliphatic residue Leu-32 (see Figure 1.3-4). The aromatic residues in 

the hydrophobic core are nearly invariant among the known rubredoxin sequences with the 

exception of position 3 (this is equivalent to position 4 in all other rubredoxins due to the 

lack of an N-terminal methionine residue in RdPf) which is Trp in RdPf and in the 

rubredoxin from Clostridium thermosaccharolyticum, and either Tyr or Phe in all other 

rubredoxins. The hydrophobic aliphatic side chain at position 32 is either Leu, lie or Val in 

all known rubredoxins.
CA 40

CA u y 7 c A 5

CA 4!

CA 50'CA 35
CA 2'

CA 1
CA 15CA 31

CA 40
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Figure 1.3-2. Stereo view  o f  the Cot trace showing the overall folding of  
RdPf, The iron a to m  is at the top o f the molecule with the sheet to the right. 
The pendant tail on the right is the C-terminus.
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Figure 1.3-3. Stereo view o f the hydrogen-bonding network in the p-sheet 
including the hydrogen bond, 05- N 9, that defines a G-l p-bulgc.
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Numerous turns are present in the RdPf structure. Of those turns stabilized by 

hydrogen bonds between the CO of residue n and the NH of residue n+3 (Venchatachalam, 

1968), the two most prevalent types are the common turn and the glycine turn (Richardson, 

1981; Richardson and Richardson, 1989). Overlapping common turns occur between 

residues 13-17, 18-22, 28-32 and 44-48. These successive turns approximate stretches of a 

3 io helix, and were described by Watenpaugh et al. (Watenpaugh, Sieker et al., 1979) as 

forming helical corners in the RdCp structure. Other turns include residues 24-27 (forming 

a glycine turn) and 33-36 (forming a common turn). Additionally, residues Asp-13 to Asp- 

15 form an Asx turn (Richardson, 1981; Rees, Lewis et ah, 1983), which resembles a 

reverse turn in which an Asp-13 side chain carboxyl oxygen forms a hydrogen bond with 

the amide nitrogen of Asp-15.

Iron-sulfur environment

The sulfur atoms of the four cysteine residues ligand the iron atom with nearly 

equal bond lengths (see Table 1.3-2), forming an approximately tetrahedral coordination 

sphere. As noted by Watenpaugh et al. (Watenpaugh, Sieker et al., 1979), an approximate

F igure 1.3-4. Stereo view  o f  the aromatic residues and Leu 32 that form the 
hydrophobic core o f  RdPf.
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two-fold axis relates two loops of the polypeptide chain, one consisting of residues 4-11, 

and the other of residues 37-44 (Figure 1.3-5). Furthermore, this approximate two-fold 

axis is reflected in the pattern of the S-Fe-S bond angles (see Table 1.3-2). Additionally, 

the cluster environment includes six N-H--Sy hydrogen bonds (sec Table 1.3-3), two to 

C5Sy from I7NH and C8NH, two to C38Sy from I40NH and C41NH, one each to C8Sy 

from Y10NH, and, to C41Sy from A43NH. This network of hydrogen bonds also reflects 

the approximate two-fold symmetry about the cluster.

It is interesting to notice in Table 1.3-2 that two of the Fe-S bonds are shorter than 

the other two Fe-S bonds. The two longer bonds are from iron to Cys-5 Sy and to 

Cys-38 Sy, both of which form two hydrogen bonds with the main chain (see Table 1.3-3) 

and are situated toward the hydrophobic core of the protein. Additionally, these "short’' 

and "long" bonds are consistent with the two-fold symmetry of the site (see Figure 1.3-5). 

Although this grouping of the iron-sulfur bond lengths is not observed in the 1.5 A 

refinement of the reduced form, it has been observed in other rubredoxin crystal structures 

which have been deposited in the Brookhaven Data Base (see Table 1.3-1) (Sicker, 

Stenkamp et al., 1994). There are certainly significant variations between the structures but 

the average values may be informative. Consideration must be given to the resolution of 

the refinements (8RXN 1.0A, 7RXN 1.5A, 6RXN 1.5A, 5RXN 1.2A, 4RXN 1.2A, 

1RDG 1.4A, 1CAA 1.8A, 1CAD 1.8A) and to the decisions made as to the target values 

for the iron-sulfur distance during refinement when evaluating these observations. The 

average value for the Fe-Sy5 and Fe-Sy38 distance is 2.31 A compared to an average of 

2.26A for the Fe-Sy8 and Fe-Sy41 pair. Two of the structures in Table 1.3-1 (4RXN and 

ICAA) were refined without restraints on the iron-sulfur distance, and the trend is not as 

obvious in 4RXN as in ICAA. If the high resolution (i.e. d<1.2A) structures only 

(8RXN, 5RXN and 4RXN) are considered, then the respective average values are 2.31A 

and 2.27A.
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This trend is also observed in the coordinates refined with SHELXL-93, but is 

affected by the weighting scheme employed during refinement (see Table 1.3-1 and 

Figure 1,3-5). With modified ^  weights the bonds arc more nearly equal than when ^  

weights are used. In either case the values arc not significantly different at the 2c level, but 

the trend is interesting. The NH—S distances show no obvious trend, either in the 

refinement here using SHELXL-93 or in the deposited coordinates. This apparent trend in 

the distances may be resolved if more high resolution structures become available.

Table 1.3-1 Bond distances (A) fo r  the iron-sulfur center fo r  a ll rttbredoxin coordinate sets in the 
Brookhaven data bank (top) and f o r  the current refinement o f  R dP f with SHELXL-93 (bottom). The 
numbers in parentheses are the estimated standard deviations (esd) in the bond distance. For the 
SHELXL-93 refinement the esd's are  calculated from  the fu ll correlation matrix.

8RXN 7RXN 1RDG 6RXN 4RXN 5RXN ICAA
Ave.

1CAD ox.

Fe-Sy5 

Fe-Sy8 

Fe-Sy38 

Fe-Sy41

2.29 2.33 2.32

2.26 2.29 2.29

2.29 2.29 2.28

2.26 2.27 2.27

2.28 2.34 

2.26 2.29 

2.31 2.30 

2.23 2.25

2.32 2.32

2.29 2.25

2.30 2.33 

2.25 2.25

2.34 2.31(2)

2.29 2.27(2)

2.35 2.30(2)

2.29 2.25(1)

SHELXL-93 Refinement

Oxidized Reduced
Modified 1 id1 1/ct2 Modified l la1 1/a2

Fe-Sy5 2.289(5) 2.300(7) 2.313(14) 2.35(2)

Fe-Sy8 2.275(5) 2.266(8) 2.290(20) 2.31(2)

Fe-Sy38 2.302(5) 2.305(7) 2.352(14) 2.35(2)

Fe-Sy41 2.279(5) 2.270(6) 2.330(20) 2.32(2)
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T ab le  1.3-2. Bond distances (A) an d  bond angles (degrees) in the iron-sulfur cluster after refinem ent o f  
the coordinates with XPLO R o r  TNT.

Bond distances to irona

Oxidized Reduced
1.8Ares 1.1 A res 1.8 A res 1.5 A res

C5Sy Fe 2.31 2.30 2.34 2.32

C8Sy Fe 2.25 2.26 2.29 2.27

C38Sy Fe 2.33 2.35 2.36 2.33

C41 Sy Fe 2.25 2.24 2.29 2.32

Bond angles around Fe

Oxidized Reduced
1.8A res 1. 1A res 1.8A res 1.5 A res

C5Sy Fe C8Sy 113.4 112.6 112.2 112.6

C5Sy Fe C38Sy 112.0 110.0 113.8 114.2

C5Sy Fe C4ISy 102.6 102.7 104.7 103.2

C8Sy Fe C38Sy 102.2 102.5 102.7 102.7

C8Sy Fe C41Sy 115.1 116.6 111.4 112.7

C38Sy Fe C 41 Sy 112.1 112.7 112.6 111.8

Torsion angles about SG

Oxidized Reduced
1.8 A res 1. 1A res 1.8 A res 1.5A res

Fc C5Sy C5Cp C5Ca 169° 171° 179" 175“

Fe C8Sy C8CJ3 C8Ctx 90° 95° 87° 96“

Fc C38Sy C38Cp C38 Ctx 169° 174° 176“ 175“

Fe C 41 Sy C41Cp C 4IC a 88° 92“ 87° 96°

aThe iron-sulfur bond distance force constant in X-PLOR was set to zero during refinement.
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Oxidized  
1 2

Reduced  

1 2
PDB

Averages

S5 SH S.1S S41 S5 SS 538 SJI S5 58 S38 S4I S5 SS S38 541 S5 S8 S38 S4I

Residue

Figure 1.3-5. Plot o f  the bond distances between iron and sulfur showing the 
respective esd's. Panels labeled I reflect the distances and errors using the modified 
weighting scheme. Panels labeled 2 reflect the distances and errors using l/or^ weights. 
The esd's shown in the panel for the PDB averages are simply the esd for the average.

S41 541
S38

F igure 1.3-6, Stereo view o f  the pseudo-twofold axis around the iron-sulfur 
cluster. N H - S bonds are shown. Atoms are represented by 10% probability 
ellipsoids for clarity.

Comparison o f oxidized and reduced forms

As noted above, there arc few differences between the structures of the oxidized 

and reduced forms of RdPf, which is reflected in an rms difference in Ca coordinates of 

0.27A. By minimizing the conformational changes associated with oxidation/reduction,
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electron transfer reactions involving rubredoxin should be kinetically facilitated, Reduction 

of RdPf is accompanied by an increase in the iron-sulfur bond lengths by an average of 

0.04A in the low resolution structures and 0.02A in the high resolution structures (see 

Table 1.3-1). The same lengthening of the iron-sulfur bonds is observed in the coordinates 

refined with SHELXL-93 (see Table 1.3-3). For these models the increase is 0.04A and 

0.05A for the modified ~  and weighted refinements respectively. It should be noted that 

these bond lengths were not restrained during refinement, and although the difference in 

bond lengths between the reduced and oxidized forms is within the estimated coordinate 

error, there is a consistent increase for all four of them (with the exception of Fe-Sy38 in 

the 1.5 A refinement with TNT). There is also a decrease in the average NH—S hydrogen 

bond distance in the L8A refinements by 0.09A (0.06A high resolution) upon reduction 

(see Table 1,3-4). The coordinates resulting from the SHELXL-93 refinement reflect the 

same shortening in the NH-- S hydrogen bond distances (see Table 1.3-3). This 

shortening would help stabilize the negative charge introduced upon reduction, and is 

consistent with an observed shortening of the NH- -S distances upon reduction of the 

oxidized form of the high-potential iron protein (Carter, Kraut et al., 1974). Although of 

doubtful functional relevance, the quantitatively most significant difference between 

oxidized and reduced RdPf in the crystals occurs at the C-terminus. The positions of the 

Ca of Asp-53 differ by L38A between the two forms with even larger differences 

observed for the side chain atoms. This residue makes an intermolecular contact with a 

neighboring molecule; additionally there is a hydrogen bond between the amide niirogen of 

Glu-52 in the reduced molecule and the carbonyl oxygen of Ile-40 in a neighboring 

molecule. This lattice contact is near Cys-41, which is an iron liganding residue. It is 

possible that reduction of the protein in the crystalline state disturbs this lattice contact, 

thereby accounting for the extremely fragile nature of the reduced crystal. None of the other 

intermolecular contacts exhibit a similar displacement.
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T able. 1.3-3 H ydrogen bond distances (A) fo r  sulfur to  n itrogen in die coordinates refuted with  
SH ELXL-93.

Oxidized Reduced
Modified I /a2 1/cr2 Modified ltd1 lid2

Sy5-N7 3.564(16) 3.505(20) 3.433(27) 3.394(35)

Sy5-N8 3.639(17) 3.616(22) 3.469(28) 3.438(33)

S7 8 -NIO 3.483(12) 3.498(14) 3.417(27) 3.354(34)

Sy38-N40 3.480(15) 3.471(19) 3.447(25) 3.448(35)

Sy38-N41 3.605(15) 3.570(19) 3.550(27) 3.608(35)

Sy41-N43 3.516(14) 3.505(17) 3.440(26) 3.403(31)

Comparison to other rubredoxins o f known structure

The overall folding, the environment around the iron atom, the hydrophobic core 

and the hydrogen bonding network of RdCp, RdDs, RdDv, RdDg and RdPf are extremely 

similar. The rms deviation in the Ca atomic positions between RdPf (SHELXL-93) and the 

other rubredoxin crystal structures, RdPf (ICAA), RdCp (5RXN), RdDs (6 RXN), RdDv 

(8 RXN) and RdDg (1RDG) are 0.08A, 0.47A, 0.72A, 0.56A and 0.63A, respectively (see 

Figure 1.3-6). The deviations for the Cods of the aromatic residues in the conserved 

hydrophobic core arc 0.06A, 0.26A, 0.39A, 0.32A and 0.26A, respectively. Chothia and 

Lesk (Chothia and Lesk, 1986) have observed that the coordinate divergence, A, between 

two structures can be estimated from their fractional sequence difference, H, by the 

relationship:

A = 0 .40e1S7H ( 1 )

where A is measured in A. The fractional sequence differences (H) between RdPf and 

RdCp, RdDs, RdDv and RdDg are 0.42 (22/52), 0.55 (25/45), 0.35 (18/52), 0.35 

(18/51), respectively, which correspond to calculated A values of 0.87A, 1.13 A, 0.76A 

and 0.77A, respectively. Therefore, the observed structural similarities are consistent with
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the general degree of sequence conservation observed in the rubredoxin family.

Eo
c5 r'\3

&

(I
Residue

Figure 1.3-7. Plot o f  the root mean square differences in the backbone atoms 
of the various rubredoxin crystal structures after superposition on the deposited 
coordinates o f  P. fttriosus  (IC A A ).

Despite the overall similarities, there are differences between the rubredoxin

structures that may contribute to the thermostability of RdPf. For the purposes of

comparing the RdPf structure to other rubredoxins, it is convenient to focus on three

features: main chain to main chain hydrogen bonds, buried surface area, and amino acid

residues unique to RdPf. In this discussion, the assumption is made that RdPf is more

stable than the other rubredoxins of known structure. As mentioned in the introduction, it

appears that RdPf is more stable than RdCp (Lovenberg and Sobel, 1965) and RdDg

(Papavassilou and Hatchikian, 1985). No studies of the stabilities of either RdDs and

RdDv have apparently been reported. Consequently, while it is reasonable to assume that

RdPf is more stable than the rubredoxins from mesophilic organisms, this has not been

rigorously established.

Main chain to main chain hydrogen bonds

Relative to other rubredoxins, RdPf has a more extensive network of main chain to
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main chain hydrogen bonds. In RdPf, the p-shect hydrogen bonding network extends up to 

residue 1, while in RdCp, RdDs, RdDv and RdDg, the hydrogen bonding network stops at 

residue 3. Extension of the hydrogen bonding network to the amino terminus permits 

formation of two additional p-sheet hydrogen bonds; one between the carbonyl oxygen of 

Ala-1 and the amide nitrogen of Glu-14, and the second between the carbonyl oxygen of 

Lys-2 and the amide nitrogen of Leu-51. Relative to mesophilic rubredoxins, the more 

extensively hydrogen bonded p-sheet in RdPf could enhance the stability of this structure 

against thermal disruption.

F igu re 1.3-8. Side chain to main chain hydrogen bond from Lys-45, Phe-29 
and Leu-32 that occurs in all known rubredoxins. Ellipsoids shown at 60%  
probability.
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T able 1.3-3. H ydrogen bonds (A) o bserved  between protein  atom s in R dP f

Donor Acceptor Oxidized (A) Reduced (A)
I.8 A res 1 .lA  res 1 . 8  A res 1 .5A res

Main chain to main chain
W 3N Y 1 2 0 2.9 2.9 2.9 2.9
V4N E 4 9 0 2 . 8 2 . 8 2 . 8 2 . 8

C5N YlOO 2.9 2 .9 2 . 8 2 . 8

K6 N E 4 7 0 2 . 8 2 . 8 2 . 8 2.9
G9N C 5 0 2 .9 2.9 3 .0 3.0
Y I2N W 3 0 2.7 2 . 8 2 . 8 2 . 8

E14N A IO 3.0 2.9 3.0 3 .0
A16N D 1 3 0 2 . 8 2.9 2.9 2.9
G 17N D 1 3 0 3.0 2.9 2,9 2.9
D I 8 N 1230 3 .0 2 . 8 2.9 3 .0
N21N D 1 8 0 2.9 3 .0 2.9 2.9
G22N P 1 9 0 3.2 3.1 3.0 3.0
I23N D 1 8 0 3 .0 3.0 3.0 3.0
G26N E 1 4 0 2 . 8 2.7 2 . 8 2.7
T27N 3 2 4 0 3.3 3.3 3.3 3.3
E 3IN K 280 2.9 2 .9 2 . 8 2 . 8

L32N F 2 9 0 3.1 3.1 3.0 3.0
W 36N P 3 3 0 2.9 2.9 2.9 2.9
C 38N A 4 3 0 2.9 2.9 2.9 2.9
G42N C3KO 2.9 2 .9 2.9 3.0
E47N P 4 4 0 3.0 3.0 2.9 2.9
F48N K4SO 3.0 3.1 3 .0 3.0
E49N V 4 0 2 . 8 2.9 2.9 2 .9
L51N K 20 2 . 8 2 . 8 2 . 8 2 . 8

E52N K50O 3.1 3 .0 3.2 3.2
Nitrojjen-Sulfur

I7N C 5SY 3.52 3.47 3.34 3 .39
C 8 N C 5SY 3.58 3.53 3.42 3.50
YION C 8 Sy 3.47 3.48 3.41 3.41
HON C 3 8 S y 3.42 3.46 3 .36 3,40

C 41N C 3 8 S y 3.52 3.62 3 .46 3.55
A43N C 4 1 S y 3 .49 3.48 3 .50 3,43

Side chain to main chain
Y I2 0 H T 2 7 0 2 . 6 2 . 6 2 . 6 2.7
D 15N D I3 0 5 1 2.9 3.0 2.9 2.9
A IN E I 4 0 e2 2.9 2 . 8 2.9 2 . 8

F29N E 1 4 0 e 1 2 . 8 2.9 2.9 2.9
T 2 7 0 y l S 2 4 0 2 . 8 2.7 2.7 2.7
E30N E30O e2 2.7 2 . 8 2 . 8 2 . 8

K45Nt; F 2 9 0 3.0 3.0 2 . 8 3.2
K45NC L 3 2 0 2 . 8 2.9 3.5 3.2

Side chain lo side chain
W 3N e I E140EI 3.4 3.5 3.4 3.2
K6N1; E 49Q e2 2 . 6 3.1 4.1 3.2
\V 36N el D 1 8 0 8 2 2.9 2 ,9 3.0 2.9
N21N 52 0 1 8 0 5 1 3.0 3.2 3-2 3.0
S46Q Y E 4 7 0 e2 2.7 2.7 2.7 2.7
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F igure 1.3-9 , Molscript drawing o f  the residues unique to the rubredoxin 
from Pyroeoccits furiosus.

Amino acid residues unique to RdPf

The amino acid residues that are unique to RdPf are shown above in Figure 1.3-8. 

The interactions of the GIu-14 side chain with groups on three other residues: the amino 

terminal nitrogen of Ala-1; the indole nitrogen of Trp-3; and the NH group of Phe-29 

(Figure 1.3-9). This could only occur in RdPf, as this is the only rubredoxin of known 

sequence that simultaneously contains Ala-I, Trp-3 and Glu-14. Although the Glu-14 OeI 

to Trp-3 Nel distance (3.45A) is long for a hydrogen bond, the relative orientations of 

these two groups indicate that a favorable electrostatic interaction does occur. Interestingly, 

the only other rubredoxin known to contain a tryptophan residue at position 3  has been 

isolated from the thermophilic eubacterium C, thermosaccharolyticum (Devanathan, Akagi 

et al., 1969; Tanaka, Haniuet ah, 1971) ( Figure 1.1-3). This rubredoxin does not contain 

Glu-14, however. The only other rubredoxin to contain a glutamate at position 14 (isolated
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from M. elsdenii (Figure 1.1-3)) contains neither Ala-1 nor Trp-3. The presence of this 

residue in RdPf that interconnects Ala-1, Trp-3, Glu-14 and Phe-29 is consistent with the 

idea that an increased number of salt bridges and other electrostatic interactions can enhance 

thermostability (Perutz, 1978). The presence of another residue uniquely found in RdPf 

(Lys-6 ) is also consistent with this idea, as this side chain is observed to form a salt bridge 

with the Glu-49 side chain.

OE2
O E 1 1

N 2 ! ■ NE1

OE2 14 .
OE1 1

NE1

I ! ' ■ '■

Figure 1.3-10. Stereo view o f the hydrogen bonds and salt bridge formed by 
Gtu 14.

Solvent Shell

The intracellular matrix where soluble proteins function is primarily an aqueous 

environment and the water molecules play an important structural and functional role in 

defining the properties of the biological macromolecules in that environment (Timasheff, 

1993). For this reason it is important to understand how a particular protein interacts with 

water, and since protein crystals can be up to 70% water by volume (Matthews, 1968), 

they provide an excellent opportunity to study that interaction. In crystals where the 

packing of protein molecules is close, the majority of the water has been located by x-ray 

crystallography (Watenpaugh, Sieker et al., 1979; Teeter and Hope, 1986; Dauter, Sieker 

et al., 1992). In general it can be stated that water in a protein crystal does not assume 

random positions (Thanki, Umrania et al., 1991).

Care must taken when evaluating the significance of the solvent molecules found in
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an x-ray crystal structure for the following reasons. The solvent in a protein crystal lattice 

is highly mobile and is in constant exchange with the mother liquor bathing the crystal. 

Mucromolecular crystallographers have exploited this property in the preparation of heavy 

atom derivatives in order to solve the phase problem. Furthermore, the water molecules 

that do make contact with the protein surface have been shown by NMR to have very short 

residence times (between 200 to 90 ps) on the surface (Brunne, Liepinsh et al., 1993). 

Water may mediate protein lattice contacts and therefore have doubtful structural or 

biological significance. Many surface side chains can adopt multiple conformations and are 

themselves highly dynamic thereby providing the possibility of confusing solvent for 

disordered side chains. Additionally, there may be experimental errors in the data 

collection or model building and refinement process that produce spurious peaks in the 

electron density maps that may be mistaken for solvent. Finally, the solution used to 

crystallize the protein may be quite different than the intracellular environment with respect 

to pH and salt content.

Fortunately, many of these problems can be addressed during a crystallographic 

investigation of the solvent in a protein crystal. A very useful technique for dealing with 

the solvent dynamics (as well as other more nagging problems such as radiation damage) 

has been to collect data at liquid nitrogen temperatures using the methods of Hope (Hope, 

1988; Hope, 1990). At these temperatures (approximately 100K) the solvent shell and the 

protein side chains are essentially static during the period of data collection. This technique 

has been used in the determination of the water structure in crystals of crambin (Teeter and 

Hope, 1986) and has enhanced the determination of the solvent structure in many other 

proteins. One way to address the problem of experimental error is to compare, where 

possible, the crystal structures of homologous proteins or of the same protein in different 

crystal forms (Blake, 1983; Daopin, Davies et al., 1994; Ohlendorf, 1994). In this case, 

the proteins would most probably be in significantly different environments and would
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therefore give a relatively accurate picture of the water molecules essential to the structure.

Assuming an average protein density of 1.35 g/cm, the fractional solvent content 

by volume (Vp) can be calculated from the Matthews coefficient (Vm) by the following 

equation (Matthews, 1968):

i . i
For RdPf Vm = 2.3Qdaj^~ corresponding to the crystals of RdPf being approximately

46% solvent by volume. This value for solvent content is very close to the average for 

soluble proteins of 43% (Matthews, 1968) and is consistent with the solvent content of 

RdCp (Watenpaugh, Seiker et al., 1973), RdDs (Sieker, Stenkamp et al., 1986), and Cts 

(Meyer, Gagnon et al., 1990) (only preliminary crystallographic data Cts is available to 

date). However, the solvent content for RdDg (Frey, Sieker ct al., 1987) and RdDv 

(Dauter, Sieker et al., 1992) is unusually low at approximately 27%.

The crystal structures of the oxidized and reduced forms of RdPf contain 132 and 

102 solvent oxygen atoms respectively. This accounts for nearly all of the solvent in the 

asymmetric unit of the crystals. In the oxidized form, 77 of the 132 solvents form 102 

hydrogen bonds with the protein (see Table 1.3-5). The remaining 55 solvent molecules 

make contact with other solvent oxygens only. Of the 132 solvent oxygens, 7 have a 

temperature factor greater than 50A2 with 3 of these in contact with the protein. One 

hundred twenty solvent oxygens were located in the crystal structure of the reduced 

rubredoxin. A total of 64 of these are within hydrogen bonding distance of the protein 

surface and form 8 8  hydrogen bonds (see Table 1.3-6). The remainder of the solvent 

forms contacts to other solvent molecules only. Only 9 of the solvents have B's>50A2, 2 

of which are bonded to the protein.

The majority of the lattice contacts between protein molecules are mediated by 

solvent molecules. There are only two direct lattice contacts between adjacent molecules
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(O Ser-46 to C a  Gly-22 and N Asp-53 to O IIe-40). The other 12 lattice contacts,

Lys-2 to OeI Glu-47, Lys-2 to O Lys-6 , O Gly-9 to Oy Ser-46, O Asp-20 to 

OeI Glu-30, O Gly-22 and O Ser-24 to O Glu-47, O Ile-40 to O Glu-52, O Cys-41 

and O Lys-50 to OeI Glu-49, O Gly-42 to OeI Glu-49 and O Phe-48 and O Ser-46 to 

O Gly-22, are all mediated by solvent molecules.

Perhaps the most interesting question that can be asked about the solvent shell of 

any protein in a crystalline lattice involves the structural significance of the water bound to 

the protein. In an effort to address this question, the solvent shell of the oxidized form was 

compared to the reduced form. It was found that 41 of the solvents are common to both 

forms Of these 41, there are 28 that make direct contact to the protein surface and another 

11 that contact these surface bound solvents but do not contact the protein. The 

comparison was then extended to the rubredoxin crystal structures deposited in the Protein 

Data Bank. The criteria for sameness in this comparison was that the solvents lie within 

0.9A of a solvent on the oxidized form and that it be within hydrogen bonding distance of 

the analogous residue in at least one other crystal structure. The results are summarized in 

Table 1.3-4 below. It was found that 20 solvent molecules satisfied this criteria. The 

majority of these occurred in at least two or more other structures. The least homology was 

observed with RdDs, which is not surprising considering that RdDs is unique from all he 

other rubredoxins whose crystal structure is known by virtue of missing a 7 residue stretch 

in the middle of the sequence (see Figure 1.3-7). It is interesting to notice that virtually all 

of these conserved water molecules are associated with distinct areas of secondary 

structure. Conserved waters lie along the edge of the P-sheet consistent with the 

observation by Thornton et al. (Thanki, Umrania et al., 1991) that the edges o f a P- sheet 

are a common site for water. Other common waters are associated with the helical turns 

and are possibly stabilizing elements in these structures. Another set of conserved waters 

group around residues 28 to 32. This section of the structure can best be described as
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random coil, but it passes between two helical turns, and water here serves to increase the 

contact area and potentially lend increased structural stability.

These results would seem to support the hypothesis that solvent does not occupy 

merely random positions in a protein crystal. There are in fact a number of other similar 

observations. Blake ct al. observed a high degree of commonalty between different crystal 

forms of lysosymes and between homologous lysosymes (Blake, 1983). Three 

independent investigations of the crystal structure of interleukin 1 p contain between 30 and 

74 common solvent molecules (Ohlendorf, 1994). A comparison of two crystal structures 

of transforming growth factor-P2  indicate similar tendencies for water to be in, what the 

authors call, non random positions within the unit cell (Frey, 1994).
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F igu re 1.3-11. Sequences o f  RdPf and the four other rubredoxins whose x-ray crystal 
structure is known. The cystien residues are shown in bold face, ft show s the location o f  
the conserved solvent m olecules, 11 denotes residues unique to RdPf and I marks residues 
that are strictly conserved in all known rubredoxin sequences. The sym bols along the 
bottom denote elements o f  secondary structure; A represents strands o f  the P-sheet and +  
represents the helical corners.
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T able 1.3*4. Solvent a tom  protein  contacts in R d P f that occu r in a t least one o th er rubredoxin crysta l 
structure deposited  in the PDB. Only solven t oxygens that a re  with 0.9A o f  a  R d P f solven t oxygen and  
make a contact to  the sam e site  are listed. Solvent oxygens with num bers betw een 101-199 are common to  
both the oxidized and reduced form  o f  RdPf.

Solvent 1RDG 5RXN 6RXN 8RXN
Number________Residue________ Atom______ RdDg RdCp RdDs RdDv

101 TYR 10 OH / ✓
GLY 17 0 / ✓
ASP 13 N S ✓ s

104 CYS 38 O S ✓
105 LYS 45 N ✓ ✓

TRP36 O ✓
106 VAL37 O /

ASP IK OD2 ✓
107 LYS 2 N ■/ ✓ /

LRU 51 O j ✓ ✓
108 VAL37 N ✓ ✓
109 ILE 11 O s
I 10 ASP 20 N /
1 1 1 ASP 13 OD1 ./
112 TYR 10 OH ✓ ✓
115 LYS 50 N ✓
1 17 GLY 22 N y
122 THR 27 OG3 /
301 LYS 45 0 ✓

PHE 28 O ✓
3 OK GLY 17 O ✓ / ✓
314 SER 46 O ✓ /

PHE48 O ✓
32 3 LYS 28 N / / ✓
327 ASP 13 OD2 ✓
348 ASN 21 OD1 /
353 ASP 35 O ✓ ✓
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T ab le  1 .3-5 . Solvent oxygens within H-bonding d istan ce o f  the oxidized  fo rm  o f  RdPf. #  in d ica tes a 
residue on a sym m etry rela ted  m olecule and a parenthesis encloses the num ber solvent fo r  so lven ts with
B > 50A 2.
Solvent Atom Residue Residue Bond

Number Type Type_____ Number Distance

1 0 1 O GLY 17 2.87
OH TYR 1 0 2.85

N A SP 13 2.94
1 0 2 OG SER 24 2 . 6 8

O PRO 25 2.70
103 O GLY 9 2.75
104 O CYS 38 2.74
105 O A SP 34 2.79

O TRP 36 2.65
N LYS 45 3.05

106 OD2 ASP 18 2.78
O VAL 37 2.73

107 N LYS 2 2.95
O LEU 51 2.77

108 N VAL 37 3.13
109 O ILE 1 1 2.62
1 1 0 O D 1 A SP 18 2.80

N A SP 2 0 2.87
1 1 1 N ALA I 2.81

O ALA 1 3.22
OD1 A SP 13 2.89
OD2 A SP 15 3.11

1 1 2 O D 1 A SP 18 2.93
OH TYR 1 0 2.64

113 O GLY 42 2.55
114 ODI A SN 2 1 3.29
115 N LYS 50 3.06
116 O A SP 2 0 3.29
117 O GLY 2 2 2.82

N SER 24 3.08
118 OG SER 24 2.80
1 19 OG1 THR 27 2.92

N SER 24 3.26
1 2 0 OEI GLU 30 2.74

NZ LYS 50 2.54
1 2 1 O C YS 41 2.82
1 2 2 OG1 THR 27 2.74
123 N ALA I 2.91
126 O A SP 35 2 . 8 8

127 O ILE 40 3.00
128 o GLY 42 2 . 8 6

129 N D 2 ASN 2 1 2.97
130 O ASP 2 0 2.93
301 O LYS 45 2.78

O PHE 48 2.94
302 O A SP #34 2.80
303 O PRO 19 2.96
304 ODI A SP 34 2 . 6 8

NZ LYS 45 2.80
305 ODI A SP 2 0 2.63
306 NZ LYS #45 3,20

Solvent
Number

Atom
Type

Residue
Type

Residue
Number

Bond
Distant

307 O A SP 15 2.83
308 O GLY 17 2 .7 9
313 o C Y S 8 2 . 6 8

314 o SER 46 2.87
o PHE 48 2.87

315 OE2 GLU 30 2.87
OEI GLU 14 2.61

316 O ALA 16 2 . 8 6

317 OD2 A SP 15 3.08
OD2 A SP 13 2 . 8 6

318 O ASN 2 1 2.84
319 N A SP 34 3.03
321 N LYS 28 2 .9 0
325 ODI A SP 15 2.71
326 O LYS 6 2.76
327 OD2 A SP 13 2 .7 2
328 ODI A SP 15 2 .6 0
329 O LEU 32 2.91
331 OD2 A SP 35 2.74
334 O GLY 2 2 3 .2 0
335 NZ LYS 2 2.84
336 NZ LYS 2 3.01
337 OEI GLU 52 2.64

O LYS 50 2.97
339 NZ LYS 28 3.02

OE2 GLU 14 2.76
341 O A SP 2 0 2 .92

ODI A SN 2 1 2.95
342 O PRO 39 2.85
346 OE2 GLU 30 2.76
347 OE2 GLU 14 2.95
351 CE LYS 2 3.22

NZ LYS 2 3.08
353 O A SP 35 2,78
354 N ALA 1 3.09

ODI A SP 15 2.95
356 O GLU 31 2 , 6 8

362 OD2 A SP 2 0 2 . 8 8

363 NZ LYS 2 3 .09
364 OXT A SP 53 2 .8 0
367 CE LYS 6 3.26
369 OEI GLU 52 2.95
370 ODI A SN 2 1 3.14
371 CE LYS 6 3.24
372 O PRO 39 3 .06
376 NZ LYS 6 2 .8 2
374 NZ LYS 50 2.55

(379) O LEU 51 3.24
383 OD2 A SP 15 2.91

(389) O ILE 7 2.91
(399) OEI GLU 30 2.93
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T abic 1.3-6. Solven t oxygens H~ bonding distance o f  the reduced  fo rm  o f  RdPf.

Solvent
Number

Atom
Type

Residue
Type

Residue
Number

Bond
Distance

Solvent
Number

Atom
Type

Residue
Type

Residue
Number

Bond
Distance

1 0 1 OH TYR 1 0 2 . 8 6 309 O PRO 19 2.84
O GLY 17 2.81 311 OD2 A SP 15 2.85
N A SP 13 2.90 OD2 A SP 13 2.61

1 0 2 OG SER 24 2.72 312 0 0 2 GLU 30 2.79
O PRO 25 2.64 OEI GLU 14 2.63

103 O GLY 9 2.76 315 OD2 A SP 13 2.59
104 O C Y S 38 2.77 316 O GLY 2 2 3.16
105 O A SP 34 2.93 317 O CY S 8 2.76

N LYS 45 3.05 321 NZ LYS 2 3 . 0 2

O TR P 36 2.72 322 OD2 A SP 15 2.62
106 O VAL 37 2,71 323 OE2 GLU 14 2.69

OD2 A SP 18 2.77 326 O A SP 2 0 2.90
107 N LYS 2 2.99 ODI ASN 2 1 2.79

O LEU 51 2.73 327 OEI GLU 52 3.24
108 N VAL 37 3.27 ODI ASP 53 2 . 8 8

109 O ILE I 1 2.63 OXT A SP 53 2.71
1 1 0 ODI A SP 18 2.82 329 N ALA 1 3.14

N A SP 2 0 2.83 ODI ASP 15 2.97
1 1 1 N ALA 1 2.99 331 NZ LYS 2 2.96

ODI A SP 13 2 . 6 6 332 CE LYS 2 3.16
OD2 A SP 15 2 .76 334 O A SN 2 1 2,84

1 1 2 ODI A SP 18 3.27 336 ODI ASN 2 1 3.19
OH TYR 1 0 2.59 ND2 ASN 2 1 2.98

113 O GLY 42 2.58 O PRO 39 2.96
114 ODI A SN 2 1 2.99 337 OE2 GLU 52 3.12
115 N LYS 50 2.97 O LYS 50 2.98
116 O A SP 2 0 3.11 341 ODI ASN 2 1 2.77
117 O GLY 2 2 2.87 344 NZ LYS 2 2.87

N SER 24 3.17 345 OE2 GLU 49 2.48
1 18 OG SER 24 2.72 349 OEI GLU 47 2.72
119 OGI THR 27 2.74 351 ODI A SP 2 0 3.10
1 2 0 OEI GLU 30 2.71 353 N A SP 53 2.65
1 2 1 O C Y S 41 2.54 358 O ASP 35 2.57
1 2 2 OGI THR 27 2.53 361 CG GLU 30 3.17
123 N ALA 1 2.85 OEI GLU 30 3.16
124 ODI A SP 15 2.57 365 OEI GLU 31 2.58
126 O A SP 35 3.15 368 OEI GLU 31 3.27
127 O ILE 40 2.85 374 OD2 A SP 34 3.26
128 O GLY 42 2.62 N A SP 34 2.85
130 O A SP 2 0 2 .6 0 384 O A SP 34 3.22
303 O GLY 17 2.82 386 ODI A SP 2 0 2.92
305 O ALA 16 2.59 OD2 A SP 2 0 2.75
307 O ILE 7 2 . 6 6 387 O GLU 31 3.03
308 ODI A SP 15 2.83 388 ODI A SP 2 0 2.49

80
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1.4 Possible Determinants o f Therm ostability

Thermal stability in proteins arises from certain structural features present in 

thermophilic analogs of mesophilic proteins that are not present in the protein from the 

mesophilic organism. Many hypotheses have been put forward regarding general features 

which impart stability to one amino acid sequence, relative to another amino acid sequence 

which adopts the same fold. Klibanov et al. found that deamination is a major factor in the 

irreversible deactivation of lysozyme at 100° C and postulated that this may be true for 

many other proteins as well (Ahern and Klibanov, 1985). Therefore, amino acid 

substitutions that reduce the rate of deamination (i.e., Asn to Gin, lie or Thr as well as Asp 

to Glu) should tend to increase stability. In a study of bacterial ferredoxins and of 

haemoglobin A2, Perutz concluded that salt bridges between residues close to the amino 

terminus and residues near the carboxy terminus were largely responsible for the increased 

stability of the thermophilic protein and he postulated that electrostatic forces dominated 

protein structure (Perutz and Raidt, 1975; Perutz, 1978). In a separate study, the analysis 

of 34 proteins and of four peptide analogs suggested that the interaction of aromatic groups 

may have a stabilizing influence on protein structure (Burley and Petsko, 1985). Argos et 

al. examined thermophilic and mesophilic molecules oflactate dehydrogenase, fcrredoxin 

and glyceraldehyde-3-phosphate dehydrogenase and concluded that Gly—»Ala, Ser—»Ala, 

Scr—»Thr, Lys—»Arg, and Asp—»GIu amino acid substitutions were prevalent in the 

thermophilic equivalents of mesophilic proteins (Argos, Rossmann et al., 1979). This 

suggested that stability can be increased through the incorporation of many small changes 

that tend to stabilize an a-helix and tend to increase the internal hydrophobicily of the 

protein while decreasing its external hydrophobicity. The studies cited above are not 

intended to be a comprehensive listing, and studies of mechanisms which may have a direct 

bearing on the thermal stability of rubredoxin will be discussed below.
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The structure of very few proteins from thermophilic organisms have been 

determined by x-ray crystallography. The structure of phosphoglycerate kinase (PGK) 

from the moderate thermophile Bacillus stearothennophilus has been solved at 1.65A and 

compared to its mesophilic counterpart in yeast (Davies, Gamblin et al., 1993). The 

midpoint for the thermal unfolding transition (Tm) as determined by differential scanning 

calorimetry for the mesophilic and thermophilic forms of PGK differ by less than 15° C 

with the mesophilic form unfolding at 53“ C and the thermophile unfolding at 67° C. This 

corresponds to a AAG=5kcaI/mol between the two forms for the unfolding process. The 

authors point to 12 ion pairs in the thermophilic structure that are not present in the PGK 

from yeast as u likely source of the increase in stability. This is consistent with the findings 

of Perutz (Perutz, 1978) in the study of ferredoxin and with the observations of Walker 

(Walker, Wonacott et al., 1980) in dehydrogenase. Another possible factor the authors feel 

may contribute to the increased thermostability are charged amino acid substitutions that 

presumably stabilize the a-helices (Argos, Rossmann et al., 1979; Nicholson, Becklel et 

al., 1988).

The crystal structure of malate dehydrogenase from the thermophilic bacterium 

Thermus jlavus has (PDB listing 1BMD) been solved at 1.9A resolution (Kelly, Nishiyama 

et al., 1993). This enzyme is fully active at 90° C while the mesophilic counterparts are 

inactivated at approximately 50° C. The presence of four ion pairs per monomer that do 

not occur in the mesophilic analog are thought to be the major contributors to the increased 

thermostability. Amino acid substitutions likely to stabilize an a-helix do not appear to 

contribute because the majority of the amino acid substitutions found in the helices of this 

enzyme tend to be destabilizing. Similarly, the pattern of hydrophobic or charged amino 

acid substitutions for polar groups found here tend to be destabilizing.

The coordinates of three other crystal structures of proteins from thermophilic 

organisms appear in the Brookhaven Protein Data Bank. These include the oxidoreductase,
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3-isopropylmaIutc dehydrogenase from Thermits thermophilus (1IPD), a P-amylase, 

endo-l,4-P-D-gluconase from Thermomonospora fusca  (1TML) and the oxidoreductase, 

/«9 /o-D-glyceraldehyde-3 -phosphate dehydrogenase from Bacillus stearothemwphilus 

(1GD1). The stability of this particular 3-isopropylmalate dehydrogenase (1IPD) 

apparently arises from increased hydrophobic contacts between the subunits of the dimer 

(Imada, Sato et al., 1991). The structure of the p-amylase (1TML) is not discussed in 

terms of its stability but only in terms of the catalytic activity (Spezio, Wilson et al., 1993). 

Salt bridges appear to stabilize the tertiary and quaternary structure of 

glyceraldehyde-3-phosphate dehydrogenase (Skarzynski, Moody ct al., 1987).

Two studies involving the stability of hyperthermophiles have been reported, one 

involving the pressure stabilization (Hei and Clark, 1994) and a differential scanning 

calorimetry study of proteins from P.furiosus (Klump, Adams et al., 1994). Hei et al. 

studied the effect of high pressure (50.7 MPa, 500 atm) of the hydrogenases from the 

mesophile Methoanococcus maripaludis, the moderate thermophile Metlumococciis 

thennolithotrophicus and the extreme thermophiles Metlumococciis janaschii and 

Methanococcus igneus, of the Glyceraldehyde-3-phosphate dehydogenases from the 

mesophile Saccharomyces cerevisiae and the hyperlhermophile Pfuriosus as well as the 

rubredoxin from P.furiosus and found that the proteins from the extreme thermophiles and 

from the hyperthcrmophile were more stable at high pressure. The rubredoxin from P. 

furiosus, which was more rapidly inactivated 110° C by high pressure (50.7 MPa) than at

1.0 MPa, was the only exception. GAPDH from Saccharomyces cerevisiae was not 

effected by pressure and the hydrogenases from the mesophilic and moderately 

thermophilic bacterium were destabilized by pressure.

The differences in the effect of pressure on stability can be explained in terms of the 

volume change (AVrd), including the solvent volume, associated with the reversible 

deactivation process. High pressure will tend to stabilize the state which occupies the least



85

volume. Kauzmann (Kauzmann, 1959) suggested that the AV associated with the transfer 

of a hydrophobic group to an aqueous environment is negative, but more recent studies 

done at high pressure suggest the opposite to be true (Hvidt, 1975; Heremans, 1980). 

Studies on small molecules have shown that the volume change associated with the 

interaction between charged groups and the neighboring solvent will result in a negative 

volume change (Hamann, 1980).

GAPDH is a tretrameric enzyme with hydrophobic contacts between the subunits 

and increased hydrophobicity in these contact areas may be responsible in part for the 

increased thermostability for the hyperthermophilic enzyme. We and others have 

previously postulated that increased electrostatic interactions may in part be responsible for 

the stability of the rubredoxin from P.furiosus (Blake, Parket al., 1991; Day, Hsu et ah, 

1992; Bradley, Stewart et ah, 1993). Therefore, if the deactivation process involves the 

exposure of hydrophobic groups to solvent, resulting in a positive change in volume, then 

the native state may be preferred under high pressure, as is the case in GAPDH. If, 

however, the stability arises primarily from electrostatic interactions, then the structure 

would be expected to be destabilized by high pressure, as is observed in rubredoxin.

Klump et al. conducted a quantitative thermodynamic study on the ferredoxin from 

Thennotoga and on three proteins from P.furiosus: ferredoxin, glutamate dehydrogenase 

and rubredoxin using differential scanning calorimetry to monitor the unfolding process. 

The three proteins all unfolded at the same temperature of 113° C. Privalov postulated that 

at 112° C the hydrophobic interactions cease to have a stabilizing effect on a proteins 

structure (Privalov and Khechinashvili, 1974). Therefore, any stabilization arising from 

electrostatic interactions in these proteins is not sufficient to overcome the loss of 

hydrophobic stabilization at this temperature. The reduced form of the rubredoxin was 

denatured at 1 0 2 ° C which may come somewhat as a surprise in light of the similarity to 

the oxidized form. Substitution of Zn for Fc in rubredoxin increased the stability by
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11° C, again coming somewhat as a surprise considering the similarity to the native form 

as determined by NMR (Blake, Day et al., 1992; Blake, Park et al., 1992). The unfolding 

temperature for the ferredoxins was not dependent on the oxidation state of the metal 

center.

Buried surface area

The contribution of hydrophobic interactions, AG h . to protein stability has been 

characterized by analysis of the amount and type of protein surface area that becomes 

buried during protein folding (Chothia and Lcsk, 1986). In general, aGh is expressed as 

the product of two terms: (a) the surface area of the region buried from exposure to water 

during folding and (b) a surface free energy term. In a method developed by Eisenberg and 

McLachlan (Eisenberg and McLachlan, 1986), A G h  may be expressed as a sum involving 

the difference in solvent accessible surface area (Richards, 1977) of the ith atom. A), 

between the folded and unfolded states, and the surface free energy, Aoj, for each atom 

type:

AGj, = ZArTj A; (fo lded )- As(unfolded)] (2)i

where the sum is over all atoms i. The surface free energies of transfer between the protein 

interior and the aqueous phase for different atom types are (in cal A '2) Aa(C) = 18,

Aa(N/0) = -9, Aa(0~) = -37, Aa(N+) = -38, Aa(S) = -5 (Eisenberg, Wesson et al., 1989). 

Accessible surface areas were calculated from rubredoxin coordinates with the program 

ACCESS (Lee and Richards, 1971), using van der Waals radii for various atom types 

taken from Chothia (Chothia, 1976). The accessible surface areas of atoms in a 

hypothetical unfolded state are taken from Eisenberg et al. (Eisenberg, Wesson et al.,

1989). The results of these calculations for the five different rubredoxin structures are 

presented in Table 4. RdPf exhibits the greatest calculated contribution to protein stability 

from these hydrophobic interactions, as a consequence of burying the greatest amount of
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nonpolar (carbon) surface area. The difference between aGh for RdPf and some of the 

other rubredoxin structures, most noticeably RdCp, is not large, however, suggesting that 

other factors must also contribute to the thermostability of RdPf. There does not appear to 

be anything unusual about the surface areas exposed to water in the folded rubredoxin 

structures, as the total areas are close to those anticipated for water-soluble, globular 

proteins of comparable molecular weight, and the fraction of the exposed surface 

contributed by carbon atoms is also typical for water-soluble, globular proteins (Miller, 

Janin et al., 1987). The fraction of the buried surface area that is nonpolar in RdPf (-70%) 

is greater than that generally observed for water-soluble, globular proteins (-58%) (Miller, 

Janin et al., 1987), but this fraction does not vary significantly between the different 

rubredoxin structures.

Table 1.4-1. Buried and exposed accessible surface areas fo r  rubredoxins

Atotal (A2)a

Aburied (A2)c AGHd

An p  (A2)b C N/O 0-/N + S (kcal/mole)

RdPf 3398 1884 3637 1223 197 106 -46.5

RdCp 3572 1917 3580 1178 195 129 -45.9

RdDg 3325 1809 3438 1186 175 126 -44.0

RdDv 2887 1902 3335 1167 206 141 -41.0

RdDd 3029 1520 2997 1042 71 125 -41.2

atolal exposed surface area 
^nonpolar (carbon) exposed surface area
cburied surface area for carbon atom (C), uncharged nitrogen/oxygen atoms (N/O), charged 

oxygen/nitrogen atom (0~VN+ ) and sulfur atoms (S)
^calculated contribution o f  hydrophobic energies to free energy o f  folding (eqn. 2 )
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Thermodynamic origins o f hyperthermostability

Although there have been no detailed calorimetric studies of the stability of proteins 

from hyperthermophilic organisms and it is not clear to what degree these proteins are more 

stable than their mesophilic counterparts and understanding of the thermodynamics 

governing their stability is crucial to an analysis of their stability. Some insights may be 

derived from studies done on small mesophilic, water soluble proteins. The thermal 

unfolding of these proteins are generally characterized by assuming a transition between 

two states, the native (N) and the unfolded (U) form, where the free energy of this 

transition, AGnu, is approximately 10-15 kcal/mol (Privalov, 1979; Privalov and Gill, 

1988; Privalov, 1989). This transition is accompanied by a large, positive change in the 

heat capacity as buried hydrophobic groups become exposed to the solvent.

For a two state process, assuming ACP is constant and independent of temperature, 

AGnu is:

&Gnu =
T - T

-  \Tm A C d T  + T \ Tm A C d  In T (3)Jf  r Jj  P

where Tm is the transition temperature for unfolding during heat denaturation (the 

temperature at which A G n u  = 0); and AHm is the enthalpy change at Tm (Privalov, 1979). 

The entropy change at Tm is given by ASm = AHm/Tm. Therefore AGnu is completely 

specified by the three parameters, Tm, AHm and ACp, or equivalently, AHm, ASm, and 

ACp. The dependence of A G n u  on T for a given set of solution conditions (pH, ionic 

strength, etc.) defines the stability curve for a protein (Becktel and Schellman, 1987).

Hyperthermostability can in principle be achieved by some combination of 

increasing AHm and/or decreasing ASm and/or ACp. There are few a priori restrictions on 

how these changes are accomplished, provided that AHm/ASm = Tm > -  370 K. Possible 

mechanisms for enhancing the thermostability of proteins by alterations in AHm, ASm and 

ACp will be briefly discussed. The emphasis in this discussion is on interactions that
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stabilize the native state, since these can in principle be characterized from the native 

structure. It is also possible, however, that protein stability reflects contributions from 

unfolded forms (Dill and Shortle, 1971) that cannot be addressed in this study.

The enthalpy of unfolding may be increased relative to mesophilic rubredoxins for 

the rubredoxin from P. furiosus due to a more extensive network of hydrogen bonds than 

is found in the mesophilic counterparts. Another factor that may exert a strong influence on 

the stability of the native state in rubredoxin is the iron ligation, but, considering the 

similarity, in this respect, to all of the other rubredoxins it is not likely that iron ligation is 

responsible for the relative differences in thermal stability.

Privalov has shown that ACp is proportional to the number of hydrophobic contacts 

within the protein (Privalov, 1979) or stated differently, is proportional to the surface area 

of buried nonpolar residues (Livingstone, Spolar et al., 1991). Recall from above that the 

amount of nonpolar surface area buried by folding is approximately the same for all of the 

rubredoxins. Therefore, it is not likely that changes in DCp makes a significant 

contribution to the increased thermal stability.

Two sources generally contribute to the entropy of unfolding (Privalov, 1979): (1) 

the change in the number of conformational degrees of freedom upon unfolding, and (2 ) 

hydration effects resulting from the exposure of buried sidechains to water. As discussed 

above it does not appear that hydration effects are vastly different between the rubredoxins 

so they probably do not make a significant contribution to any change in the entropy of 

unfolding. However, it is possible that substitutions for glycine and proline in this 

rubredoxin do have an effect (Nemethy, Leach et ah, 1966; Hccht, Sturtevant et ah, 1986; 

Matthews, Nicholson et ah, 1987). Substitution of Glu-14 for Pro in RdPf would be 

expect to increase the entropy of unfolding but this effect could be offset by favorable 

electrostatic interactions between Glu-14 and surrounding residues. The presence of
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Pro-44 in RdPf, usually Gly in other rubredoxins, could stabilize the native state by 

decreasing the number of degrees of freedom in the unfolded state.

While there are a few more hydrogen bonds and somewhat more nonpolar surface 

area estimated to be buried upon unfolding in RdPf than other rubredoxins, there is no 

evidence for large differences in the number of stabilizing interactions, or for new types of 

interactions that are responsible for RdPf stability. This suggests that it is unlikely that there 

are enormous differences in stabilization energies for RdPf relative to mesophilic 

rubredoxins.
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2.1 Introduction to Nitrogenase MoFe

There are essentially three global reservoirs for nitrogen -  the atmosphere, the 

oceans and the terrestrial ecosystems. Over 99.9% of the nitrogen in these global 

reservoirs is inaccessible to nearly all living organisms (Kinzig and Socolow, 1994) 

although nitrogen in its reduced form is an absolutely essential element for all living 

systems. This large reservoir of nitrogen is diatomic nitrogen, the N2 gas present in the 

atmosphere or dissolved in the oceans. Nitrogen is the most abundant gas in the 

atmosphere and accounts for nearly 80% of the total gas content. The strength of the N=N 

triple bond renders diatomic nitrogen extremely stable to the majority of conditions likely to 

be found in living systems. Nonetheless, reduced nitrogen is an essential component of 

most molecules of any biological significance, including proteins and nucleic acids. The 

question then arises -  How does nitrogen get transformed from it's thermodynamically 

stable or kinetically inert form (N2 ) into a biologically useful and accessible form (generally 

NH3)?

Although the reduction of dinitrogen to ammonia is a thermodynamically favorable 

reaction, a tremendous amount of energy must be supplied to activate the process. 

Lightning in the atmosphere accounts for the major natural non-biological source of 

reduced nitrogen, but the action of lightning (even at approximately 3  billion flashes per 

year) amounts to only a very small part of the total flow of usable nitrogen into the 

biosphere. The dinitrogcn processed by lightning flashes is first oxidized to nitric oxide 

(NO) and then converted to NO3 - by rain. Another energetic process is used by industry to 

reduce dinitrogen. This is the Habcr-Bosch process which requires an Fe-catalyst and 

temperatures between 300 and 500° C, along with dinitrogen and dihydrogen (H2 ) 

pressures in excess of 300 atmospheres, to produce ammonia. The Haber-Bosch process 

amounts for approximately 25% of the total influx of reduced nitrogen into the biosphere 

(Bums and Hardy, 1975). In contrast there are a small number of microorganisms that
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account for nearly 60% of the total conversion of dinitrogen into a biologically useful form. 

These organisms are termed diazotrophs and accomplish the transformation under 

extremely mild conditions: pressures o f 0 . 8  atmospheres of N2  and temperatures of 2 0  to 

25° C. These are, of course, ambient conditions and it would be safe to say that all living 

organisms are in some way dependent on the diazotrophs for their supply of nitrogen.

The processes mentioned above are termed nitrogen Fixation. The biological 

fixation of nitrogen is accomplished through an enzymatic process. The overall 

stoichiometry of this process is

N2  + 8 H+ + 8 e- + 16MgATP -► 2 NH3  4- H2  + l 6 MgADP + 16 P;

The protein system that carries on this process is nitrogcnase. The nitrogenase system has 

two major components, the iron protein and the molybdenum-iron protein.

The Fe-protein is a homodimer with a total molecular mass of -60  kDa. Each 

monomer folds into a single a-helical/p-sheet domain and the two monomers ligand a 

single 4Fe:4S cubane at one end of their interface. The electrons required for the reduction 

process are transferred from the Fe-protcin, coupled to the hydrolysis of ATP, to the 

molybdenum-iron protein (MoFe), the actual site of dinitrogen reduction.

The MoFe-protcin is a tetrameric ot2 P2  unil composed of a dimer of aP  dimers.

The a  and P-subunits are coded by the niJD and nifK  genes respectively. Each of the four 

subunits contain three domains that adopt an a-helical/fi-shcet type of fold. The a-subunit 

of the MoFe protein from Azotohacter vmekmdii contains 491 amino acids and the 

p-subunit contains 522. The total molecular mass of the tetramer (the minimal functional 

unit of MoFe) is approximately 200 kD, The a-subunit contains the molybdenum-iron 

cofactor (M-cluster, shown in Figure 2.3-8) which is believed to be the actual site of 

dinitrogen reduction (Hawkes, McLean, 1984). The structure of the M-clustcr was 

unprecedented. The other metal center of MoFe, the P-cluster pair (shown in Figure 

2.3-10), was also an unprecedented type of double cubane composed of two 4Fe:4S
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cubanes bridged by two thiols and containing a disulfide bond. The P-cluster pair bridges 

both the a-subunit and the (3-subunit at an approximate two-fold rotation axis between the 

two homologous sub-units. The Pcluster pair is believed to pass the electrons generated by 

the Feprotein to the M-cIuster.

This chapter (Chapter 2) will discuss the high resolution (2.2A resolution) 

refinement of the crystal structure of the MoFe protein from Azotobacter vinehmdii as 

determined by Kim and Rees (Kim and Rees, 1992; Kim and Rees, 1992; Kim and Rees, 

1993) (section 2.2) and will describe the structural features of the molecule (section 2.3) 

followed by a discussion of these features with respect to their functional significance 

(section 2.4). Several excellent reviews have been written on the structure and function of 

nitrogenase (Orme-Johnson, 1985; Burgess, 1990; Eady, 1991; Smith and Eady, 1992; 

Burgess, 1993; Newton and Dean, 1993; Orme-Johnson, 1993; Rees, 1993; Eady and 

Leigh, 1994; Howard and Rees, 1994; Kim and Rees, 1994; Leigh, 1994). The reader is 

referred to these for an in-depth review of the topic. The discussion that follows in this 

section (section 2 . 1 ) is a brief overview of what was known before the structure was 

solved and what insights the structure has had on our understanding of the function of 

nitrogenase.

The Metal Centers

The structure of the metal centers of the MoFe-protein is an area that has attracted 

much interest and debate. Before the solution of the crystal structure, much was known 

about the M-cluster based on spectroscopic investigations. Early studies had shown that 

the ratio of iron to molybdenum in the FeMo-cofactor was 6-7Fe:JMo (Yang, Pan, 1982). 

Other investigators demonstrated that the ratio of sulfur to molybdenum was 8-9S: IMo 

(Nelson, Levy, 1983; Smith, Bishop, 1985). These results taken with the results of 

Hoover et al. as to the requirement for homocitrate (Hoover, Robertson, 1987) led to a
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consensus composition for the cofactor of lMo:6-7Fe:8-9S: 1 homocitrate. Information as 

to the general organization of these atoms with respect to each other was obtained through 

the use of Mo K absorption edge EXAFS. The first EXAFS studies revealed the cluster 

nature of the FeMo-cofactor by indicating that iron and sulfur were nearest neighbors at 

distances consistent with sulfide-like bridging distances (Cramer, Gillum, 1978; Cramer, 

Hodgson, 1978), Later studies indicated that soft ligands like oxygen and/or nitrogen were 

present (Conradson, Burgess, 1987). The results obtained by Cramer et al. were limited 

by the scarcity of model compounds on which to base the analysis, and the results obtained 

by Conradson et al. profited greatly by the abundance of model compounds spawned by 

the information provided by Cramer. The determination of the actual structure of the 

FeMo-cofactor has allowed a more comprehensive analysis of the EXAFS results and has 

revealed a feature of the spectra that is consistent with the second set Mo to Fe distances of 

approximately 5A seen in the crystal structure (Liu, Filipponi, 1994).

Many model compounds had been synthesized that imitated the spectroscopic 

signature of the FeMo-cofactor and/or reduced acetylene or other non dinitrogen substrates 

of nitrogenase (Coucouvanis, 1991). These synthetic studies were conducted with the goal 

of finding an inorganic chemistry solution to what was once thought to be an 

insurmountable biochemical and crystallographic problem, i.e. the mechanism of dinitrogen 

reduction and the structure of the species that were responsible. The subsequent 

elucidation of the structure for the metal centers has been met with mixed emotions; 

however, the model of the M-cluster has been generally accepted as correct. Nevertheless, 

the precise composition of the P-cluster pair is an area that is still open for discussion, and 

evidence will be presented in section 2.2 that supports the model of Kim and Rees. As of 

this time, there have been no reports of the successful synthesis of either the M-cluster or 

the P-cluster pair although there have been a number of interesting compounds reported that 

share either structural and/or functional characteristics with the M-cluster (Cen,
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MacDonnell, 1994; Demadis and Coucouvanis, 1995; Laughlin and Coucouvanis, 1995; 

Malinak, Demadis, 1995).

The polypeptide environment around the FeMo-cofactor contains a number residues 

that have been targeted for mutagenesis studies. For example, Cys a-275 and His a-442 

have been identified as ligands to the M-cluster and any mutation at either of these two 

residues results in an inactive protein unable to reduce nitrogen (Brigle, Setterquist, 1987; 

Kent, Ioannidis, 1989). The ligation of the cofactor by Cys a-275 had been proposed on 

the basis of sequence analysis, and was confirmed by the crystal structure, but the 

discovery of His a-442 as a ligand was a surprise. Other surprises arising from the 

crystal structure were the proximity of Arg a-96, Phe a-381, Arg a-359 and Gin a-440 

to the FeMo-cofactor.

The two residues Gin a - 191 and His a - 195 were identified as being potentially 

important residues in the FeMo-cofactor environment because they were two residues that 

are highly conserved in nitrogenase and were not present in NifE, a protein homologous to 

the a-subunit that participates in the biosynthesis of the M-cluster (Scott, May, 1990). In 

NifE, where a precursor to the FeMo-cofactor is believed to be synthesized, prior to 

transfer to the NifD-gcne product, these residues are Lys and Asn respectively, which led 

to the prediction that they might be cofactor ligands.

When Gin a - 191 was replaced with Lys, the result was a protein unable to reduce 

Nt (i.e. was Nif~) but able to still reduce protons and acetylene and was sensitive to CO 

(Scott, Dean, 1992). Scott et al. also demonstrated that this change in activity was a result 

of a change in the environment around the FeMo-cofactor and not a change in the cofactor 

itself. Another interesting consequence of this mutation was that now the MoFe protein 

was able to reduce acetylene by either two or four electrons to either ethylene or ethane 

respectively, while the native form of MoFe is only able to catalyze the two electron 

process (Dilworth, 1966). Similar results were obtained when His a - 195 was mutated to
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Asn (Scott, Dean, 1992). It is interesting to note that the four electron reduction of 

acetylene to ethane is a process that the vanadium-dependent nitrogenase also catalyzes, but 

presumably by a different mechanism (Dihvorth, Eady, 1988; Scott, Dean, 1992). Not all 

mutations to Gin a - 191 produced Nif~ mutants, however the Ser mutant grows slowly 

and the Ala and Pro mutants have been shown to exhibit diazotrophic growth rates 

comparable to wild type (Newton and Dean, 1993). In contrast, all mutations of 

His a - 195 appear to be Nif~.

Electron spin echo envelope modulation (ESEEM) experiments had suggested that 

the FeMo-cofactor was liganded by a nitrogen, probably a His (Thomann, Morgan, 1987). 

A feature of the His a - 195 to Asn mutant is the disappearance of the ESEEM signal 

concomitant with the loss of N 2  reduction (Thomann, Bernardo, 1991). This observation 

led to the prediction that His a - 195 was a ligand to the cofactor and contributed to the 

surprise that His a-442 was the ligand. The mutation of other conserved histidines, for 

example His a-83, His a - 196, His a-274 or His P-90, did not produce a loss o f the 

ESEEM signal or stop N 2 reduction. The mutation His a-195-Gln produces no change in 

the ESEEM signal, however, and results in a phenotype where acetylene and H2  evolution 

are competitively inhibited by N2  (DeRose, Kim, 1995). This result suggests that the 

e-nitrogen of the imidazole ring and the amino-nitrogen atom of Gin form the same 

hydrogen bond to a bridging sulfur of the FeMo-cofactor and that this hydrogen bond helps 

to orient the cofactor in its binding pocket so that His a-442 can generate the ESEEM 

signal.

Other residues found in the FeMo-cofactor pocket have been, while their specific 

roles have yet to be precisely defined (Newton and Dean, 1993). Based on the structure, it 

is likely that these residues may 1) be involved in the transfer of the FeMo-cofactor into the 

binding site, 2) participate in proton transfer or 3) provide interactions that stabilize the 

orientation o f the cofactor in the polypeptide pocket. Mutation of Gin a-440 to Glu has no
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effect on the catalytic activity of MoFe. This is reasonable because the crystal structure 

shows that Gin a-440 forms a water mediated hydrogen bond to a terminal carboxylate of 

the homocitrate. Substitution of Gin for Arg a-96 and Arg a-359 results in a slow 

growth phenotype for the Arg ot-96-Gln mutant and a phenotype that cannot grow 

diazotrophically for the Arg a-359-Gln mutant. When Phe a -3 8 1 is substituted by Arg a 

Nif~ phenotype results. The close approach of Phe a-381 to two bridging sulfurs of the 

FeMo-cofactor may not allow the additional bulk of an Arg without significant disruption 

of the cofactor orientation.
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2.2 Experimental

2.2.1 Structure Solution

Although the work described here in Chapter 2 pertaining to the MoFe nitrogenase 

from Azotobacter vinelandii (Avl) involves the refinem ent only, a brief description of 

the crystallization, collection and processing of the diffraction data, and solution of the 

structure, are included here for the convenience of the reader. For more complete details the 

reader should refer to the references cited herein.

Crystallization

Crystals of the MoFe-protein from Azotobacter vinelandii (Avl) were grown by 

the microcapillary batch method as described by Kim and Rees (Kim and Rees, 1992). 

Monoclinic crystals grow from 18% polyethelene glycol (PEG) 4000, 0.14 M NaCI, 0.10 

M Na2 MoC>4 , 80 mM tris-HCl, pH 8.0 and ~8mg/ml protein with a= 108.4 A, b=I30.5A, 

c=81.5A and p—110.8° in space group P 2 |. Data collected from this crystal form was 

used for the refinement discussed in the following section (2.2.2).

Two crystal forms of the MoFe-protein from Closlritium pastenriamtm were used 

for electron density averaging in the determination of the structure of MoFe from A. 

vinelandii. Monoclinic crystals (space group P 2 |) with a=70.0A, b= 151.3A, c=121.9A 

and p=l 10.4° grow from 15% PEG 4000, 0 .21M MgCf, 80mM tris HC1 pH .80 and 

-8  mg/inl protein. Another crystal form grew in the same space group from 18%

PEG 4000, 0.3M CsCl and 80mM tris HC1 pH 8.0 (~8 mg/ml protein) with a=87.9A, 

b=171.4A, c=73.6A and P=91.5°.

Data Collection

The data used to solve the structure of Avl was collected as previously described 

by Kim and Rees (Kim and Rees, 1992). In summary, native x-ray diffraction data was 

collected from two crystals of Avl to a limiting resolution of 2.75 A and diffraction data
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from four heavy atom derivatives (EMTS, PTCL and PIP) for use in MIR phasing were 

collected to a limiting resolution of 3.0A. All diffraction data were collected at room 

temperature with a Siemens multiwire area detector and processed with XENGEN 

(Howard, Gilliland et al., 1987). The native data set was 94% complete with a merging 

residual between symmetry-related reflections of 8.5%. The derivative data sets ranged 

from between 83 to 92% complete with merging residuals between 5.7 to 11.%. The 

phasing power of the derivatives ranged from a low of 1.17 for PIP and 1.79 for EMTS.

The high resolution data were collected and processed as previously described by 

Chan et al. (Chan, Kim et al., 1993) and proceeded as follows. X-ray diffraction data to a 

limiting resolution of 2.2A were collected from two crystals of Avl at the Stanford 

Synchrotron Radiation Laboratory (SSRL) using a MAR Research imaging plate detector. 

A total of 258,519 observations of 95,078 unique reflections were processed with the 

MOSFILM and CCP4 packages (SERC, 1986). The final data set was 90% complete to 

2.2A with a merging residual of 13.6%. It is this data set that was used for the structural 

refinement of Avl discussed in section 2.2.2.

Structure Solution

The structure was solved by a combination of multiple isomorphous replacement 

(MIR) and noncrystalJographic symmetry (NCS) averaging (Kim and Rees, 1992; Kim and 

Rees, 1992; Kim and Rees, 1993). A total of three crystal forms (all in the monoclinic 

space group P 2j) from two organisms (Azotobacter vinelandii and Clostridium 

pasteurianum) were required to solve the structure. Heavy atom positions were determined 

from isomorphous difference pattcrsons. The NCS relationships required for electron 

density averaging were determined from rotation and translation functions and averaging 

was performed both within and between crystal forms.
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2.2.2 Structure Refinement

The starting coordinates for the high resolution refinement of the MoFe protein 

from Azotobacter vinelandii were those described by Kim and Rees (Kim and Rees, 1992) 

and listed in the Brookhavcn Protein Data Bank (Bernstein, Koetzle et al„ 1977; Abola, 

Bernstein et al., 1987) as 1MIN. These coordinates included 1980/2026 amino-acid 

residues, two divalent cations (presumably Ca+2), 4 water molecules (liganded to the 

divalent cations), 2 homocitrate molecules (14 atoms each) and the 66 metal atoms 

comprising the four cofactors (17 in each MoFe-cofactor and 16 in each P-cluster pair) for 

a 98% complete model with a total of 15,758 non-hydrogen atoms. The missing amino- 

acid residues are all part of the a-subunit; a2 -a4 , oc36-a44 and a482-a492. These 

coordinates were the result of refinement in XPLOR (Brunger, Kuriyan et al., 1987) using 

a slowcooled simulated annealing protocol.

Two refinement packages were used during the refinement of the model, TNT 

(Tronrud, Ten Eyck et al., 1987) and XPLOR (Brtingcr, Kuriyan et al., 1987). The intent 

was to minimize the introduction of bias in the model due to the refinement package used. 

Presumably the average of the two resulting coordinates sets would best reflect the true 

geometry of the metal cofactors. The protein geometry dictionaries of each refinement 

package were used as supplied and entries for the cofactors were added (see Appendix 2 

for the metal cofactor dictionaries that were used). Cofactor entries (distances and angles) 

were based on small molecule structure determinations where applicable. In both 

refinement packages all data between 25-2.2A resolution were used. No data were 

excluded on the basis of intensity and a sigma cutoff was not employed. In each round of 

refinement, the positional parameters were refined separately from the temperature factors.

A typical round of refinement in each package included the following steps: (1) 

Calculation of two electron density maps from the refined coordinates using F0-Fc (where 

F0 is the observed structure factor amplitudes and Fc is the calculated structure factor
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amplitudes with phases) coefficients for one map and using 2FC-FC coefficients for the 

other. (2) The model was then evaluated against the maps resulting from each refinement 

package using the program TOM/FRODO (Jones, 1978). Amino acid residues were either 

built to new conformations, removed from the model or added to the model where the 

electron density indicated it. Solvent atoms were built into the model where it was 

appropriate (the criteria was good F0-Fc density, i.e., >2a, and reasonable hydrogen 

bonding geometry). (3) The resulting modified model was then refined.

T a b le  2.2.2-1 Summary o f  refinement progress showing the results from each cycle  
for each refinement package used as well as the total number o f atoms and number o f  
solvent oxygens in the m odel.

Coordinates
XPLOR
R-factor

TNT
R-factor # of Atoms Solvents

MoFc2 — 22.6% 15758 4
MoFe3 23.8% 22.1% — 70
MoFe4 22.7% — — 155
MoFeS 22.3% — 15947 205
MoFe6 23.3% — 16001 287
MoFe7 21.2% — 16098 384
MoFeS 20.3% — 16163 540
MoFe9 19.6% 17.5% 16412 617

MoFe 10 19.5% 17.3% 16390 625
MoFel 1 19.3% — 16492 643
MoFe 12 19.3% — 16492 640
MoFe 13 17.9% 17.4% 16480 625
MoFe 14 17.6% 17.9% 16495 625

The protein model (including the cofactors) was never recycled! Each round of

refinement began with the protein coordinates reported by Kim and Rees (Kim and Rees, 

1992) (1MIN) after they had been manually modified in the program TOM/FRODO 

according to the electron density maps calculated from the previous round of refinement. 

The refined solvent shell, however, was always carried over into the next refinement cycle.
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In the final rounds of refinement, the very low resolution data was excluded and the 

data from increasing high resolution shells were included gradually until the entire 

resolution range of 8.0-2.2A was included. During the early stages of these refinement 

cycles, the geometry of the protein was not tightly restrained, and then increasing weights 

were given to the geometry towards the end. It was assumed that this strategy would allow 

the data to drive the model away from the current minimum and thereby avoid being 

trapped at a local minimum. The results would seem to indicate that this was indeed true for 

the XPLOR refinement. This strategy seemed to have little effect on the refinement with 

TNT as reflected by the difference in Rfactor for refinement cycles MoFe9 (where only one 

resolution range was used) and MoFe 13 (See Tabic 2.2.2-1).

TNT Refinement

Refinement of Avl with TNT (Tronrud, Ten Eyck et ah, 1987) resulted in an 

Rfaetor— 17.9%. At this stage of refinement the model contains 15,772 protein atoms, 625 

solvent oxygen atoms, 2 Ca+2 ions and the 94 atoms that comprise the metal cofactors 

(including the homocitrate). The protein geometry was close to the target values with the 

rms. deviation from the targets being 0.02A for the bond distances and 2.7° for the bond 

angles. Although TNT allows the user to control the weight used for temperature factor 

correlation between atoms bonded to each other, the temperature factors are not strongly 

correlated by TNT and they range from the minimum (B=2.oA2) to the maximum 

(B=100A2) allowed values. The average B for mainchain atoms is 13.96A2 and is 

18,65A2 for the sidcchain atoms with an rms. deviation of the B's for adjacent atoms of

1.61 A2. The average solvent B-factor is 24.17A2. The temperature factors for the solvent 

range from a low of 2.0A2 to a high of 74.4A2. The overall average temperature factors 

for mainchain and sidechain atoms of each subunit are listed in Table 2.2.2-2. A plot of the

temperature factors for main chain atoms and for side chain atoms for each subunit is 

shown in Figure 2.2.2-1 (Compare with Figure 2.2.2-5). As might be expected, the
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regions of the polypeptide chain with the largest average temperature factors are regions on 

the surface of the protein or are solvent exposed regions of the tetramer interface. A 

Luzzati analysis of the crystallographic residual as a function resolution (Luzzati, 1952) 

indicates an average coordinate error of approximately 0.15A (see Figure 2.2.2-2). 

Representative electron density for the polypeptide chain is shown in Figure 2.2.2-3. The 

Ramachandran plot (Srinivasan and Parthasaralhy, 1976) of the <j>, \{/ torsion angles is 

shown in Figure 2,2.2-4.

T abic 2 .2 .2-2 . The overall average temperature factors (A 2) for main chain and side chain
atoms o f  each subunit o f  M oFe resulting from refinement in TNT or XPLOR.

TNT XPLOR
Side Chain Main Chain Side Chain Main Chain

a  (A ) 19.62 14.86 17.78 15.78
a ( C ) 20.31 15.30 18.40 16.57
P(B) 17.95 13.21 15.18 13.64
P(D) 16.86 12.48 14.60 12.81
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F igu re 2 .2 .2 -1 . Plot o f  average temperature factors vs. residue number for M oFe after 
refinement with TNT. Average side chain B-factors arc shown as dotted lines, and average 
main chain B ’s are illustrated by the solid lines. The two a-subunits (A  and C 
respectively) are shown in the upper and lower left-hand panels, and the upper and lower 
right-hand panels represent the two P-subunits (B and D),
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F igu re 2 .2 .2 -2 . Plot o f  the R-factor from T N T  refinement as a function o f  (lie 
resolution. The upper line corresponds to the theoretical curve for and estimated average 
coordinate error o f 0 .22A  and the lower line is the theoretical curve corresponding to 
0 .20A .
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TYR 0233

LEU 0 2 3 4

VAL D239

F igu re 2 .2 .2 -3 . Stereo view  o f  representative electron density o f  the M ofe protein 
after refinement with TNT. The density for this helix is from the 2Fo-Fc map and is 
contoured at the 2 a  level. Only residues D233 thru D 242 are shown for clarity.
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XPLOR Refinement

Refinement in XPLOR (Briinger, Kuriyan et al., 1987) resulted in a 

crystallographic residual of 17.6% for 16,495 atomic positions. The composition of the 

model is identical to the model used in the TNT refinement. The rms. deviation in the bond 

distances and angles are 0.022A and 2.37° respectively. The default restraints on the 

temperature factors of adjacent atoms (i.e., 1-2 and 1-3 pairs) was relaxed by one sigma 

unit. The average temperature factors for mainchain and sidechain atoms are respectively

S ubun ii A S ub u n it El

IM |l l l *1

S u b u n it C S ubiim i I )

Figure 2 .2 .2-4 . Raniachandran plot o f  the <fi, y  angles for each subunit 
o f  MoFe. Glycine residues arc represented by +  and residues with ([>, y  
torsion angles outside o f  the normally allowed regions are labeled by the 
residue number.



112

14.70A2 and 16.49A2, ranging from a low of 2.0A2 to a high value of 55.88A2 with an 

rms. deviation in adjacent B's of 2.67A2 (see Figure 2.2.2-5 and Table 2.2.2-2). Again, 

here as in the TNT refinement, the largest average temperature factors are observed for 

regions that are exposed to the solvent. However, unlike in refinement with TNT, the 

average temperature factors for the side chain atoms are more nearly equal to the average 

for the main chain atoms of the same residue. The solvent oxygen temperature factor 

ranges from 2.0 to 57.7A2 and averages 20.35A2. The average coordinate error as 

estimated by a plot of the ciystallographic residual vs. the resolution (Luzzati, 1952) is 

approximately 0.21 A (see Figure 2,2,2-6). Electron density from the 2F0-FC map is 

shown in Figure 2.2.2-7. The <{», torsion angles for each of the four subunits are shown 

in Ramachandran plots (Srinivasan and Parthasarathy, 1976) (Figure 2.2.2-8).

0  1 0 0  Z0Q 3 0 0  40Q 5 0 0  0  ] 0 0  2 0 0  3Cm 4 0 0  500

BD

4 □
30

IQ
0

100

ec
BO

40

30
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0
O

F igure 2 .2 .2-5 . Plot o f  average B-factors vs. residue number For each o f  the four 
subunits o f  A vl after refinement with XPLOR. The average mainchuin temperature 
factors are shown as solid lines, and the sidechains are represented with dashed lines. 
Compare to Figure 2.2.2-1. The a-subunits (A and C) are shown in the upper and lower 
left hand panels respectively and the two P-subunils (B and D) are shown on the right.
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F igure 2.2.2-6. A Luzzati plot o f  the R-factor from the XPLOR refinement vs. the 
resolution. Theoretical plots are shown for an average coordinate error o f  0.22A  (top 
curve) and 0.20A  (lower curve).

TY R0233

a ,LEU D234

>fHED237 ASN 0236

VAL D239
ARG 0236

LYS 024T

ARG 0242

TYR 0233 /

LE U 0234 : ^

ASN 0236

I

VAL D23B

LVS D241

ARG D242

ARG D23B

F igure 2.2.2-7. Stereo view  o f 2F0 -FC electron density from the same helix shown in 
Figure 2.2.2-3. This density is representative o f  the entire protein after refinement with 
XPLOR. The map is contoured at the 2 a  level.

Comparison o f TNT and XPLOR Results

As observed in the refinement of rubredoxin, the range of temperature factors seen
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after refinement is much larger in TNT than in XPLOR. This can be clearly seen by 

comparing Figures 2.2.2-1 and 2,2.2-5 where the average temperature factors for each 

residue (both backbone atoms and sidcchain atoms have been plotted against the residue 

number). An interesting observation with respect to the temperature factors is that while 

for XPLOR refinement the average B's of the sidechains is nearly equal to that of the main 

chain atoms across the entire sequence, the rms. deviation in the B’s of adjacent atoms is 

over 60% higher than for TNT refinement (2.67A2 vs. 1.61 A2 respectively) where the side 

chain B's are generally much higher than the main chain average B's.

S u b u n it A S u b u n it U

Vi ri %| I?;; ] 4.

Subunit C S u b u n it I)

F igure 2 .2 .2-S . Ramacliandran plot o f  the <(>, V|/ torsion angles for each 
subunit o f  A vI after refinement with XPLOR. G lycine residues are 
represented by +  and residues with <(►, y  angles in areas outside o f  the most 
favorable regions are labeled by residue number.
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Both refinements give similar errors in bond distances and angles and the overall 

average coordinate error as determined by Luzzati plots tire virtually the same. Inspection 

of Tables 2.2.2-3 thru 2.2.2-7 shows that the distances (both for bonds and interatomic 

distances) within the cofactors do agree well, at least within the limits of the estimated 

average coordinate error. However, some of the distances within the P-cluster pair, 

particularly those that involve S 1A and SIB show large deviations.

T abic 2 .2 .2-3 . Bond distances within the M-clustcr and to its ligands. The initial lengths in 
the right-hand column are for 1 MIN. Sulfur atoms that bridge the two cluster fragments are 
marked with *. The atom labeling schem e is shown in Figure 2.3-9.

From To TNT XPLOR 1MIN
a  [A] a  [Cl a  [A] a |C ] a  [At a  [C]

M ol SIB 2.36 2.39 2.43 2 .45 2.50 2 .48
S3B 2.28 2.28 2.36 2 .29 2.47 2.44
S4B 2.34 2.37 2.41 2.42 2.42 2.48

N S l ce442 2.13 2 . 2 1 2.27 2 .17 2.25 2.24
0 5  CIT 2.36 2.30 2.26 2.31 2.25 2.28
0 7  CIT 2.06 2.17 2.18 2 . 2 2 2.23 2.25

Fe5 SIB 2.24 2.29 2.23 2.33 2.29 2.31
S4B 2.27 2 . 2 2 2.38 2 .2 6 2 .30 2.32

*S3A 2 . 2 1 2.27 2.23 2 .2 6 2.29 2.32

Fe6 S IB 2 . 2 0 2.18 2.29 2.18 2.32 2.25
S3B 2.25 2.24 2.19 2.24 2.31 2.26
*S2B 2.23 2.27 2.24 2 . 2 1 2.27 2.29

Fe7 S3B 2 . 2 1 2.24 2 .26 2 ,23 2.30 2.34
S4B 2.26 2 . 2 1 2.42 2.33 2.37 2.34

*S5A 2 . 2 2 2.18 2.17 2 .18 1.82 1.80
Fel S 1 A 2.28 2.23 2.31 2.17 2.36 2 .3 6

S2A 2.28 2 . 2 0 2.31 2 . 2 2 2.38 2 .30
S4A 2.33 2.31 2.26 2.29 2.36 2.31

S y  a 2 7 5 2.31 2.31 2.26 2 . 2 0 2.29 2.29

Fc2 S 1 A 2.25 2.24 2.28 2.28 2.31 2,29
S2A 2 . 2 2 2.27 2 . 2 1 2.23 2.28 2.27
*S2B 2 . 2 2 2.19 2 . 1 2 2 .17 2.26 2.28

Fe3 S2A 2.30 2.29 2.30 2.25 2.36 2.32
S4A 2.32 2.28 2,30 2.27 2,39 2.36

*55A 2.17 2.19 2.09 2 .13 1.83 1 . 8 6

Fc4 S IA 2.31 2.38 2.41 2.33 2.37 2.35
S4A 2.33 2.29 2.31 2 . 2 1 2.37 2.31

*S3A 2.16 2 . 2 0 2 . 1 0 2 . 1 1 2.26 2 . 2 1
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T able 2 ,2 .2-4 . P-Cluster bond distances. The initial bond lengths arc listed in the right-hand 
column for the coordinates deposited in the Protein Data Bank as 1MIN. Distances for each 
subunit resulting from TNT and XPLOR are shown. Sec Figure 2 .3 -1 1 for the atom labeling 
scheme.

From To TNT XPLOR 1MIN
ct I A] a  [Cl a  [A] a f C l a [ A ] a IC ]

Fel SI A 2.25 2.27 2.32 2.29 2.36 2.35
S2A 2.24 2.33 2.11 2.33 2.28 2.37
S4A 2.33 2.27 2.39 2.34 2.41 2.36

Sy p95 2.23 2.23 2.26 2.25 2.32 1.91

Fe2 SI A 2.25 2.15 2.04 2.15 2.07 2.03
S2A 2.25 2.23 2.28 2.26 2.35 2.37
S3A 2.23 2.31 2.26 2.37 2.29 2.36

Sy a l5 4 2.35 2.30 2.32 2.28 2.62 2 . 1 1

Fe3 S2A 2.25 2.26 2.37 2.32 2.37 2.35
S3A 2.28 2.31 2.34 2.39 2.34 2.41
S4A 2.31 2.28 2.32 2.30 2.43 2.39

S y  a62 2.26 2.26 2.30 2.27 2.48 2.33

Fe4 SI A 2.24 2.27 2 . 2 2 2.29 2.31 2.29
S3A 2.37 2.38 2.35 2.36 2.38 2.40
S4A 2.26 2.29 2.33 2.35 2.33 2.35

S y  a 8 8 2.23 2,27 2.30 2.24 2.31 2.32

Fe5 SIB 2.33 2.37 2 . 2 0 2.53 2.29 2.42
S2B 2.25 2.32 2.24 2.28 2 .30 2.41
S4B 2.32 2.21 2.26 2.23 2.33 2.34

S y a 8 8 2.35 2.28 2.56 2.33 2.05 1.91

Fe6 SIB 2.33 2.28 2.46 2 . 1 2 2.28 2.25
S2B 2.29 2 . 2 0 2.27 2.26 2.28 2.30
S3B 2.35 2.31 2.36 2.43 2.39 2.39

Sy p 153 2.25 2.29 2 . 2 2 2.28 2.58 2.56
O yP 188 2.30 2.35 2.17 2 . 2 2 2.16 2.17

Fe7 S2B 2.33 2.29 2.32 2.35 2.37 2.35
S3B 2.35 2.38 2.43 2.39 2.38 2.36
S4B 2.29 2.25 2.34 2.30 2.38 2.33

Sy P70 2.40 2.39 2.37 2.39 2.47 2.32
Fe8 SIB 2 . 1 2 2.18 1.73 2.03 2 . 1 0 2 . 2 0

S3B 2.26 2.28 2 . 2 0 2.32 2.32 2.35
S4B 2.28 2.31 2.32 2.30 2.31 2.35

Sy p95 2.31 2.30 2.25 2.33 2.33 2.27
S1A SIB 1.31 1.60 1.87 2 . 0 0 2 . 1 0 2 , 1 1
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T ab le  2.2.2*5. Selected distances within the FeM o-cofactor. D istances for both 
Ct-subunits, A  and C, are listed for refinement results from TNT and XPLOR with the 
initial lengths from 1MIN shown for comparison.

From To TNT XLPOR 1MIN
a  [A1 a [ C ] a  [A] a [ C ] a  [A] a [ C ]

Mo Fe5 2 .8 0 2.79 2 .76 2.69 2.91 2.91
Fed 2.76 2.76 2.72 2.71 2.98 2.95
Fe7 2,58 2.65 2,70 2.64 2.84 2.92

Fe2 5.01 5.06 5.07 5.01 5.14 5.19
Fe3 5 .1 6 5.12 5.12 5.07 5.33 5.28
Fe4 5.08 5.09 5.15 5.04 5 . 2 0 5 . 2 0

Fel 7 .0 9 7 .12 7 .09 7,08 7.38 7 .34

Fc2 Fe6 2.47 2.49 2.56 2.74 2.42 2.43
Fe3 Fe7 2 .72 2.62 2.57 2.55 2.61 2,57
Fe4 Fe5 2.52 2.53 2.59 2.59 2.51 2 .52

Fel Fe5 5 .02 5.07 5.03 5.13 5.24 5.22
Feb 5.01 4.98 5.04 5.04 5.18 5.09
Fe7 5 .04 5.06 4 .98 4 .99 5.14 5 .17

Fe2 Fe5 3.62 3.67 3.65 3.75 3.76 3.84
Fe7 3.49 3.61 3.57 3.54 3.50 3.75

Fe3 Fc5 3 .77 3.66 3.73 3,72 4 .00 3.84
Feb 3.77 3.71 3.74 3.77 3.96 3.83

Fc4 Fe6 3.64 3.63 3.75 3.63 3.78 3.75
Fe7 3.63 3.60 3.67 3.54 3.74 3.77

T able 2 .2 .2 -6 . Selected distances within the P-Cluster pair. The results from TNT and 
XPLOR refinement for both subunits are shown in the center two colum ns, and the distance for 
PDB file 1MIN arc listed on the right.

From To TNT XPLOR 1MIN
a  (A ) a ( C ) a  (A ) oc(C ) a  (A ) a  (C )

Fel Fe5 4 .22 4 .16 4 .4 5 4.10 4.41 4.25
Fe4 Fc8 4.02 3 .9 0 4.15 3.97 4 .1 0 3.96

Fe4 Fe5 3.19 3.07 3.22 3.13 3.14 3.07
Fel Fe8 2 .99 3.00 3,06 2.83 3.03 2.93

Fe2 Fc6 5.71 5.91 5.75 6 . 1 0 6.18 6.27
Fc3 Fe7 7.69 7.67 7 .7 0 7.66 7.77 7.80

Fe6 Fc5 3.19 3.19 3.50 3.52 3.42 3.38
Fe7 2 .78 2 .79 2.91 2.92 2 .90 2.93
F e8 2.95 3.03 3.16 3.41 3.25 3,30
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2.2.3 Verification of M-Cluster Composition

As discussed in the introduction to this chapter (section 2.1), the structural 

arrangement of the metal centers of MoFe, particularly the MoFe cofactor (referred to 

FeMoCo or M-cluster), was an area that attracted considerable attention. The current model 

is shown if Figure 2.2.3-1. The initial crystallographic model for the M-cluster as 

proposed by Kim and Rees (Kim and Rees, 1992; Kim and Rees, 1992) contained a 

bridging ligand labeled as Y which was tentatively modeled as nitrogen (now labeled S 5A 

and modeled as sulfur). Although the other two bridging ligands (S 3 A and S 2B) 

appeared to more consistent with sulfur, the Y-ligand showed diminished electron density 

and therefore its identity was more ambiguous. Additionally, a different model had been 

proposed by other investigators based on their initial interpretation of x-ray crystallographic 

data collected on the MoFe protein from Clostritiiwi pasteitrhmum (C pl). This alternate 

model contained a sulfur atom at the center of the cluster that was bonded to the six central 

iron atoms. This central sulfur atom was not in the Kim and Rees model, but seemed to 

enjoy the general support of the inorganic community in that tetrahedral geometry around 

iron was observed more frequently than was trigonal geometry. Spectroscopic techniques 

could not unambiguously determine the sulfur content and environment of FeMoCo.

F igure 2 .2 .3 -1 . The current model o f  the M oFe cofactor without any o f  the ligands to 
the polypeptide chain or homocitrate. The atoms are shown as 50% probability spheres. 
The metal atoms are represented by the spheres with shaded octants. For clarity only the 
bridging sulfur atoms are labeled, and only one o f  the seven iron atoms are labeled.
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In light of the controversy surrounding the precise composition of the MoFe- 

cofactor, especially with respect to the presence of a sulfur atom at the center, in addition to 

the identity of the bridging ligands (Orme-Johnson, 1992), an effort was made to assess 

the model proposed by Kim and Rees (Kim and Rees, 1992).

Y-Ligand

It was initially postulated that the Y-ligand could possibly be oxygen, nitrogen o ra  

sulfur atom that was less well ordered than the other bridging ligands (Kim and Rees,

1992; Chan, Kim et al., 1993). An effort was made to resolve the question concerning this 

particular bridging ligand using TNT (Tronrud, Ten Eyck et al., 1987), the available 2.2A 

resolution x-ray data and the model resulting from the first round of refinement in TNT. 

The methods and results are discussed below.

The temperature factors for the atoms in the M-cluster were set to the average 

values; i.e., 12.50A2 for the metal atoms and 11.00A2 for the sulfur atoms. The Y-ligand 

B-factor was set at the same value as the sulfur atoms. Two cycles of positional refinement

T ab le  2 .2 .3 -1 . The results o f  the investigation into the identity o f  the Y ligand.

Atom Type Subunit <B> 
of Sulfurs

Range 
of B’s

ctB B-factor 
of Y

Occupancy 
of Y

N A 11.31 17.1 -  7.6 3.2 2.0 1.00
C 10.88 1 3 .8 -4 .9 2.7 2.0 1.00

O A 1 1.31 17.1 - 7 .6 3.2 6.51 1.00
C 10.87 1 3 .7 -4 .8 2.7 2.00 1.00

s A 11.13 16.9 -  7.4 5.7 25.62 1.00
C 10.74 13.1 - 4 .6 3.9 19.84 1.00

s A 11.68 18.3 -  6.9 3.7 14.71 0.84
C 10.96 13.5 -  3.5 3.1 11.79 0.88
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with geometric restraints were performed followed by two cycles of temperature factor 

refinement. Finally, the model was subjected to two cycles of combined positional and 

temperature factor refinement. This procedure was performed three separate times, one 

each with the Y-ligand as nitrogen, oxygen and sulfur with the site set at full occupancy 

(i.e. 1.00). The resulting temperature factors were inspected in order to evaluate the 

assignment of atom type for the bridging atom. The results are listed in Table 2.2.3-1.

When the bridging atom is nitrogen, the temperature factor immediately refines to 

the minimum value allowed by the program. When the atom type is oxygen, the B's rennc 

to values much smaller than the average for the other atoms, with one of the oxygen 

temperature factors refining to the minimum. These results suggest, but don’t prove, that 

the Y-ligand is not either oxygen or nitrogen and may indeed be sulfur. When sulfur is 

refined at this position, the temperature factors refine to values more in line with the other 

sulfur atoms but are still larger than any other sulfur.

In order to estimate the effective occupancy of the sulfur at this bridging site the 

above refinement procedure was repeated, but the B-factors of the Y-ligand were held 

constant while the occupancy of the site was to refined during the B-refinement step. For 

the combined positional and temperature factor refinement step, the occupancies of all 

atoms were held constant and all of the B-factors were allowed to refine. These results are 

shown in the bottom rows of Table 2.2.3-1. With this refinement protocol, the temperature 

factors of the sulfur atom at this site arc similar to the other sulfur atoms of the cluster, and 

the occupancy refines to approximately 0.85 which suggests that this site in the cluster may 

be more labile or mobile than the other bridging ligands. The increased lability of this site 

can be rationalized on the basis of its environment compared to the environment of the other 

bridging sulfur atoms. One of these bridging sulfurs (S 3A) sits in a pocket above four 

amide protons in a loop formed by Ile-a356, Gly-a357, Gly-a358 and Leu-a359 and has 

the lowest B-factor of all the bridging sulfurs. The other bridging sulfur (S 2B) is
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surrounded by hydrophobic residues and is within H-bonding distance of His-ocl95. In 

contrast, S 5A (the Y-ligand) is on the side of the cluster most exposed to solvent and is 

near Arg-a96 and Arg-a359. The combination of the solvent accessibility and the possible 

lability of this site may have implications for substrate reduction and will be discussed 

further in section 2.4.

For the remainder of the refinement process, the occupancy of this site was set to

I.00. The present model, averaging over both clusters and both refinement packages, 

seems to clearly indicate that this site is occupied by sulfur. The temperature factors for the 

sulfur atoms in the M-cluster range from 18.66A2 to 5.02A2 with an average value of

I I.85A2 (ct=2.8A2). The temperature factor for S-5A ranges from 18.05A2 to 12.29A2 

with an average value of 15.26A2 (ct=2.9A2).

It should be emphasized again that these results do not prove beyond any doubt that 

this site is occupied by sulfur. For example, it is not possible to exclude the presence of a 

phosphorous or chlorine atom at this position. However, in the absence of any compelling 

evidence that another atomic species other than sulfur occupies this site, it is prudent to 

assume that the Y-ligand is indeed a sulfur atom.

Central Sulfur

Fe

S -  Fe F e ------- -'s

Mo

F ig u re  2 .2 .3 -2 . The model o f  the M -cluster originally proposed by Bolin et al. 
with a sulfur atom at the octahedral site in the middle o f  the cluster.
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As mentioned above, another investigator had independently determined the x-ray 

structure of Cpl and had proposed a similar model for the MoFe cofactor, with the 

significant difference that this model contained a sulfur atom in its center (see Figure 

2.2.3-2). In order to test this model against our data, a sulfur atom was placed in the 

octahedral site at the center of the cluster. The temperature factor was set to 10.00A2, and 

then the position and temperature factor were refined in TNT. The restraints were adjusted 

so that the temperature factor of the central sulfur would be strongly correlated to the 

temperature factor of the atoms to which it was bonded. The geometry of the site was also 

restrained. After two cycles of refinement, the temperature factor of the central sulfur 

increased to nearly 30A2 and after four cycles had settled at approximately 35A2. The large 

B-factor suggests that there is certainly no well ordered sulfur in this position. However, 

the most compelling evidence comes from the 2Fo-Fc electron density maps calculated 

from the refined coordinates where no density was seen for this atom. Figure 2.2.3-3 

shows the electron density from the 2Fo-Fc map of the M-cluster in the most current 

model.

F igure 2 .2 .3 -3 . Stereo view  o f  the electron density from the 2F o-F c  map from the 
current model o f  the M -cluster after refinement with TNT. The map is contoured at the 3 o  
level. A hole is clearly visible in the center o f  the cluster. Bridging ligand S-2A  is at the 
rear o f  the figure and is not labeled.

This result serves to emphasize the unique nature of this cluster. Taken together 

with the position of the molybdenum atom, it reiterates the potential pitfalls of incorporating 

preconceived beliefs into the analysis of x-ray crystallographic data, especially when 

working at less than atomic resolution.
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2.2.4 Verification of P-CIuster Composition

The exact structure of the P-cluster pair is still an open question. Our current model 

for the P-cluster pair from Av 1 is shown in Figure 2.2.4-1. The model is essentially the 

same model proposed by Chan and Rees (Chan, Kim et al., 1993). This model differs 

only slightly from the original Kim and Rees model (Kim and Rees, 1992) by the presence 

of a disulfide bond joining two of the central sulfur atoms, which are designated S 1A and 

S IB, in the current model. Interestingly, these sulfurs arc the very site o f disagreement 

between the model proposed by Bolin et al. for Cpl and the model shown below. The 

latest model proposed by Bolin (Bolin, Campobasso et al., 1993) contains a single sulfur 

atom bridging the two iron atoms, Fe(2) and Fe(6). A number of refinement experiments 

were conducted in order to distinguish between the two possibilities. The model proposed 

by Bolin et al. not only has one sulfur atom at the di-sulfide linkage site, but would also 

require significantly different Fe atomic positions for Fe(2) and Fe(6), as a consequence of 

having only one sulfur atom bridging between them. That is to say if only one sulfur atom

Fe 2 _

S 1A

Fe 6

Fe 2

S 1A

S IB

Fe 6

F ig u re  2 .2 .4 -1 . Stereo view  o f  the current m odel for the P-cluster pair. 
The atomic spheres represent 25% probability electron density. The mctul 
atoms are shown us spheres with shaded octants, and the sulfur atoms are 
represented by spheres with unshaded octants.
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bridges Fe(2) and Fe(6), then the distance between these two iron sites would be 

approximately 5A or less and not the nearly 6.2A observed for the model listed in the PDB.

The structure of the P-cluster pair was assessed by removing the P-cluster pair and 

all of its ligands from the model and then calculating a delete map, both before and after 

refinement. This approach was used for both the penultimate model refined with TNT 

(including solvent oxygens) and for the initial model built from the experimental map and 

never refined against data.

Refined Coordinates

The P-cluster pair and its ligands were removed from the penultimate set of 

coordinates, which included 626 solvent oxygen atoms. Difference maps (2Fo-Fc and 

Fo-Fc) were calculated from this model (without refinement) using ail data between 25- 

2.2A. The Fo-Fc map was searched for the highest peaks using the peak searching

T a b ic  2 .2 .4-1 . The atom ic positions for the Fe atoms o f  the P-cluster pairs in the penultimate 
model are listed in the first column for comparison. The positions o f  the highest peaks in the Fo-Fc 
map o f the P-cluster deleted model arc in the second column and the highest peaks in the Fo-Fc maps 
after refinement o f  the deleted model are listed in the right column.

Fe Coordinates 
Complete Model

Difference Peaks 
Deleted Model

Difference Peaks 
Refined Delete

Atom Chain X Y Z X Y Z X Y Z
Fel A -7.897 -7.814 2 .479 -8 . 0 0 -7.88 2.69 -7.99 -7 .86 2.64
Fe2 A -9 .730 -6.669 1.054 -9.82 -6.55 1 . 1 0 -9.72 -6 .50 1.07
Fe3 A -8.741 -9.016 0 . 1 1 2 -8.65 -9.24 0 . 0 1 -8.63 -9.24 0.03
Fe4 A -7.249 -6.800 0 . 0 1 2 -7 .07 -6.67 -0 . 0 2 -7.10 -6 ,70 0 . 0 0

Fc5 A -4.864 -5.022 1.172 -4.89 -4.94 0 . 8 6 -4 .88 -4 .92 0.89
Fefi A - 6 . 0 2 0 -2.825 3.214 -6.35 -2.60 3.15 -6.31 -2.62 3.18
Fc7 A -3.717 -4.366 3.590 -3.57 -4.29 3.63 -3.58 -4.28 3.60
Fe8 A -5.984 -5.761 3 .730 -6 . 0 2 -5.86 3.78 -6 , 0 0 -5.85 3.78
F ei C 62.081 -26.504 2.499 62 .10 -26 .46 2 .72 62 .12 -26.46 2.67
Fe2 C 63.995 -27.588 1.179 64.24 -27 .79 1.34 64.13 -27.80 1 . 2 0

Fe3 C 62 .996 -25.244 0 .262 62.93 -25.04 0 . 1 2 62.88 -25.06 0.13
Fe4 C 61.472 -27.494 0 .132 61.26 -27.68 -0.13 61.27 -27.69 -0.13
Fe5 C 59.103 -29.244 1.323 59.21 -29.20 1.14 59.26 -29.16 1.14
Fe6 C 60.126 -31.536 3.272 60.43 -31.72 3.28 60.42 -31 .69 3.29
Fe7 C 57.895 -29.903 3.638 57.58 -29.96 3.62 57.65 -30.01 3.56
F e8 C 60.233 -28.557 3.703 60.15 -28.55 3 .70 60.38 -28.55 3.75
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program PEAKMAXR, The maps were also visually inspected. The eight highest peaks in 

the Fo-Fc map corresponded to the eight Fe atomic positions in the P-cluster model within 

the estimated coordinate error (see Table 2.2.4-1 and Figure 2.2.4-2). Visual inspection of 

the 2Fo-Fc map contoured at 6ct (not shown) indicated strong density for seven of the 

sulfur positions and weaker density for sulfur S IB. This map contoured at 8a shows 

density for the disulfide bridge (see Figure 2.2.4-3) although no density appears at the 

position occupied by S IB. These results, i.e., the Fe positions and sulfur density arc 

consistent with the model.

N------

F igure 2.2.4-2. Stereo view  o f the P-cluster pair showing all peaks in the Fo-Fc map 
above the 1 2 a  level and superimposed on the coordinates o f  the deleted atoms.

A

 ̂ '  .V V, :■ >

'di

F igure 2 ,2.4-3. Stereo view  o f the 8 c  electron density o f the 2Fo-Fc map calculated 
from the same model used in the map shown in Figure 2 .2 .4 -1 above. The P-cluster pair 
and ligand coordinates are superimposed on map for reference.

This P-cluster deleted model was then refined with the program TNT against the
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data set collected at SSRL, using all of the reflections between 25-2.2A resolution.

Refined delete difference maps (2Fo-Fc and Fo-Fc) were calculated as above and the Fo-Fc 

map was searched with PEAKMAXR as before. The eight highest peaks in the Fo-Fc map 

were at positions virtually identical to those in the unrefined delete maps (see Table 2.2.4-1 

and Figure 2.2.4-4). The 2Fo-Fc map was visually inspected and, as before, the 2Fo-Fc 

map at the 6a  level indicated strong density for seven of the eight sulfur atoms and weaker 

density for sulfur S IB. The 2Fo-Fc map contoured at 8a is shown in Figure 2.2.4-5 and 

again shows density for the disulfide bridge but no density for S I B .

F igure 2 .2 .4 -4 . Stereo view  o f the peaks above 12a  in the Fo-Fc map calculated  
using the model with the P-cluster or its ligands after refinement with TNT. The map is 
superimposed on the coordinates o f  the deleted atoms.

F igu re 2 .2 .4-5 . Stereo view  o f  the 2Fo-Fc electron density map from the same 
coordinates as used above. Contours correspond to 8 ct electron density.
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Unrefined Coordinates

Although the experiments discussed and the maps shown above evidently confirm

the model as proposed, it was necessary to assure that the refined model was not

introducing bias into the results. Therefore, the P-cluster pair was completely removed (as

before) from the coordinates that were built directly into the experimental map. These

coordinates had not been refined against any data set. The model contains no solvent

oxygen atoms. The data set used at this stage was a merged data set that included data

collected in house (maximum resolution 2,1 A) and data collected at SSRL (2.2A maximum

resolution). Delete difference maps (2Fo-Fc and Fo-Fc) were calculated. All the

reflections between 25-2.2A resolution were used in the calculation. As before the Fo-Fc

map was searched with the program PEAKM AXR. The eight Fe positions were not the

strongest features of the map, but a visual inspection of the map verified the eight Fe atomic

positions with electron density peaks at 12 times the standard deviation of the map (not

T abic 2 ,2 .4-2 , The original iron positions arc listed in the left-hand colum n and 
the positions o f  the peaks from the difference maps after refinement o f  the model 
against the combined data set are shown in the right-hand column.

Original Refined Peak Positions
Iron Positions Deleted Model

Atom Chain X Y Z X  Y Z
FEi A -7.939 -8.036 2.357 -7.81 -7.87 2.52
FE2 A -9.973 -7.061 0.791 -9.81 -6.46 0.94
FE3 A -8.598 -9.349 0.019 -8 .79 -9.18 0 .0 6
FE4 A -7.301 -6.837 -0 .072 -7.10 -6 . 8 8 -0 .09
FES A -5.076 -4.426 1.300 -4.80 -5 .25 1.47
FE 6 A -5.394 -2.806 3.505 -6.28 -2.61 3.29
FE7 A -3.188 -4.477 3.307 -3.64 -4 .22 3.62
FES A -5.757 -5.584 3.738 - 6 . 1 0 -5 .99 3.86
FEI C 62 .180 -26.271 2.444 62.04 -26,44 2 . 6 8

FE2 C 64.229 -27.246 0 . 8 8 8 64.05 -27.77 1 . 2 0

FE3 C 62.860 -24.959 0.1 14 62.95 -25.01 0 .0 6
FE4 C 61.565 -27.471 0 . 0 2 1 61.19 -27.77 -0 . 1 0

FES C 59.328 -29.882 1.385 59.31 -29.17 1.15
FE6 C 59.626 -31.501 3.586 60 .53 -31.66 3.26
FE7 C 57.421 -29.830 3.383 57.79 -29.93 3.51
FES C 59.986 -28.723 3.818 60.36 -28.56 3 .8 0
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shown).

The coordinates were then refined with TNT against the combined data set using all 

of the reflections between 25-2.2A. A difference map was calculated at the resolution limit 

of the refinement and searched for strong peaks as before. The positions of the strongest 

peaks coincide with the positions of the iron atoms in the P-cluster pair (from the unrefined 

coordinate set) and are listed in Table 2.2.4-2.

fe A

5

Fft

0 5

F igu re 2.2.4-6. Stereo view  o f  the Fo-Fc electron density map after refinement o f  the 
model with the iron atoms o f  the P-cluster pair. The density is shown at the 6 cr level.

v /
V

F ig u re  2 .2 .4 -7 . Stereo view  o f  the electron density at 5 a  o f  the 2Fo-Fc map from the 
refinement above. The map is superimposed on the P-cluster and its ligands.

The Fc atoms of the P-cluster were placed at the positions indicated from the eight
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highest peaks in the difference map (calculated after refinement of the initial coordinates 

against the merged data with the entire P-cluster pair deleted). The resulting coordinates 

were then refined against the merged data. Maps were calculated at both the resolution limit 

of the refinement and at a lower resolution of 2.8A, Figure 2.2.4-6 shows the Fo-Fc map 

contoured at the 6a  level and clear density is evident for all of the sulfur positions and for 

the disulfide bond. Consistent with the previous results, the density for S IB is weak. 

Figure 2.2.4-7 shows the 2Fo-Fc map at the 5ct level. The iron positions are consistent 

with the electron density. An Fo-Fc map was calculated to a maximum resolution of 2.8A 

using the same set of coordinates used for the maps shown in Figures 2.2.4-6 and 2.2.4-7. 

This map is shown in Figure 2.2.4-8. Electron density is evident for all of the sulfur 

atoms. However, a striking feature of this map is the strong spherical density on the sulfur 

to sulfur vector between Fe(2) and Fe(6) (compare to Figure 2.2.4-6). It is notable that 

this density is displaced toward the position that would be occupied by S 1 A.

house on the area detector. The electron density from the Fo-Fc map after refinement of the 

model with the iron atoms included is shown in Figure 2.2.4-9. Once again a strong 

difference peak is observed along the bond vector between S 1A and S I B .  It is 

significant to note that no density appears for this position in the 2Fo-Fc map at 2a  even

F igu re 2 .2 .4 -8 . Stereo view  o f  the Fo-Fc map at 6 a  and 2.8A . Significant density 
can be seen between the positions that would be occupied by S 1A and S IB.

The above experiment was repeated using the 2.7A  resolution data collected in
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though all of the other sulfur positions in the P-cluster pair do appear in this map (see 

Figure 2.2.4-10).

The experiments done to this point seem to firmly establish the atomic positions of 

the iron atoms for the P-cluster pair. As discussed above, a model containing a single 

hexacoordinate sulfur atom as a bridge would require significantly different distances 

between Fe(2) and Fe(6) than those observed here. The average distance between Fe(2) 

and Fe(6) as calculated from the positions of the refined difference peaks listed in Tables
o _

2.2.4-1 and 2.2.4-2 is 5.7A. This would require a sulfur to iron bond distance in excess
□

of 2.8A. This requirement exceeds the sum of the generally accepted covalent radii for iron

F igu re 2 .2 .4 -9 . Stereo view  o f  the Fo-Fc electron density at 6 o  after 
refinement with the 2.7A  data collected in house. Significant electron 
density can be seen along the S(1 A) and S(1B ) band vector.

F igu re 2 .2 ,4 -1 0 . Stereo view  o f the electron density from the 2Fo-Fc 
map at 2 c . This map was calculated after refinement against the low  
resolution data set. Notice the absence o f  electron density between S(1 A) 
an d S (lB ).

, < ) i F e  3 3
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( 1. 17A) and sulfur (1.02A), To our knowledge an iron-sulfur bond of this length has not 

been observed. The current model has an Fe(2) to Fe(6) distance of approximately 5.85A.

Additionally, it would appear from the above results that the positions of the sulfur 

atoms for the P-cluster ligands are correctly assigned. The sulfur atoms of the P-cluster 

pair themselves are well behaved with the exception of S 1A and S IB.

Unrefined Coordinates (Single sulfur deleted)

In light of the somewhat ambiguous results from the previous refinement 

experiments with respect to the presence or absence of S( 1 A) or S(1B), additional

\ \

\

Fe 3

0 s

Fe B

fe 6
£7

F igure 2.2 .4-11. Stereo view o f 5 a  electron density from the Fo-Fc 
map after S IA is deleted and the coordinates are refined.

F igure 2 .2 .4-12. Stereo view  o f electron density from the 2Fo-Fc map 
around the P-cluster pair after deletion o f S 1A and refinement o f the model. 
The map is contoured at the 4 a  level.
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experiments were done focusing on these two atoms. Each of these two atoms were 

removed from the unrefined model separately and the model was then refined against the 

combined data set using TNT and all reflections between 25.0 - 2.2A resolution. Figure

2.2.4-11 shows the difference electron density at 5a  after deletion of S 1A and refinement 

with TNT. The peak for S 1A is clearly the dominant feature of the map. The electron 

density from the 2Fo-Fc map is shown in Figure 2.2.4-12. This map shows 4 a  density 

for all of the atoms in the P-cluster pair except S 1 A. Strong density is evident along the 

S 1A -  S IB bond vector. A striking feature of this map is the lack of electron density in 

the center of the 4Fe4S cubane containing Fe(5), Fe(6), Fe(7) and Fe(8). A similar trend is 

seen in all of the high resolution 2Fo-Fc maps shown this far.

The results obtained when S IB is deleted from the model prior to the refinement

are shown in Figures 2.2.4-13 and 2.2,4-14. The difference map (Figure 2.2.4-13) shows

5 a  electron density at the position corresponding to S IB. As before the 2Fo-Fc map

(Figure 2.2.4-14) shows strong density (>4a) for all the atomic positions of the P-cluster

pair except the atom that was deleted. The ’'hole" in the center of the cubane is observed

once again. This is a puzzling and as yet unexplained feature of the maps.

\  \

F e 3

S1 A

Fe 7

F » 3

SI A

97

t
F igu re 2 .2 .4 -1 3 . Stereo view  o f  5 u  electron density from the Fo-Fc map after S (IB )  
is deleted and the coordinates are refined.
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.< w
F igu re 2 .2 .4 -14 . Stereo view  o f electron density from the 2Fo-Fc map around the 
P-cluster pair after deletion o f  S(1 A ) and refinement o f  the model. The map is contoured 
at the 4 c  level.

Electron Density Averaging

The MoFe letramer is a dimer of dimers related by non-crystallogruphic symmetry 

(an approximate two-fold rotation parallel to the Z-axis). It is possible to exploit this 

symmetry and use non-crystallographic symmetry averaging of the electron density to 

further investigate the composition of the P-cluster pair. The program RAVE (Kleywegt 

and Jones, 1994) was used for the averaging. All map calculations used the CCP4 (SERC, 

1986) suite of programs. The mask used for the averaging was calculated with the program 

MAMA (Kleywegt and Jones, 1994). All map format conversions and manipulations were 

done with the program MAPMAN (Kleywegt and Jones, 1994).

Forty cycles of averaging were performed and convergence was obtained within 

these 40 cycles. Each cycle was composed of the following steps: (1) inversion of the input 

map to obtain calculated structure factors, (2) scaling of Fobs and Fea|c then calculation of 

an R-factor between the observed and newly calculated structure factors, (3) calculation of 

a 2F0bs'Fcalc map for use in the averaging cycle, (4) extension of the new map to include 

slightly more than the asymmetric unit in order to facilitate reliable interpolation of electron 

density values at grid points near the edge of the asymmetric unit, and (5) averaging of the 

electron density inside the protein mask and the electron density within the area defined by
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the rotation and translation of that mask consistent with the non-crystallographic symmetry 

of the asymmetric unit. All map calculations (including the inversion step) were done using 

the proper space group symmetry for the unit cell. The final map produced by the averaging 

cycles was a 2F0-FC map that could then be viewed (after being converted to the format 

required by TOM).

The penultimate model refined with TNT was used for electron density averaging. 

The model was modified by deleting the entire P-cluster pair, and all ligands to the P- 

cluster were truncated to alanine. Maps calculated with F0bs and Ocalc, where oCcalc is the 

calculated phase angle for an observation (Fnbs)» were used as the initial input for 

averaging. The resulting 2Fo-Fc map is shown in Figure 2.2.4-15 with electron density 

contours corresponding to 5a. Strong density is observed for all of the atomic positions 

corresponding to iron as well as a finger of density pointing toward the atomic position for

F igu re 2.2.4*15. Stereo view  o f  2Fo-Fc electron density map after averaging o f  
electron density with the entire P-cluster pair and all liganding atoms deleted from the 
model. The map is contoured at 5 ct.

For the next averaging experiment only the sulfur atoms of the P-cluster pair were 

removed. The resulting averaged electron density map is shown in Figure 2.2.4-16 

contoured at the 3a  level. Strong density is apparent for all of the deleted sulfur atoms 

except S IB. Nevertheless, these results indicate that the model is essentially correct 

although the position for S IB is tenuous.

S(1A).
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Figure 2 .2 .4 -16 . Stereo view  o f 2Fo-Fc electron density map after averaging o f  
electron density with the sulfur atoms o f the P-cluster pair deleted from the model. The 
map is contoured at 3ct.
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2.3 Structure Discussion

The nomenclature convention used in the following discussion of the structure will 

be the same as that adopted earlier by Kim and Rees (Kim and Rees, 1992) with one 

addition. Secondary structural elements of each subunit will be designated by H for the 

alpha helices and S for the strands of the P-sheets. The letter will be immediately followed 

by a number designating the position of that element in the primary sequence relative to the 

other elements of the same type. This will be followed by the subunit designation in square 

brackets. For example I13[p] designates the third alpha-helix of the beta-subunit and 

S7[a] represents the seventh beta-strand of the alpha-subunit. The P-sheets will be named 

according to the domain they are in.

Protein Fold

The MoFe-protein component of the nitrogenase system exists as an a jfy l  tetramer 

with a total molecular weight of approximately 240 kDa. The a  and p subunits have nearly 

identical folds and are approximately the same size, with 491 and 522 amino acids 

respectively. The respective sequences are encoded by the nifD and nifK  genes. Each 

subunit is composed of three domains (noted as 1, II and III for the a-subunit and I', II1 

and III’ for the P-subunit) and each domain is of the a-helical/p-shcet type. This general 

structural motif is quite common in proteins, but the particular fold observed for the MoFe 

proteins has not been previously observed to our knowledge.

Each of the three domains of the a-subunit consist of a central P-sheet flanked by 

a-helices as shown in Figure 2.3-1. A schematic diagram of the a-subunit is shown in 

Figure 2.3-2. Domain I consists of seven helices (designated by H3[a]~H9[a] in the 

sequence) and five stranded p-shcet. The p-sheel is composed of four parallel strands 

(S5[a], S4[a], S2[a] and S3[a] in order) with one anti-parallel p-strand hydrogen bonded 

to S3[a], The antiparallel strand (SlfP]) is contributed to the sheet by the P-subunit. This
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gives an overall order of strands in sheet I of S4[a], S3[a], SI [a], S2[a] and SI[p]. The 

|3-sheet of domain I is sandwiched between the five main a-helices in the same domain. 

Helices H6[a] and H8[a] are located on the more solvent exposed side of the sheet and 

a-helices H3(a], H9[a] and H4[a] are oriented on the more interior side of the sheet. 

Domain II contains a four stranded parallel P-sheet (strands S7[a], S6[a] S8[a] and S9[a] 

in order) surrounded by four helices (H10[a] thru H13{a]). The two a-helices H10[a] 

and H13[a] are on the exterior side of the sheet with HI 1 [a] and H12[a] toward the core 

of the subunit. Domain III contains a six stranded p-sheet (S14[a], S13[a], S10[a],

SI l[a ] , S12[a] and SI [a]) and eight helices (HI [a], H2[a] and H15[a]-H20[a]). Sheet 

III is primarily a parallel P-sheet, but one strand (S 1 [a]) on the edge runs antiparallel to the 

others. The helices H17[a] and H 18[a] are located on the exposed side of sheet III while 

helices H15[a], H16[a] and H19(a] help form the domain core. Domain III contains a 

short left-handed helix (H19[a]) near the M-cluster binding site. The longest helix in the 

a-subunit (H14[a], containing residues a318-a345) spans both domains II and III.

The domain structure of the P-subunit is essentially the same as that of the a- 

subunit (see Figures 2.3-3 and 2.3-4). There are no antiparallel strands in the p-shecls and 

the N-icrminal end of the polypeptide chain contains four helices before the First strand, 

instead of only two. The N-terminus of the a-subunit is associated with domain III while 

that association is not established in the p-subunit. In place of this interaction, S1(P] is 

hydrogen bonded to the parallel p-sheet in domain I of the a-subunit. Another feature of 

the p-subunit is the presence of an additional short a-helix before S7[p] in domain II. 

Additionally, the a-L  helix of the a-subunit (H19[a]) is a right-handed helix (H22[p]) in 

the p-subunit.
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F igure 2.3-1* M olscript drawing o f the a-subunit o f  A v l show ing the three 
domains, I, II and III. Domain I and the P-cluster pair at the top o f  the molecule. 
The M oFc-cofactor and the homocitrate are in the middle between domain II on the 
left and domain III (with its one anti-parallel P-strand) on the right. Dom ains II and 
III contribute ligands to the FeM o-cofactor (see Figure 2.3-2). The helix that spans 
domains II and III (H 14[ot|) is at the extreme bottom o f the figure.
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F igure 2.3-2 , A schem atic diagram o f  (lie secondary structure o f  the M oFe
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to the M -cluslcr and the P-cluster are designated by M and P respectively. 
Within each domain, the shaded helices are on the same side o f  the P-sheet and 
are situated towards the exterior o f  the domain.
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F igure 2 .3-3 . Molscript drawing o f  the p-subunit o f  M oFe. The P-cluster pair is 
shown at the top o f  the m olecule to the right o f  domain I*. Domain II' lies to the 
left on the bottom and domain III' is to the right. The N-terminal strand that forms 
part o f  the sheet in domain I o f  the a-subunit can be seen on the right above domain 
III’. Domains IT and III’ are spanned by the helix H 17 [[31 at the bottom o f  the 
subunit.
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The a -  and P-subunits of the a-P dimer are related to each other by an approximate 

two-fold axis that passes through the P-cluster pair (see Figure 2.3-5). As note above, 

one strand of the P-subunit (from domain I') is bonded antiparaltel to the p-sheet in domain 

I of the a-subunit. The N-terminal helices of the P-subunit can be envisioned as wrapping 

around the a-subunit like fingers tightly holding this subunit. Additional ap-subunit 

interactions occur with seven salt bridges (between primarily basic residues of the a- 

subunit and acidic residues of the P-subunit), six hydrophobic patches, four sidechain 

hydrogen bonds, and many solvent mediated hydrogen bonds.

F igure 2 .3-5 . M olscript drawing o f  the aP-subunit pair. The view  is down the 
approximate two-fold axis, passing through the P-cluster pair, that relates the a  and P 
subunits. The a-subunit (containing the M-cIuster) is shown on the right and is shaded 
darker than the p-subunit which is on the left. For clarity the helices have been 
represented as coils.

The complete tetramer is shown below in Figure 2.3-6. It is essentially a dimer of 

ap-subunits related by an approximate two fold non-crystallographic rotation axis. It is



145

interesting to note that although the two fold axis that relates an a p  subunit pair is 

approximately perpendicular (97°) to the tetramcr two fold axis, the tetramer does not 

exhibit the 222 symmetry proposed earlier due to an ~12A separation between these 

rotation axis (Yamane, Weininger et al., 1982). The tetramer interface is predominantly 

mediated by helical packing interactions between the P-subunits, with additional 

contributions from salt bridges, hydrogen bonds, hydrophobic interactions, a cation 

binding site and solvent mediated contacts. For a more detailed discussion of non-solvent 

mediated interactions, see Kim and Rees (Kim and Rees, 1992).

Figure 2 .3 -6 . Molscript drawing o f  the com plete tetramer. The view  is down the 
z-axis along the approximate non-crystallographic two-fold that relates the two 
ap-subunits.

The otp-subunit contains 45 proline residues, three of which do not adopt the usual 

trims peptide bond configuration, but instead have been determined to be in a cis 

configuration. These three proline residues are Pro a-449, Pro p-13 and Pro P-472, one 

of which (Pro a-449) occurs near the FeMo-cofactor binding site in the a-subunit and one 

of which (Pro P-472) is near the putative binding site in the P-subunit. This means that 

the entire secondary structure of the MoFe protein contains six cfr-proline residues. A 

search of 154 unique structures in the Brookhaven Protein Data Bank by Stewart et al.
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(Stewart, Sarkar et al., 1990) found that approximately 6.5% of the prohncs are cis- rather 

than trans. The occurrence of the c/.r-prolines bond is favored by some sequences, the top 

four being Tyr-Pro (25%), Ser-Pro (11 %), Phe-Pro (10%) and Gly-Pro (8%). In MoFe 

the c A-prolines occur at a449 (Gly-Pro), (313 (Tyr-Pro) and at p472 (Phe-Pro). The 

results obtained here for the MoFe protein are consistent with the findings by Stewart el al. 

both in frequency of occurrence and in residue preference.

Another unusual structural element found in MoFe is the 4.4jf, or Jt-helix. This 

helix had been predicted (Low and Grenville-Wells, 1953), but apparently it has not been 

observed before, although the catalase from Penicilhtm vitale contains a short helix which 

is closer to a n-helix than an a-helix (Vainshtein, Melik-Adamyan et al., 1986). To our 

knowledge MoFe is the first reported occurrence of a tr-helix. The rr-helix (H3[a]) starts at 

the P-cluster pair ligand Cys a62  and continues for 12 amino acids, terminating with Pro 

a74. One o f the interesting features of this helix is that initially the conformation is close to 

that of an a-helix, but after one turn adopts the 71-helix conformation. It would be 

interesting to speculate about the significance with regard to function of such an unusual 

helix in such close proximity to the P-cluster pair, whose main function is electron transfer 

of storage during the N2  reduction cycle (vida infra).

The a-subunit of the MoFe-protein also contains one turn of a left-handed a-hclix 

(H19[a]) near one of the FeMo-cofactor ligands (His a-442) containing residues Trp 

a444, Asp a445 and Tyr «446. The left-handed a-helix is an energetically unfavorable 

structure (Schulz and Schirmer, 1979) and, consequently, only short segments occur 

(Chou, Nemethy et al., 1990). The presence of this helix in close proximity to the cofactor 

also provides fertile grounds for speculation as to its ultimate involvement in the 

mechanism of nitrogen reduction.
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Ca+2 ion

The original model of Kim and Rees contained a divalent cation at the interface 

between the two ap-dimers. Two solvent molecules, the carboxyl oxygens of 

Glu P-109[B], Asp P~353[D], and Asp P-357[D] along with the carbonyl oxygen of 

Arg P-1G8[B], provide an octahedral coordination site for this cation (see Figure 2.3-7) 

The a-subunit does not contribute a ligand to this site. This cation site was originally 

modeled as a Mg+2 or Ca+2 ion, but the temperature factor suggests that the site is more 

correctly modeled as Ca+2. This site is approximately 20A from the M-cluster and 25A 

from the P-cluster pair and presumably has little or no role in nitrogen reduction.

The FeMo-cofactor (FeMoco) of the MoFe protein has been described in detail 

previously (Kim and Rees, 1992). Briefly, the cofactor consists of two 4M-3S (where 

M=transition metal) clusters (derived from a 4M-4S cluster by removing a sulfur atom) 

bridged by three sulfur atoms (see Figure 2.3-8). One end of the cofactor is composed of a 

IMo:3Fe:3S cubane cluster fragment and the other, a 4Fe:3S cubane cluster fragment. 

Clusters of the type 4Fe:3S have been previously described (Johansson and Lipscomb, 

1958; Chou and Dahl, 1971) and the synthesis of this type of cluster has been recently

Arg (3*100(111 Afgp-lGQPl

Asp p-353(D] Asp (K353{DJ

F igure 2*3-7, The cation binding site at the interface o f  the two ap-subunit pairs.

FeMoCo
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reported (Cen, MacDonnell et al., 1994). If the three-fold axis of the two cluster fragments 

are made coincident with each other, then these two fragments are bridged by sulfur atoms 

bonded to the metals related by the cluster three-fold axis.

Homoclfroto 

HlS-442 y .

. J 9& ^
h  „

M-Cluster

Cys-275 (V

iQ 'b Ser-278 Set-278

Cys-275

F igure 2 .3 -8 . The M oFe-cofactor and its ligands. The hydrogen bond between the Oy 
o f  Ser 0(278 and the Sy o f  C ys « 2 7 5  is shown by the dashed line.

T ab ic  2 .3-1 . Table o f  selected distances within the M oFe-cofactor, The average 
distances result from averaging distances in both subunits from the results obtained 
by refinement in TNT and in XPLOR. Initial distances are the average between the 
two subunits o f  1 MIN. The numbers in parenthesis are the standard deviation in the 
last digit o f  the averaged value. See Table 2 .2 .2-4  for a com plete list o f  distances.

From To Averaged Distances Initial Distances
Mo Fe5 2.76(5) 2.91

Fe6 2.74(3) 2 .97
Fe7 2.64(5) 2 . 8 8

Fc2 5.04(3) 5 .17
Fe3 5.12(3) 5,31
Fe4 5.09(5) 5 .2 0

F cl 7.10(2) 7 .36

Fc2 Feb 2.57(12) 2.43
Fe3 Fe7 2.62(8) 2.59
Fe4 Fe5 2.56(4) 2.52

Fcl Fe5 5.06(5) 5.23
Feb 5.17(3) 5.15
Fe7 5.02(4) 5.16

Fe2 Fe5 3.67(6) 3 .80
Fe7 3.55(5) 3 .62

Fe3 Fe5 3.72(5) 3 .92
Feb 3.75(3) 3 .9 0

Fe4 Fe6 3.66(6) 3 .77
Fe7 3.61(5) 3 .7 6
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T abic 2.3*2. Bond distances within the M oFe-cofactor and to its ligands. The 
averaged distances are the result o f  averaging the distances in both subunits from 
both refinement programs. The numbers in parenthesis are the standard deviation 
o f  the last digit for the average. The initial distances are the average distances from 
1MIN, See Table 2.2 .2-3  for the com plete list o f  bond distances.

From To. Averaged Distances Initial Distances
M ol SIB 2.41(4) 2.49

S3B 2,30(4) 2.46
S4B 2.38(4) 2 .44

N S l ot442 2.20(5) 2.25
0 5  CIT 2.31(4) 2.27
0 7  CIT 2.16(6) 2 .24

Fc5 SIB 2.27(5) 2 .30
S4B 2.28(7) 2.31

*S3A 2.24(3) 2.31

FeG SIB 2.21(5) 2 .29
S3B 2.23(3) 2.29

*S2B 2.27(3) 2.28

Fe7 S3B 2.24(2) 2.32
S4B 2.31(9) 2 .36

*S5A 2.19(2) 1.81

Fe 1 S 1A 2.25(6) 2 .36
S2A 2,25(5) 2.34
S4A 2.30(3) 2.34

S y  a 2 7 5 2.27(4) 2 .29

Fc2 S IA 2.26(2) 2 .30
S2A 2.23(3) 2.28
*S2B 2.16(6) 2 .27

Fe3 S2A 2.29(2) 2.34
S4A 2.29(2) 2.39
*S5A 2.15(4) 1.85

Fe4 S IA 2.34(5) 2.36
S4A 2.29(5) 2.34
*S3A 2.14(5) 2 .24

The metal-meial distances within the FeMo-cofactor are listed in Table 2.3-1. The 

average distances of Fe from Mo (including results from both refinement programs) are 

2.74(5)A for the nearest Fe atoms, 5 .11(5)A for the three Fe atoms on the opposite side of 

the sulfur bridge (i.e., the 4Fc:3S fragment) and 7.14(4)A to the Fe which is bound to 

Cys oc275. Similar distances arc obtained for Fe-Fc distances, i.e., 2.76(4)A and 

5.04(6)A for the nearest Fe's and the Fe's on the far side of the sulfur bridges respectively. 

The ciystallographically determined Mo-Fe distances compare favorably with the distances 

determined by EXAFS (Liu, Filipponi et al., 1994): 2.70A within the lMo:3Fe:3S
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fragment and 5.06A to the 4Fe:3S fragment. Bond distances for the FeMo-cofactor are 

shown in Table 2.3-2.

There are only two protein sidechains (Cys a.275 and His a442) covalently 

liganded to the FeMo-cofactor; and both of these are contributed by the a-subunit. Both of 

these cofactor ligands are strictly conserved in all known nitrogenase sequences. The lack 

of extensive protein ligand binding to the cofactor may account for the ease with which it 

can be extracted from nitrogenase and could possibly have mechanistic implications by 

contributing to the overall lability of the cofactor during nitrogen reduction.
S2B

t )

S2A

F© 6  (

S IB
Fe 7Fe 3

Fel H
Mo 1

S5A

Fe 4 F© 5 (
S4A

S4B

S3A

F igu re 2.3-9 . The M -cluster showing atom labeling schem e.

Homocitrale is bound to the cofactor and has been shown to be essential to the 

activity of nitrogenase (Hoover, Robertson et al., 1987; Madden, Kindon et al., 1990). 

Although the homocitrate is covalently bound to the FeMo-cofactor, it forms no covalent 

bonds to the polypeptide chain. The two octahedral coordination sites of Mo that are not 

occupied by the sulfur atoms of the cofactor itself or by the only protein ligand to Mo 

(His a442) arc occupied by two oxygens of the homocitrate, namely 0 5  and 0 7  (distances
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shown in Table 2,3-3).

FeMo-cojactor environment

There are three residues that are strictly conserved within the FeMo-cofactor 

environment for all known nitrogenase sequences. These residues are Cys a275,

Ser a278 and His a442. The significance of Cys a275 and His a442 is evident by 

virtue of their function as the only protein ligands to the FeMo-cofactor. However, the 

importance of Ser a278 may arise from a hydrogen bond formed between its y-oxygen 

and the Sy of Cys a275 (see Table 2.3-) which could conceivably serve to stabilize one 

end of the rather loosely bound MoFe-cofactor. The area around the FeMo-cofactor also 

contains many highly conserved residues, i.e., Arg a96, Gin a l 9 I ,  His a l9 5 ,

Gly a356, Gly oc357, Arg a359, Glu a427 and Glu a440. The glycine residues seem 

to be necessary in order to provide room for the cofactor. They also form a loop composed 

of four residues (a  356 thru a  359) that sits under the cofactor and provides hydrogen 

bonds to a bridging sulfur (S3 a496) thru their amide nitrogens (see Table 2.3-3). The 

side chains of the arginine residues a359 and a96 form hydrogen bonds to cluster sulfurs 

(see Table 2.3-3) and may serve to stabilize the partially reduced intermediates or the 

cofactor itself. The imidazole sidechain of His a l9 5  is within hydrogen bonding distance 

of a bridging sulfur (see Table 2.3-3) and may serve to transfer protons or water molecules 

between the surface of the MoFe protein and the cofactor. The three remaining residues 

(Gin a l9 1 , Glu a427 and Glu a440) are near the homocitrate and interact with it either 

through solvent mediated contacts, or in the case of Gin a l9 1 , directly with it. The side 

chain of Gin a l 9 1 forms a hydrogen bond (see Table 2.3-3) with both a carboxyl oxygen, 

04 , of the homocitrate and with the amide nitrogen of Gly a61, indicating a possible role 

in electron transfer.

The hydrophobic residues around the FeMo-cofactor may be divided into two
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groups; the more highly conserved residues (Val a70, Tyr a229, lie a231 and 

Phe a381) occupy the area between the P-cluster pair and the FeMo-cofactor, and the non 

conserved residues (lie (5355 and Leu a358) lie between the FeMo-cofactor and the 

protein surface. The apparent necessity for conserved residues to occur between the two 

metal centers may have some significance with regard to the electron transfer path between 

these centers.

T able 2.3-3 . Hydrogen bonds to the M oFe-cofactor and its ligands. 
The values listed are averages that were calculated as they were in the 
two previous tables.

From To
Residue Atom Residue Atom Distance (A)

Ser oc278 O y C ys a 2 7 5 SY 3.07(22)
Gly a 3 5 6 N CLM a 4 9 6 S3A 3.24(10)
G ly oc357 N CLM a 4 9 6 S3A 3.44(6)
Leu a 3 5 8 N CLM  a 4 9 6 S3A 3.55(3)
Arg a 3 5 9 N CLM a 4 9 6 S3A 3.73(6)
Arg a 9 6 NH2 CLM a 4 9 6 S5A 3.09(20)

Arg a 3 5 9 NH1 CLM  a 4 9 6 S4B 3.22(15)
His a  195 NE2 CLM 0(496 S2B 3.21(14)
Gin a l 9 I NE2 CIT a 4 9 4 0 4 2.77(17)

P-cluster pair

C ysa-62

Cys a -08MBCysp-95 -

M S  Cysa-154

Cysp-153

Cys p'7V  t( )seffM85

Cys a-154

Cys a - 8 8  jr

Cysp-

F igu re 2 .3 -1 0 . Stereo view  o f  the P-cluster an its ligands.
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Fe 6

S 1A S 18
S 38

S2A Fe 8
F e 1

S 3A
S 28

F e 7
F e 5

5 4B
S4A

F igu re 2 .3 -1 1. The P-cluster pair showing the atom labeling schem e.

T abic 2 ,3 -4 , Selected interatomic distances within the P-cluster pair. 
Initial distances arc the average over both subunits o f  1MIN. Average 
distances arc the total average over both subunits and from both 
refinement packages with the standard deviation o f  the average in 
multiples o f  0.01 A  shown in parentheses. The com plete list o f  distances 
is show n in Tabic 2 .2.2-6.

From To Average Distances Initial Distances
Fel Fe5 4.23(13) 4.33
Fe4 Fe8 4.01(9) 4.03

Fe4 Fe5 3.15(6) 3.11
Fel Fe8 2.97(9) 2.98

Fe2 Fe6 5.87(15) 6.23
Fe3 Fe7 7.68(2) 7.79

Fc6 Fc5 3.35(16) 3.40
Fe7 2.85(7) 2.92
Fe8 3.14(17) 3 .28

The P-cluster pair is composed of two 4Fe:4S cubane clusters bridged by two 

cysteine thiol ligands and a disulfide bond between two cluster sulfurs (see Figure 2.3-9). 

In contrast to the lack of protein ligands to the FeMo-cofactor, every metal atom of the 

P-cluster pair is bonded to an amino acid side chain. The P-cluster pair sits on the 

approximate two-fold that exists between a  and [3 subunits (see Figure 2.3-5). Both 

subunits (a  and p) contribute ligands to the P-cluster. There arc seven strictly conserved 

ligands, six cysteines (Cys a 6 2, Cys 0 (8 8 , Cys a !5 4 , Cys p70, Cys P95, Cys p i 53) and
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one serine (Ser fM88). Selected interatomic distances are given in Table 2.3-4. Bond 

distances are given in Table 2.3-5.

T ab le  2.3-5 . Table o f  bond distances within the P-cluster pair and to its 
ligands. The average distances are calculated for both clusters in the tetramer and 
include TNT and XPLOR refinement results. Standard deviations are shown in 
parentheses. The initial distances are averages between from 1MIN. A com plete 
listed o f  the distances is shown in Table 2 .2.2-5.

From To Average Distances Initial Distances
Pel S 1A 2.28(3) 2.36

S2A 2.25(9) 2.33
S4A 2.33(4) 2.39

Sy p95 2.24(1) 2.12
Fe2 S 1A 2.15(7) 2.05

S2A 2.26(2) 2.36
S3A 2.29(5) 2.33

Sy a l5 9 2.31(2) 2.37
Fe3 S2A 2.30(5) 2.36

S3A 2,33(4) 2.38
S4A 2,30(1) 2.41

Sy af>2 2.27( 1) 2.41
Fe4 S 1A 2.26(3) 2.30

S3A 2.37(1) 2.39
S4A 2.31(3) 2.34

Sy a80 2.26(3) 2.32
Fc5 SIB 2.36(12) 2.36

S2B 2.27(3) 2.36
S4B 2.26(4) 2.34

Sy oc88 2.38(11) 1.98
Fe6 SIB 2.30(12) 2.27

S2B 2.26(3) 2.29
S3B 2.36(4) 2.39

Sy 3153 2.26(3) 2.57
Oy 3188 2.26(7) 2.17

Fe7 S2B 2.32(2) 2.36
S3B 2.39(3) 2.37
S4B 2.30(3) 2.36

Sy 370 2.39(1) 2.40
Fc8 SIB 2.02(17) 2.15

S3B 2.27(4) 2.34
S4B 2.30(1) 2.33

Sy p95 2.30(3) 2.30
S 1A SIB 1.70(26) 2.11

P-ciuster pair environment

Hydrophobic residues comprise the majority of the polypeptide environment around 

the P-cluster pair. Five of these are in the a-subunit (Tyr a64, Pro a85, Tyr a 9 1,
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Pro a  155 and Phe a  186), while the P-subunit contributes five more (Pro p72, Tyr 098, 

Phe 099, Met 0154 and Phe 0189). One of the residues from the 0-subunit (Tyr 098) 

may serve a role in the transfer of electrons between the P-cluster pair and the 

MoFe-cofactor by virtue of a solvent mediated contact with the homocitrate. These 

hydrophobic residues (with the exception of Pro a85) are not strictly conserved. There is 

little conservation of the hydrophilic environment around the P-cluster pair among different 

nitrogenase sequences. The hydrophilic environment is made up of Ser a92, Ser a l5 2 , 

Glu a  153, Glu a  184, Ser 092, Glu 093 and Thr 0152, with only the latter residues 

two being strictly conserved. As with the MoFe-cofactor, there are some conserved 

glycine residues (a87, a  185 and 094) that may serve to form a pocket for the cluster.

Solvent Shell

At present, the solvent shell of the MoFe model contains 625 solvent oxygen 

atoms. The average temperature factor for these solvent atoms is 24.16A2 when refined 

with TNT (Tronrud, Ten Eyck et al., 1987) and 20.35A2 when refined with XPLOR 

(Briinger, Kuriyan et ah, 1987). These solvent oxygens have been assigned to the 

subunits where they form the majority of their hydrogen bonds, which results in 137 

solvent oxygens in the a-subunit[A], 149 in a-subunit[C], 189 in 0-subunit{B] and 150 

solvents in 0-subunit[D]. Although the majority of the solvent is located at the surface of 

the tetramer, a significant portion of the solvent is found at the subunit interfaces and in 

cavities within the tetramer. Six significant cavities can be found in MoFe. A cavity 

associated with the FeMo-cofactor can be found in each a-subunit, the polypeptide pocket 

where the FeMo-cofactor is bound. These two cavities were located with the program 

Voidoo (Kleywegt and Jones, 1994) and have an approximate volume of 550A3 each. A 

list of the amino acid residues that line these cavities is shown in Table 2.3-6 along with 

the 19 solvent molecules found in that cavity.
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T ab le  2 .3 -6 . A  list o f  the amino acid residues that line the polypeptide pocket 
o f  the a-subunit where the FeM o-cofactor is bound. The residue name and number 
as well as the chain for the lining o f  the cavity is shown.

a-Subunit [A] a-Subunit [C]
Lining Contents Lining Contents

ILE A 59 SOL A 626 ILE C 59 SOL B 710
ARG A 60 SOL A 633 ARG C 60 SOL C 620
GLY A 61 SOL A 634 GLY C 61 SOL c 623
CYS A 62 SOL A 642 CYS C 62 SOL c 625
TYR A 64 SOL A 643 TYR C 64 SOL c 628
ALA A 65 SOL A 656 LYS C 68 SOL c 629
LYS A 68 SOL A 657 GLY C 69 SOL C 644
GLY A 69 SOL A 658 VAL C 70 SOL C 648
GLY A 73 SOL A 674 GLY C 73 SOL c 658
PRO A 74 SOL A 693 PRO C 74 SOL C 659
MET A 78 SOL A 694 MET C 78 SOL c 665
ILE A 79 SOL A 695 ILE C 79 SOL c 667
HIS A 80 SOL A 700 HIS C 80 SOL C 674
SER A 82 SOL A 702 ILE C 81 SOL C 681
GLY A 89 SOL A 703 SER C 82 SOL c 682
TYR A 91 SOL A 704 GLY C 89 SOL C 683
SER A 92 SOL A 710 TYR C 91 SOL C 706
ARG A 93 SOL A 713 SER C 92 SOL C 711
ALA A 94 SOL B 686 ARG C 93 SOL C 728
GLY A 95 ALA C 94
ARG A 96 GLY C 95
ARG A 97 ARG C 96
ASN A 98 ASN C 98
PHE A 109 PHE C 109
VAL A 110 VAL C 1 10
THR A 111 THR C III
MET A 112 MET C 112
ASN A 113 ASN C 1 13
GLN A 191 PHE c 114
GLU A 380 GLN c 191
ILE A 425 GLU c 380
LYS A 426 ILE c 425
HIS A 442 HIS c 442
CIT A 494 CIT c 494
CLM A 496 CLM c 496
CLP A 498 CLP c 498
GLY B 94 GLY D 94
CYS B 95 CYS D 95
ALA B 97 ALA D 97
TYR B 98 TYR D 98
SER B 101 SER D 101
TYR B 102 TYR D 102
ARG B 105 ARG D 105

An interesting feature of this cavity is the observation that the FeMo-cofactor and 

the P-cluster are accessible to each other through the solvent. The homocitrate is
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completely exposed to the solvent in this cavity.

The a-subunit and the P-subunil adopt the same fold, so it is not loo surprising that 

an analogous cavity can be found in the P-subunit in the area of the sequence where the 

FeMo-cofactor would bind. Much of the space in this cavity that would be occupied by the 

FeMo-cofactor is instead occupied by the side chains of residues lining the pocket, 

resulting in a cavity of approximately 425A3 in volume. A list of the residues lining the 

pocket and the solvent molecules that fill the cavity is given in Table 2.3-7.

T abic 2.3-7, Table o f  the residues lining the cavity in the P-subunit that is 
analogous to the FeMo-cofactor binding pocket o f  the a-subunit.

p-Subunit [B] P-Subunit [D]
Lining Contents Lining Contents

GLN A 90 SOL A 630 GLN C 90 SOL C 622
PRO B 66 SOL B 605 PRO D 66 SOL D 628
ALA B 67 SOL B 612 ALA D 67 SOL D 633
LYS B 68 SOL B 617 LYS D 68 SOL D 635
ALA B 69 SOL B 645 ALA D 69 SOL D 637
LEU B 73 SOL B 667 LEU D 73 SOL D 640
TYR B 102 SOL B 714 TYR D 102 SOL D 653
HIS B 193 SOL B 716 HIS D 193 SOL D 665
VAL B 194 SOL B 731 VAL D 194 SOL D 670
PHE B 230 SOL B 744 PHE D 230 SOL D 681
GLU B 231 SOL D 626 GLU D 231 SOL D 682
THR B 232 THR D 232
TYR B 233 TYR D 233
ASN B 236 ASN D 236
GLN B 294 GLN D 294
HIS B 297 HIS D 297
ILE B 318 ILE D 318
MET B 320 MET D 320
TRP B 370 TRP D 370
GLY B 371 GLY D 371
ASP B 372 ASP D 372
ASP B 374 ASP D 374
PHE B 375 PHE D 375
ASN B 397 ASN

LEU
ILE
GLY

D
D
D
D

397
427
443
444

ASN B 445 ASN D 445
TYR B 447 TYR D 447
ILE B 469 ILE D 469
GLY B 470 GLY D 470
PHE B 471 PHE D 471
PRO B 472 PRO D 472
THR B 484 THR D 484
LEU B 485 LEU D 485
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Another area of the MoFe tetramer that contains a significant amount of solvent is 

the interface between the a -  and (3-subunits. This interfacial region has the potential to be 

an area of substrate entry and product release during the catalysis of dinitrogen reduction. 

Inspection of Table 2.3-8 reveals that these intcrfacial regions that contain solvent actually 

contain solvent mediated contacts between three of the four subunits of MoFe. This 

observation highlights possible factors that may contribute to the overall stability of the 

MoFe tetramer, i.e., each a-subunit interacts with both of the p-subunits. Another 

interesting feature of these regions is that they make contact with many of the residues that 

line the cavity encompassing the FcMo-cofactor and the external surface of the tetramer. 

This underscores the potential role of the intcrfacial regions in the transport of substrates 

and products.

T ab ic  2.3-8 . The subunit interface regions that contain significant amounts o f  
solvent.

ap-Subunit [ABD] ap-Subunit [CDB]
Lining Contents Lining Contents

ALA A 94 SOL A 628 ALA C 94 SOL B 618
GLY A 95 SOL A 652 GLY C 95 SOL B 693
ARG A 96 SOL A 660 ARG C 96 SOL B 703
ARG A 97 SOL A 665 ARG C 97 SOL C 669
ASN A 98 SOL A 688 ASN C 98 SOL c 686
TYR A 99 SOL A 708 TYR C 99 SOL c 705
TYR A 100 SOL B 648 TYR C 100 SOL c 712
ILE A 101 SOL B 685 ILE C 101
GLY A 102 SOL D 713 GLY C 102
THR A 103 SOL D 731
THR A 104 THR C 104
VAL A n o VAL C 110
THR A i n THR C 111
SER A 443 SER C 443
TYR A 446 TYR C 446
PHE B 450 PHE D 450
ARG B 453 ARG D 453
GLN D 513 GLN B 513
ASP D 516 ASP B 516
TYR D 517 TYR B 517
ASN D 518 ASN B 518
HIS D 519 HIS B 519
ASP D 520 ASP B 520
LEU D 521 LEU B 521
VAL D 522 VAL B 522
ARG D 523 ARG B 523
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There is one other channel from the surface of the tetramer into the polypeptide 

pocket where the FeMo-cofactor is bound. This channel is on the opposite end of the 

FeMo-cofactor from the homocitrate and the aP-subunit interface. It is completely 

contained within the a-subunit and is formed by residues Ser a-192, His a - 195,

His a - 196, Arg a-277, Tyr a-281 and His a-383. Although this channel is narrow and 

may only be large enough in diameter to pass one water molecule at a time, it may provide a 

pathway for the transfer of substrate, products or protons depending on the conformation 

of the a-subunit during catalysis.
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2.4 Implications for Nitrogen Reduction

Solvent entry and exit

Access to the FeMo-cofactor from the surface of the protein is required for both the 

transfer of substrates into the active site and for exit of products after reduction. Regions 

of the protein that could accommodate substrate/product might also be expected to transport 

water. There appears to be only one channel in the surface of the a-subunit that 

permanently contains water. This channel is located where the three domains of the 

a-subunit come together and is made up of residues a45-a52, a l  85-a203, a274-a285, 

oc354-a362 and a377-a389 (see Figure 2.4-1). This channel funnels into a small passage 

that is lined by residues Ser a - 192, His a - 195, His a - 196, Arg a-277, Tyr a-281 and His 

a-383 and allows a nearly direct route to the FeMo-cofactor from the exterior. Although 

this channel does not appear to be large enough to accommodate the diffusion of 

substrate/product or H3 0 + into or out of the active site, it should be emphasized that this 

structure does not represent the catalytically active form of the enzyme, and conformational 

changes during catalysis might open and close this channel. A similar mechanism for 

substrate/product transport is observed in hemoglobin (Case and Karplus, 1979).

F eM o-cofacto r FeM o-cofacto r

F igu re 2 .4 -1 . Stereo view o f  u space filling model o f  a cleft in the protein 
surface (made up o f  residues a45-a52 , a l8 5 -a 2 0 3 , a 2 7 4 -a 2 8 5 , a 3 5 4 -a 3 6 2  and 
cc377-a389) that funnels into a solvent filled channel (lined by residues Ser 
a -1 9 2 . His a -1 9 5 , His a -196 , Arg a -2 7 7 , Tyr a-281 and His a -3 8 3 )  leading to 
the FeM o-cofactor. The FeM o-cofactor is shown at the top left on the side o f  
the protein surface is shown in the lower right, illustrating how  close the 
FeM o-cofactor is to the protein surface and the general topology o f  the 
immediate area.
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Another possible area where substrate may enter (or product be released from) the 

active site during catalysis as a result of conformational changes occurs at the interface of 

domains II and III. This shallow cleft is made up of residues as shown in Figure 2.4-2. 

This cleft does not appear to taper to a channel that is filled with solvent like the channel 

discussed above. However, residues making up this cleft appear to be in close proximity 

with the solvent in the FeMo-cofactor binding pocket. It is reasonable to postulate that any 

conformational change associated with catalysis could result in enough movement between 

the three domains to allow passages to appear that would be large enough to allow transport 

of substrate or product.

FeMo-
c o fa c to r

FeMo-
cofactor

F ig u re  2 .4 -2 . Stereo v iew  o f  a space filling model o f  the cleft in the surface 
o f  the ct-subunit formed by a260-a28& , a 2 9 3 - a 3 l5 ,  a 3 5 0 -a 3 6 8  and 
a 3 7 8 -a 3 9 4 .

As discussed in section 2.3, there is a cavity or channel at the a - and J5-subunit 

interface that is filled with solvent (see Table 2.3-8). This channel extends into the 

polypeptide binding pocket of the FeMo-cofactor. This channel is sufficiently large to 

allow diffusion of solvent through the channel during the catalytic process. Considering 

the fact that the [5-subunit donates one strand to the [5-sheet in domain I of the a-subunit 

(see Figure 2.3-2), one might expect that conformational changes generated in one subunit 

may be transmitted to the other. Furthermore, the combination of these may result in the 

formation of substantial channels for the transport of reactants/substrates/products.
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Proton Transfer

Another prerequisite for the reduction of dinitrogen is a steady supply of protons. 

These protons could be supplied either directly by the free diffusion of into the active 

site, or they could be supplied through a mechanism analogous to the one that is operative 

in the reduction of the quinones of the bacterial photosynthetic reaction center. Reaction 

center uses a bucket brigade of sorts to supply these protons (Feher, Allen et ak, 1986). 

This bucket brigade type mechanism could involve a patch of His residues near the surface, 

including His a - 196 and His a-383 or His a-274, His a-362 and His a-451. Recall 

that His a - 196 and His a-383 are part of a solvent filled channel in the surface of the 

a-subunit. The side chains of Asp and Glu residues or water molecules could also be 

involved in this type of proton transport. The probability is that there are multiple 

pathways available for the protons needed for reduction to reach the substrates. As 

discussed in section 2 ,1, all mutations of His a - 195 produce Nif~ mutants, but 

MoFe-protein in these proteins is still capable of reducing alternative substrates (Scott,

Dean et ah, 1992). Many of the histidines listed above were investigated by Thomann et 

al. during their studies of nitrogen ligation of the FeMo-cofactor (Thomann, Bernardo et 

al., 1991) and they found there was no significant loss of activity, which points to the 

availability of several proton transfer pathways. The side chains of Glu a-427 and 

Glu a-440 provide another possible pathway for proton transfer to the homocitrate. The 

carboxyl oxygen of Glu a-440 establishes a solvent mediated contact with the homocitrate 

(Glu a-440 Oe2 -  SOL A662 OH = 2.7A — CIT a-494 OI =3.03A), but when this residue 

is mutated to Gly there is no change in the catalytic activity of MoFe-protein (Newton and 

Dean, 1993). Therefore, it is likely that these two residues are not involved in catalysis.

As discussed by Kim and Rees, protons could be transferred to the FeMo-cofactor through 

Arg a-96 or Arg a-359 if a strong base is generated during the catalytic cycle (Kim and 

Rees, 1992). Indeed, these two residues may be involved, because mutation to Gin of
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Arg a-96 results in a phenotype that still grows diazotrophically but at a slower rate, and a 

N if  phenotype is the result of the same mutation to Arg a-359 (Newton and Dean, 1993).

Electron Transfer to the FeMo-cofactor

In order for catalysis to occur, electrons must also be delivered to the 

FeMo-cofactor, in addition to the protons that are required. At this time, there have been 

no reports of experiments that elucidate the path of electron transfer from the P-cluster pair 

to the FeMo-cofactor. However, the structure provides some insights as to possible 

electron transfer pathways. Electrons could be passed the ~14A from the P-cluster pair to 

the FeMo-cofactor either by some through space jumps as seen in other systems (Beratan, 

Onuchic et al., 1990; Jacobs, Mauk et al., 1991; Wuttke, Bjerrum et al., 1992) or through 

bond paths involving covalent and/or hydrogen bonds (Cowan, Upmacis et al., 1988).

There are perhaps five possible electron transfer pathways that would involve some 

through space jumps: I) from Cys 0-95 to Tyr 0-98 to homocitrate; 2) from Cys a-88 to 

Arg ot-96; 3) Cys a-88 to Gly a-95 to homocitrate; 4) from Cys a-62 to Val a-72; and 

5) Cys a-62 to Ala a-65. There are four helices that lie in parallel between the P-cluster 

pair and the FeMo-cofactor. These helices are comprised of residues a-63 to a-74, a-88 

to a-92, a-191 to a-209 and 0-93 to 0-106, the first two of which contain ligands to the 

P-cluster pair while the third helix contains a residue that forms a hydrogen bond to the 

homocitrate.

Experiments have been conducted on Tyr 0-98 in order to test whether or not this 

residue is involved in the intramolecular electron transfer between the P-cluster pair and the 

FeMo-cofactor (Peters, 1995). Substitutions of Phe or Leu at this position show virtually 

no change in activity. However, a substitution of His for Tyr at this position results in a 

MoFe protein with a specific activity that is significantly lower than the wild type protein. 

This would seem to suggest that electrons may be passed from the P-cluster pair to the 

FeMo-cofactor through this area between the two cofactors, and demonstrates that
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substitution of a potentially charged residue for Tyr P-98 has a profound effect on the 

intramolecular electron transfer between these two sites.

The structure also reveals a direct connection between the P-cluster pair and the 

FeMo-cofactor through covalent and hydrogen bonds. A covalent bond starts the 

connection with the P-cluster pair ligand Cys a-62 to Gly a-61 , then proceeds through 

two hydrogen bonds from Glu a-61 to Gin a -1 91 (a-61N - a -1 9 1 0 e l = 2.52A) then 

from Gin a-191 to the homocitrate ( a-191Ne2 - a-49404  = 2.60A) and Finishes with the 

covalent bonds between the homocitrate and the FeMo-cofactor. Madden et al. found that a 

single fluorine for hydrogen substitution on the homocitrate resulted in a substantial 

reduction in catalytic activity (Madden, Paustian et ah, 1991). Modeling shows that this 

substitution disrupts the hydrogen bond from the homocitrate to Gin a-191. Mutations to 

Gin a-191 produce a variety of results ranging from a Nif- phenotype for Lys a-191 

(Scott, Dean et ah, 1992), a slow growth phenotype for Ser a-191 and virtually no effect 

for Ala or Pro a - 191 (Newton and Dean, 1993). Again these results seem to indicate that 

although Gin a-191 is involved in the intramolecular electron transfer between the metal 

centers, there may be multiple electron transfer pathways available.

Conformational changes during electron transfer

The possibility exists that electron transfer during the catalytic cycle could produce 

conformational changes in the MoFe protein that involve the polypeptide environment 

around the FeMo-cofactor. It is interesting to note the presence of relatively infrequent 

(Chou, Nemethy et ah, 1990; Stewart, Sarkaret ah, 1990) structural elements in MoFe at 

what might be viewed as critical areas of the polypeptide. Specifically, the sequence 

contains a cfv-proline (Pro a-449) and a left-handed a-helix ( H19[a] a-443 to a-447, 

Figure 2.3-2) near one of the only two FeMo-cofactor ligands, His a-442. A cis-trans 

isomerization of Pro a-449 accompanied by an unwinding of H19[a] could result in a 

substantial alteration of the FeMo-cofactor binding pocket that may help to accommodate
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conformational changes induced in the FeMo-cofactor itself, as discussed below. The 

other relatively rare structural feature is the rt-Hclix (H3[a]) found in the a-subunit and 

beginning at the P-clustcr pair ligand Cys a-62. This is also an area where the polypeptide 

chain spans domains f and III, and if this helix were to adopt an a-helical structure during 

the catalytic cycle, the interaction of the two domains may b e affected, possibly opening 

another channel for the transport of substrate/product molecules.

M-cluster ligands

Another striking feature of the structure is the lack of ligands to the FeMo-cofactor 

(two ligands), especially compared to the P-cluster pair (seven ligands). It is generally 

agreed that catalysts require some type of fluxionality in order to be effective. This lack of 

ligands may contribute to the overall lability or "breathability1' of the FeMo-cofactor. Dance 

has proposed a theoretical model for dinitrogcn reduction that requires conformational 

changes of the FeMo-cofactor (Dance, 1994). This model proposes binding of dinitrogen 

to a four iron face of the FeMo-cofactor, that has been made accessible to substrate by the 

movement of two bridging sulfurs (see Figure 2.4-3).

F e

F e '    • u i i iF e '“ S. - M o

F ig u re  2 .4 -3 . Nitrogen bound to the face o f  the FeM o-cofactor at a four iron 
face with two bridging sulfur atoms folded down and away making the face 
accessible.

Another dinitrogen binding mode has been suggested by Chan and Rees (Chan, 

Kim et al., 1993). This proposed binding mode places the N2 molecule within the central
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cavity o f the FeMo-cofactor (see Figure 2.4-4). This type of binding would require that

during the catalytic cycle. There is ample precedent for this type of dynamics for iron to 

iron bonds during catalysis. The crystal structure of Fe2 [)t-S(CH2CH3 )2 p(Cf,H5 )3 (CO)2 ] 

reveals an iron to iron bond bridged by two thioethanes with a distance of 2.52 A 

(unpublished results, M.W. Day). This Fe-Fe bond has been shown to be labile during 

catalysis under relatively mild conditions (Aime, Botta et al., 1985). Vahrenkamp et al. 

have shown that Fe-Fe bond opening is a facile process during the N-N bond cleavage of 

azoalkanes (Wucherer, Tasi et al., 1989; Hansert, Powell et al., 1991; Hanserl, Tasi et al.,

1991). This type of binding for dinitrogen is attractive because it could allow all six of the 

iron atoms to participate in the catalytic process by promoting the rehybridization of the N2 

orbitals before protonation begins and thereby avoiding the high energy intermediates that 

are generally listed as part of the reaction coordinate.

S
F ig u re  2 .4 -4 . Dinilrogcn binding within the central cavity o f  the 
FeMo-cofactor.
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Chapter 3

Ru(2,2'-bppy)2(imd)His83 Azurin 

from

Pseudomonas aeruginosa
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3.1 Introduction to A /urin

Azurin is a relatively small (128 amino acids) electron transfer protein found in 

several bacteria (Fee, 1975; Lappin, 1981). As the name implies the protein is highly 

colored, deriving its blue color from a type I, Cu+ 2  (blue copper) center. The azurin from 

Pseudomonsa aeruginosa has an approximate molecular weight of 14,000 kD and plays a 

central role in the organism. Azurin has a relatively high redox potential (E°=300- 

400 mV) and mediates the passage of electrons from cytochrome 0 5 5  j to the cytochrome 

oxidase/nitrate reductase system. Additionally, azurin has other distinctive spectroscopic 

properties such as a very intense absorption band in the visible region (Xmax= 595 to 

630 nm) and a narrow hyperfine splitting in the EPR spectra (A||=0.006 cm-1) (Gray and 

Solomon, 1981). Several xray crystal structures have been reported for the azurins from 

Pseudomonas aeruginosa (Karlsson, Tsai et al., unpublished results; Adman, Stenkamp ct 

al., 1978; Adman and Jensen, 1981; Adman, Canters et al., 1982; Nar, Huber et al., 1992; 

Nar, Messerschmidt et al., 1992; Nar, Messerschmidt et al., 1992; Tsai, Sjolin et al., 

1995), Alcaligeites denitrificans (Baker, 1988; Romero, Hoitink et al., 1993; Shepard,

Kingston et al., 1993) and Pseitsomonas denitrificans (Korszun, 1987).

Met 121 Met 121

His 46

His 11 7

Cys 112  v

His 46

Gty 45 Gly 45

F igu re 3.1*1. Stereo view  o f  the Cu site in the azurin from Pseudomonas 
aeruginosa. The three amino acids His 46, Cys 112 and His 1 17 contribute 
equatorial ligands and the amino acids Gly-45 and Met 121 supply the axial 
ligands.



The Cu atom lies approximately 7 A below the surface of the protein and is liganded 

by five amino acids. The side chains of His 46, Cys 112 and His 117 occupy equatorial 

coordination sites with the Syof Met 121 and the carbonyl oxygen of Gly 45 in axial 

positions (see Figure 3.1-1). Therefore, the geometry around copper might be best 

described as trigonal bipyramidal. The side chain of Met 121 has been suggested to make 

an important contribution to the fine tuning of the reduction potential (Gray and 

Malmstrom, 1983; Pascher, KarJsson et al., 1994). Mutations of Met 121 (Karlsson, 

Assa et al., 1989), His 46 (Chang, Iverson et al., 1991) and His 117 (den Blaauwen, van 

de Kamp et al., 1991) result in blue protein solutions. The blue color presumably arises 

from the d-d charge transfer band at 600 nm between the copper atom and the sulfur atom 

of Cys 112 (Mizoguchi, Di Bilio et al., 1992).

Since azurin is involved in electron transfer, there has been much interest in the 

electron transfer path through the protein and in the significance of the metal site geometry 

in the facilitation of the reduction and oxidation of the copper atom. Experiments with Cr+ 3 

labeled azurin suggested that there were two sites (His35 and His 117) on the surface that 

participated in electron transfer, one site for cytochrome t’5 5 [ and another for nitrate 

reductase (Farvcr and Pecht, 1981; Farvcr, Blatt et al., 1982; Farver, Shahak et al., 1982; 

Farver and Pecht, 1984). The proposed site around His35 was examined using a 

crystallographic analysis of the His35GJn and His35Leu mutants by Nar et al. (Nar, 

Messerschmidt et al., 1992). It had been suggested that deprotonated His35 could compete 

with the copper ligand, His46, for a hydrogen bond to the carbonyl oxygen of AsnlO 

(Adman, 1985), but the crystallographic analysis of the His35Gln and His35Leu mutants 

suggested that this was not the case. The site around Hisl 17 was investigated 

crystallographically in an analysis of the Phel 14Ala mutant (Tsai, Sjolin et al., 1995). The 

area around Phel 14 contains the invariant residues Met 13, Met44, Phel 14, Prol 15 and 

Glyl 16. Mutation of Phel 14 to Ala shows no significant effect on the self-exchange
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electron transfer rate, but it did have a slight effect on both the reduction potential 

(increased by 50 raV) and on the hyperfine splitting (decreased by 4xl0  4  cm-1) in the EPR 

spectra.

Temperature jump and stopped flow experiments suggested that the fast electron 

transfer process in azurin was coupled to a slower process involving a conformational 

change in reduced azurin (Antonini, Finazzi-Agro et al., 1970; Brunori, Greenwood ct al., 

1974). NMR experiments showed that the protonation rate of one of the four histidine 

residues showed an unusual behavior upon pH titration (Ugurbil and Bersohn, 1977).

This residue was shown to be His35 and the deprotonation rate was comparable to the slow 

isomerization rate of azurin (Smith and Smith, 1979) which was also pH dependent (Corin, 

Bersohn et al., 1983). Crystallographic analysis of wild type azurin demonstrated that the 

pH dependent behavior was due to a peptide bond flip at His35 (Nar, Messerschmidt et al.,

1992).

The unusual spectroscopic properties of the blue copper proteins are generally 

believed to arise from the protein forcing a certain geometry on the metal site that has 

functional advantages in that the metal will be liganded in such a way that is optimal for its 

particular functional role. This idea that the metal fits into a site that is geometrically 

prepared by the protein has been termed a 'rack' mechanism (Gray and Malmstrom, 1983). 

This implies that binding to the metal site is preferential for one cation over another and 

indeed is has been demonstrated that apo-azurin will take up Cu+ 2 much faster than Ni+2, 

Co+ 2  and Mn+2 (Tennent and McMillin, 1979) and that Cu+ 2 binds more strongly than 

Zn+ 2 (Engeseth and McMillin, 1986). A number of crystallographic experiments have been 

done to test this hypothesis. The crystal structures of the apo-azurins from Pseudomonas 

aeruginosa (Nar, Messerschmidt et al., 1992) and Aicaltgenes denitrificans (Shepard, 

Kingston et al., 1993) show very little change in the position of the metal ligands, the most 

significant difference being a slight shifting of Hisl 17 toward the copper site in P.
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aeruginosa. However, Shepard et al. did note a shrinkage in the radius of the metal 

binding cavity (defined by His46, Cysl 12 and Hisl 17) from 1.36A in reduced azurin to 

1.24 A in oxidized azurin to 1 . 1 6A in apo-azurin. The crystal structure of the zinc 

containing azurin from P. aeruginosa shows movement in the metal ligands by an amount 

similar to the overall average coordinate error (Nar, Huber et al., 1992).

Numerous experiments using inorganic redox reagents to probe the electron transfer 

process in azurin have been reported (Antonini, Finazzi-Agro et al., 1970; Lappin, Segal et 

al., 1979; Farver, Blatt et al., 1982; Gray, 1986; Sykes, 1988). Ruthenium labels have 

been attached to surface residues to measure the electron transfer rates between the label 

and the copper site of azurin (Kostic, Margalit et al., 1983; Che, Margalit et al., 1987; 

Winkler and Gray, 1992). The work described here in Chapter 3 is a crystallographic 

analysis of the azurin protein from Pseudomonas aeruginosa labeled at His83 with 

Ru(2 ,2 ’-bppy)2 (imd) 2  (see Figure 3.1-1).

F igu re 3 .1-1 . Stereo view  o f  the Ru(2 ,2 '-bppy)2 (im d ) 2  used to label azurin 
at H is83. His83 displaces one imadazole to form a covalent com plex.
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3,2 Experim ental

Crystal Growth

The hanging drop vapor diffusion method (Weber, 1991) was used for 

crystallization of the protein-Ru(2 ,2 '-bppy)2 (imd) complex. Two different sets of 

conditions yielded three crystal forms. One set of conditions yielded light brown crystals 

with an apparent hexagonal morphology belonging to the trigonal space group P 3(21 with 

a=b=76,94A and c=71.29A (crystal form I). These crystals grew from a 4pL drop 

containing 2pL of protein solution at approximately 30 mg/ml and 2pL of well solution 

(see below) which was equilibrated against a well solution of 2 .2 M (NH4 )2 SC>4 buffered al 

pH 5.7 with 100 mM sodium citrate. Crystals appeared in two days. This same set of 

conditions yielded strongly dichroic crystals o f an apparent orthorhombic habit (crystal 

form II). These crystals were green when viewed perpendicular to two crystal faces but 

appeared brown when viewed perpendicular to the third crystal face. Although this crystal 

form diffracted strongly, it was not possible to obtain single crystals, so further work on 

this form was abandoned. Interestingly, the azurin mutants, H35N and H35L, also grow in 

a crystal form that exhibits similar dichroism (Nar, Messerschmidt et al., 1992).

A different crystal form (form III) was obtained by equilibrating a 7|iL drop 

containing 3.5pL of well solution and 3.5pL protein solution at approximately 30 mg/ml 

against a w'cll solution of 30% w/v PEG 4K, 100 mM U N O 3 and 20 mM CuCh buffered 

at pH 8.0 with 100 mM Tris. These conditions were similar to those determined by S. 

Fahim for the crystallization of the azurin Cysl 12Asp mutant. After one week, crystals 

belonging to the inonoclinic space group C 2  appeared with cell dimensions a=I0 0 .6 A, 

b=35.4A, c=74.7A and (3=106.5°.

Data Collection

X-ray diffraction data were collected for both crystal forms I and III with a Siemens 

X-1000 muti-wire area detector using x-rays generated by a Siemens rotating copper
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anode, with Cu Ka  radiation (A^I .5418A) selected by a graphite crystal monochrometer. 

Data for crystal form I were collected at room temperature while data for crystal form III 

were collected at approximately 1 0 0 K using the cryogenic techniques of Hope (Hope, 

1988; Hope, 1990).

Crystal form I diffracts to a maximum resolution of 2.4A. A total of 9737 

reflections (10219 possible, 95% complete) were collected from 93280 observations. The 

merging R-factor was 9.8% and the average I/ctI=8 . 8  with a Wilson B=62,9A2.

Crystal forms III diffracts to 2.3A resolution. Collection of 38571 observations of 

11083 reflections (13540 possible, 82% complete) yielded a data set with merging R-factor 

of 6.3% with an average I/crh=16.7 and an overall B-value calculated from Wilson statistics 

o f 34.3A2.

Structure Solution

The structure was solved by molecular replacement. The H35Q mutant of 

Psitedomonas aeruginosa solved by Nar et al. was used as the search model (Nar, 

Messerschmidt et al., 1992). The orientation of the model was determined with the fast 

rotation function of Crowther and Blow (Crowther and Blow, 1967; Crowther, 1972) 

using all data between 8  and 3.5 A with an integration radius of 17 A. The self-rotation 

function indicated two molecules related by non-crystallographic symmetry in the 

asymmetric unit, consistent with our estimation of eight molecules in the unit cell based the 

ratio of cell volume to molecular weight (Matthews, 1968) where Vm=2.18 A3/Da. The 

cross rotation function solution contained two peaks which were related to each other by 

the same angles as the two peaks of the self-rotation function.

The position in the unit cell of one properly oriented molecule was determined by a 

brute force translation search using data between 8 and 5 A while searching the xz plane. 

The position of the other molecule was determined by fixing the position of the first 

molecule and performing the same brute force translation search between x= 0  to 1 , y= 0  to
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1/2 and z=0 to 1. The resulting solution gave a correlation coefficient approximately twice 

that of the next highest peak. The crystallographic F-factor (R—Z  llF0l - IFcll /  Z \F(,\) for

the rotated and translated model (calculated with the refinement package TNT (Tronrud, 

Ten Eyck et al., 1987)) was R=47.9%.

Refinement

Difference Fourier electron density maps (Fo-Fc) were calculated and the maps 

revealed two peaks seven times stronger than the standard deviation of the map near His83. 

These peaks were located approximately 2.0A from Ne2  of the imidazole side chain and 

were approximately in the plane of the ring and therefore were modeled as the ruthenium 

atom of the label. The remaining ligands of the label were not defined in these maps. The 

model resulting from rigid body refinement (including the ruthenium of the label) was 

refined further using the stereochemically restrained least squares module of TNT using all 

observed data between 7.0 and 2.5A resolution. Following each round of refinement, the 

model was evaluated against electron density maps (Fo-Fc and 2Fo-Fc) using the program 

Tom (Jones, 1978). The model was manually adjusted to fit the electron density map 

where needed and solvent oxygen atoms were added wherever it was appropriate to do so. 

After the first round of refinement, two additional copper atoms were modeled into strong 

difference electron density near the N-terminus. Copper was selected for modeling these 

peaks because CuCl2  had been used in the crystallization of the protein. After five rounds 

of refinement, it became possible to place the bipyridine and imidazole ligands of the 

ruthenium into electron density. For all subsequent cycles of refinement, stereochemical 

restraints were applied to the Ru(2 ,2 ’-bppy)2 (imd) ligand. (See Appendix 3 for the 

dictionary of restraints.) Twelve rounds of refinement produced the current model, 

including 150 solvent oxygen atoms, and has resulted in a crystallographic residual 

(R-factor) of 17.6%. The rms. deviation of the bond distances and angles from the target 

values is 0.017A and 2.70° respectively with the rms. difference in the temperature factors
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of adjacent atoms being 3.6A2. The average temperature factors for the main chain atoms 

and the side chain atoms are B=24.7hA3 and B=31.65A2 respectively for molecule A and 

B=22.37A2 and B=28.74A2 for molecule B. The average temperature factor for solvent 

oxygens is B=42.19A2. A plot of the average temperature vs. the residue number is 

shown in Figure 3.2-1 and representative electron density is shown in Figure 3.2-2.
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F igure 3.2*1. Plot o f  average temperature factors vs. residue number. The 
average values for the main chain atoms are shown with solid lines and the 
values for the side chain atoms are represented by dashed lines. The top panel 
shows the plot for m olecule A and the bottom panel shows the plot for molecule 
B.
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F igure 3 .2 -2 . Stereo view  o f  representative electron density for azurin. The 
view  is for the redox active copper atom environment.

A Ramachadran plot of the (<t>, 4*) main chain torsion angles is shown in Figure 

3.2-3. All of the residues have O, T  angles in allowed regions.
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F igure 3 .2 -3 . Ramachadran plot o f  the (C>, lF) angles for labeled azurin. Residues 
represented by +  are glycines. M olecule A is shown at the left and m olecule B is shown 
to the right.

The average coordinate error can be estimated by the method of Luzzati (Luzzati,
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1952), where ihe dependence of the R-faclor on resolution is compared to theoretical 

values. This analysis is shown in Figure 3.2-4 and results in an estimated average 

coordinate error of approximately 0.22A.
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F igu re 3 .2 -4 . Plot o f  the dependence o f  R-factor on resolution for 
Ru(2 ,2 '-bppy)2(im d) labeled azurin. Theoretical curves are shown for an 
estimated error o f  0 .25A  (top) and 0 .20A  (bottom). Only reflections between 
7 -  2 .5A  resolution were used in the refinement.
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3.3 Structure Discussion

Overall Fold

F igure 3 .3 -1 . M olscript representation o f  the azurin from P. aeruginosa  
showing the overall folding topology o f  □ cryslallographieally unique monomer.
This view  is the standard view  set out by Adman et al. with the copper at the 
upper (northern) end o f  the fi-barrel and the short oc-helix to the right. The 
copper o f  crystallization can be seen at the bottom o f  the m olecule and the 
Rit(2,2'-bppy)2(imd) can be seen on the back side o f  the protein.

The overall structure of the labeled azurin from P. aeruginosa is very similar to the 

azurin from A. denitrificans and is shown in Figure 3.3-1. An alpha carbon trace of the 

backbone is shown in Figure 3.3-2. The structure consists of eight p-strands which form 

a P-barrel and a short stretch of a-helix composed of residues 55 thru 61. There is one
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disulfide bond in the molecule formed between the Sy atoms of Cys3 and Cys26, The 

protein crystallizes with two crystallographically independent molecules in the asymmetric 

unit (see Figure 3.3-3). When these two molecules are superimposed onto each other, the 

rms. deviation of alpha carbon positions is 0.36A. However, the alpha carbons of the 

copper ligands (Gly45, His46, Cysl 12, His 117 and Met 121) superimpose on each other 

with an rms. deviation of 0.16A. When the labeled azurin is superimposed onto the 

structure of the azurin from P. aeruginosa (Nar, Messerschmidt et al., 1992), the rms. 

deviation in alpha carbon positions is approximately 0.5A. When the alpha carbons of the 

copper ligands are superimposed, the rms. deviation between the two structures is 

approximately 0.17A. The deviation in the alpha carbon positions for both of the above 

superpositions is close to the estimated average coordinate error. Furthermore, the two 

molecules of the labeled azurin agree with each other to the same degree, they each agree 

with the structure of the native azurin as determined by Nar et al.. Consequently, this 

suggests that attachment of the Ru(2,2'-bppy)2(imd) label has very little or no effect on the 

overall structure of azurin.

F igure 3.3-2 . Stereo view  o f  the alpha carbon trace illustrating the overall 
fold. This is the standard view  with the copper atom at the northern end with the 
ligands to copper labeled. The N-terminal and C-terminal residues arc labeled at 
the bottom o f  the m olecule.



F igu re 3 .3 -3 . Mulscript drawing o f  the dimer o f  crystallization. The copper 
atom in the active site can be seen inside and at one end o f each P-barrel. The 
Ru{2 ,2 ’-bppy)2 (inid) com plex can be seen at the interface o f  the two m olecules.
The copper o f  crystallization is visible near the N-terminus o f  each m olecule.

Copper Site

The geometry of the copper site can be described as trigonal bypyramidal and is 

virtually the same as the copper site in the wild type unlabeled protein (see Figure 3.3-4). 

The Five ligands to copper are His46 NSl, Cysl 12 Sy and Hisl 17 NSl in the equatorial 

plane with Gly45 O and Metl21 SS in the axial positions. A list of bond distances for this 

structure and for other high resolution structures is given in Table 3.3-1. The distances 

determined here are very close to those determined for other azurin structures. However, it
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should be noted that these distances were restrained during the refinement process (sec 

Appendix 3 for a dictionary of the restraints).

Iis 117 Cys 1

Cu

lo t 121

liS 117

Cu

F igu re 3 .3-4 . Stereo view  o f  a superposition o f  the copper site in the 
unlabeled azurin on the ruthenium labeled azurin. The thick lines represent the 
ruthenium labeled azurin and the thin lines represent the structure described by 
Nar et al. (Nar, M esserschmidt et al., 1992).

Table 3.3-1. Copper ligand distances (A) for the high resolution azurin crystal structures 
reported to date. Ru A and Ru B are this structure, H35L and H35Q are the P. aeruginosa  mutants 
reported by Nar et al. (Nar, M esserschmidt et a],, 1992) and listed in the PDB as 2AZU and 3AZU  
respectively, A D  is the structure o f  A. deisitrificans listed in the PDB as 2AZA (Baker, 1988), Zn 
is the Zinc substituted structure (Nar, Huber et al„ 1992), and M 1 2 1 E isth c  methionine 121
mutant solved by Karlsson et al. (Karlsson, Tsai et al., 1993).

Ligand Crystal Structure
Ru A Ru B H35Q H35L AD Zn MI21E

0  45 3.10 2.96 3.09 3.09 3.13 2.32 3.42

N51 46 2.07 2.14 2.03 2.09 2.08 2.01 2.02

Sy 112 2.16 2.14 2.05 2.20 2.14 2.30 2.11

NSl 1 117 1.99 2.10 2.05 2.03 2.00 2.07 2.02

S5 121 3.07 3.26 3.04 3.01 3.11 3.40 2.21

Ruthenium Label

The inorganic complex Ru(2,2'-bppy)2(imd)2 is covalently attached to the Ne2 

nitrogen in the imidazole ring of His83 as Ru(2,2'-bppy)2(imd)His83. The distance from
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Ne2 His83 to the ruthenium atomic position is approximately 2.13A. A complete list of 

bond distances to the ruthenium is shown in Table 3,3-2. Figure 3.3-5 illustrates an alpha 

carbon trace of the azurin molecule (in the standard view) with the ruthenium complex in 

place and Figure 3.3-6 shows His83 with the complex attached. The imidazole ring of 

His83 occupies the same position as one of the two imidazole rings of the free complex. It 

is not possible to determine if the protein shows a preference for a particular enantiomer of 

the starting complex. The ruthenium complex was synthesized and used as a racemic 

mixture and the electron density seems to suggest that both enantiomers bind to azurin (see 

Figure 3.3-7). The binding of Ru(2,2'-bppy)2(imd)2 to His83 docs not appear to affect 

the conformation of the protein in this region. The 10 amino acid stretch residue 80-90 

superimpose on the wild type with an approximate 0.2A rms. deviation in the positions of 

the alpha carbons (see Figure 3.3-8) and a 15 residue stretch of sequence on either side of 

His83 overlaps about as well as the entire molecule.

F igure 3 .3 -5 . Stereo view  o f  an alpha carbon trace o f  the azurin m olecule (in 
the standard orientation) showing the placement o f  the R u(2,2,-bppy)2(imd)HisS3 
moiety. The copper binding residues are labeled at the top o f  the m olecule and 
the N- and C-terminus residues are labeled at the bottom.

His83 forms a hydrogen bond with the carbonyl oxygen of Thr84. This hydrogen 

bond is also found in all other crystal structures of azurin from P. aeruginosa. 

Additionally, the Ru(2,2’-bppy)2(imd) appears to mediate the intermolecular contacts
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between each monomer. Residues Thr30, Val31, Asn32, Lys41, Lys85, Glu91, Lys92, 

Asp93, Ser94, Val95 and Thr96 all lie within approximately 7 A of the ruthenium label.

V  O ?^  V -*1) His 83 
riA la82 A

T h r w f  L v s 8 5 i

%

n
"\-OHIS 83 

Q Ala 82 I

i A , ,
Thr 8 4 \  Lys 85 11

F igu re 3 .3 -6 . Stereo view  o f R u(2,2’-bppy)2(inid)H is83. Residues 82 thru 
85 are included. Note the hydrogen bond formed between the carbonyl oxygen o f  
Thr84 and the N e2 nitrogen o f  the imidazole ring in His83.

F igu re 3 .3 -7 . Stereo view  o f  the electron density from the 2Fo-Fc map 
around His83. The density is shown at 1.5(5. The density suggests som e type 
o f  disorder in the label, possibly arising from a mixture o f  both enantiomers 
binding to H is83.
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Figure 3,3-8. Stereo view  o f  a superposition o f the ten amino acid stretch o f  
residues 80-90 from wild type azurin and the ruthenium labeled azurin. The 
thick lines represent the labeled azurin, and the thin lines represent the wild type 
azurin solved by Nar et al.

T able 3 .3-1 . Table o f bond distances (A) to the 
ruthenium atom o f Ru(2,2'-bppy)2(imd)His83 
showing the values for both molecule A  and B with 
the crystallographically determined distances for 
Ru(2 ,2 '-bppy)2 (imd) 2 (results courtesy o f  W. P.
Shcaefer).

Atom Distance

A B
Starting
Distance

N 1 2.22 2.22 2.04
N2 2.20 2.19 2.06
N3 2.24 2.21 2.04
N4 2.26 2.25 2.06
N5 2.20 2.24 2.09

Ne2 2.21 2.05 1.97

Second Copper Site

Another interesting feature in this crystal structure is the presence of a heavy atom 

near the N-terminus, This atom has been tentatively modeled as a copper ion because 

CuCl2 is a necessary ingredient in the crystallization conditions. Table 3.3-3 lists the 

distances from the protein atoms to the copper atoms. It should be noted that the electron
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density for the protein ligands to these copper sites is very weak, making it difficult to fit 

the model to the density.

Each copper atom is approached by three protein residues. The amino nitrogen and 

the carbonyl oxygen of residue Alai form two ligands and one other is donated by the 

carboxyl oxygen of Asp23 from the same molecule. The fourth ligand is supplied by the 

carboxyl oxygen of Asp23 from another molecule. In other words, the copper is liganded 

by residues on the A molecule and on the molecule crystallographically related to the B 

molecule by the two fold axis. The atomic positions are shown in Figure 3.3-9.

F ig u re  3 .3 -9 . Stereo view  o f  the copper near the N-terminus.

T a b ic  3 .3 -3 . Table o f  distances to the two copper ions found at the 
N-tcrminus.

From To Distance
C ul31 [A | A la i N [AJ 

A la i O [A ] 

A sp23 0 5 2  |A ]  

A sp23 0 5 1  1B#J 

A sp23 0 5 2  [I3#l 

A la i N [B #] 

A la i O [B #] 

A sp23 0 5 1  [B # l 

A sp23 0 5 1  [A] 

A sp23 0 5 2  [A] 

C ul 31 [B#]

1.93

2.24

2.65
2.83

2.66 
2.28  

2.44  

3.46

2.83

2.15

3.15

C u l 3 1 [Bff]

C u l 3 1 [A]
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A ppendix 1

TNT FeMo-cofaclor Geometry Definition

GEOMETRY CLM BOND 2 .3 1  0 .0 2 FE1 SLA
GEOMETRY CLM BOND 2 .3 1  0 .0 2 F B I S2A
GEOMETRY CLM BOND 2 .3 1  0 .0 2 F E l S4A
GEOMETRY CLM ECMD 2 .3 1  0 .0 2 FE2 SLA
GEOMETRY CLM BOND 2 .3 1  0 .0 2 FE2 S2A
GEOMETRY CLM BOND 2 .3 1  0 .0 2 FE2 S2B
GEOMETRY CLM BCND 2 .3 1  0 .0 2 FE3 S2A
GEOMETRY CIM BCWD 2 .3 1  0 .0 2 FE3 S5A
GEOMETRY CIM BOND 2 .3 1  0 .0 2 FE3 S4A
GEOMETRY CLM BOND 2 .3 1  0 .0 2 FE4 SLA
GEOMETRY CLM BOND 2 .3 1  0 .0 2 FE4 S3A
GECMETRY CLM BOND 2 .3 1  0 .0 2 FE4 S4A
GEOMETRY CIM ANGLE 1 0 4 .0  3 . 0 SLA F E l S2A
GEOMETRY CU4 ANGLE 1 0 4 .0  3 .0 S1A F E l S4A
GEOMETRY CLM ANGLE 1 0 4 .0  3 . 0 S2A F E l S4A
GEOMETRY CLM ANGLE 1 0 4 .0  3 . 0 SLA FE2 S2A
GEOMETRY cm ANGLE 1 2 5 .0  5 .0 S1A FE2 S2B
GEOMETRY cm ANGLE 1 2 5 .0  5 .0 S2A FE2 S2B

GEOMETRY CLM ANGLE 
GEOMETRY CLM ANGLE 
GEOMETRY CLM ANGLE 
GEOMETRY CLM ANGLE 
GEOMETRY CLM ANGLE 
GEOMETRY CLM ANGLE

1 2 5 .0 5 .0 S2A FE3 S5A
1 0 4 .0 3 .0 S2A FE3 S4A
1 2 5 .0 5 .0 S3 A FE3 S5A
1 2 5 .0 5 .0 SLA FE4 S3A
1 0 4 .0 5 .0 S1A FE4 S4A
1 2 5 .0 5 .0 S3A FE4 S4A

GEOMETRY CIM ANGLE 
GEOMETRY CLM ANGLE 
GEOMETRY CLM ANGLE 
GEOMETRY CLM ANGLE 
GEOMETRY CLM ANGLE 
GEOMETRY CLM ANGLE

7 5 .0 3 .0 FE4 S1A FE2
7 5 .0 3 .0 F E l S1A FE4
7 5 .0 3 . 0 FE2 SLA FE4
7 5 .0 3 . 0 F E l S2A FE2
7 5 .0 3 . 0 F E l S2A FE3
7 5 .0 3 . 0 FE2 S2A FE3

GEOMETRY C m  ANGLE 7 5 . 0 3 . 0 FE4 S3A FE5
GEOMETRY C m  ANGLE 7 5 .0  3 . 0 F E l S4A FE3
GEOMETRY CLM ANGLE 7 5 . 0 3 . 0 F E l S4A FE4
GEOMETRY C m  ANGLE 7 5 . 0  3 . 0 FE3 S4A FE4

REMARK GEOMETRY CLM PLANE 4 0 .0 2  F E l S2A  FE3 S4A
REMARK GEOMETRY CLM PLANE 4 0 .0 2  F E l S1A FE4 S4A
REMARK GEOMETRY CIM PLANE 4 0 .0 2  F E l S1A  FE2 S2A

GEOMETRY cm ANGLE 9 5 .6 5 . 0 FE7 S5A FE3

GEOMETRY cm BOND 2 .3 1 0 .0 2 FE5 S IB
GEOMETRY cm BOND 2 .3 1 0 .0 2 FE5 S3A
GEOMETRY cm BOND 2 .3 1 0 .0 2 FE5 S4B
GEOMETRY cm BCWD 2 .3 1 0 .0 2 FES S IB
GEOMETRY cm BOND 2 .3 1 0 .0 2 FES S2B
GEOMETRY cm BOND 2 .3 1 0 .0 2 FES S3B
GEOMETRY cm BOND 2 .3 1 0 .0 2 FE7 S5A
GEOMETRY cm BOND 2 .3 1 0 .0 2 FE7 S3B
GEOMETRY cm BOND 2 .3 1 0 .0 2 FE7 S4B
GEOMETRY cm BOND 2 .3 5 0 .0 2 MOl S IB
GEOMETRY cm BOND 2 .3 5 0 .0 2 MOl S3B
GEOMETRY cm BOLD 2 .3 5 0 .0 2 MOl S4B
GEOMETRY cm ANGLE 1 2 5 .0  5 .0 S IB FE5 S3A
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GEOMETRY CIM 
GEOMETRY CIM 
GEOMETRY CLM 
GEOMETRY CLM 
GEOMETRY CLM

GEOMETRY CLM 
GEOMETRY CLM 
GEOMETRY CLM 
GEOMETRY CLM 
GEOMETRY CLM 
GEOMETRY CIM

GEOMETRY CLM 
GEOMETRY CLM 
GEOMETRY CLM 
GEOMETRY CLM 
GEOMETRY CLM 
GEOMETRY CIM 
GEOMETRY CLM 
GEOMETRY CIM 
GEOMETRY CLM 
GEOMETRY CLM
REMARK GEOMETRY CIM  PLANE 4 0 . 0 2  PE5 S IB  MOl S4B
REMARK GEOMETRY CLM PLANE 4 0 . 0 2  FE 7 S3B  MOl S4B
REMARK GEOMETRY CLM PLANE 4 0 .0 2  FE6 S lB  MOl S3B

GEOMETRY L IG 7 BCWD 2 . 3 1  0 .0 2 SG +FE1
GEOMETRY L IG 7 ANGLE 1 1 0 .5  5 .0 CB SG +FE1
GEOMETRY L IG 8 BOND 2 .1 0  0 .0 5 ND1 +M01
GEOMETRY L IG 8 ANGLE 1 4 2 .2  5 .0 CG ND1 +M01
GEOMETRY L IG 8 ANGLE 1 0 8 .5  5 . 0 CE1 ND1 +M01
GEOMETRY L IG 9 BOND 2 .1 0  0 .0 5 0 7 +M01
GEOMETRY L IG 9 BCWD 2 . 1 0  0 .0 5 0 5 +M01
GEOMETRY L IG 9 ANGLE 1 1 6 .6  5 . 0 C3 0 7  +MOI
GEOMETRY L IG 9 ANGLE 1 1 0 .4  5 . 0 C7 0 5  +M01

TNT P-cluster Pair Geometry Definition

GEOMETRY CLP BOMD 2 .3 1  0 . 0 2 F E l S lA
GEOMETRY CLP BCWD 2 .3 1  0 .0 2 F E l S2A
GEOMETRY CLP BCWD 2 .3 1  0 . 02 F E l S4A
GEOMETRY CLP BCWD 2 .3 1  0 . 0 2 FE2 S lA
GEOMETRY CLP BCWD 2 .3 1  0 .0 2 FE2 S2A
GEOMETRY CLP BCWD 2 .3 1  0 . 02 FE2 S3A
GEOMETRY CLP BCWD 2 .3 1  0 . 02 FE3 S2A
GEOMETRY CLP BCWD 2 .3 1  0 . 02 FE3 S3A
GEOMETRY CLP BCWD 2 .3 1  0 . 02 FE3 S4A
GEOMETRY CLP BCWD 2 .3 1  0 . 0 2 FE4 S lA
GEOMETRY CLP BCWD 2 .3 1  0 . 02 FE4 S3 A
GEOMETRY CLP BCWD 2 .3 1  0 . 02 FE4 S4A
GEOMETRY CLP ANGLE 1 0 4 .0  3 . 0 S1A F E l S2A
GEOMETRY CLP ANGLE 1 0 4 .0  3 .0 S1A F E l S4A
GEOMETRY CLP ANGLE 1 0 4 .0  3 .0 S2A F E l S4A
GEOMETRY CLP ANGLE 1 0 4 .0  3 .0 S lA FE 2 S2A
GEOMETRY CLP ANGLE 1 0 4 .0  3 .0 S lA FE2 S3A
GEOMETRY CLP ANGLE 1 0 4 .0  3 .0 S2A FE 2 S3A

GEOMETRY CLP ANGLE 1 0 4 .0  3 .0 S2A FE3 S3A
GEOMETRY CLP ANGLE 1 0 4 .0  3 .0 S2A FE3 S4A

ANGLE 1 0 4 .0 3 . 0 S IB FES S4B
ANGLE 1 2 5 ,0 5 . 0 S3 A FE5 S4B
ANGLE 1 2 5 .0 5 . 0 S IB FES S2B
ANGLE 1 0 4 ,0 3 . 0 S IB FES S3B
ANGLE 1 2 5 .0 5 . 0 S2B FE6 S3B

ANGLE 1 2 5 .0 5 . 0 S5A FE 7 S3B
ANGLE 1 2 5 .0 5 .0 S5A FE7 S4B
ANGLE 1 0 4 .0 3 . 0 S3B FE7 S4B
ANGLE 9 8 .0  3 . 0  S IB  MOl S3B
ANGLE 9 8 .0  3 . 0  S IB  MOl S4B
ANGLE 9 8 .0  3 . 0  S3B  MOl S4B

ANGLE 7 5 .0 3 .0 FES S IB FES
ANGLE 7 8 ,0 3 . 0 FE5 S IB MOl
ANGLE 7 8 . 0 3 . 0 FES S IB  MOl
ANGLE 9 0 .0 5 . 0 FE2 S2B FES
ANGLE 7 5 .0 3 . 0 FES S3B FE7
ANGLE 7 8 .0 3 . 0 FES S3B MOl
ANGLE 7 8 .0 3 . 0 FE7 S3B MOl
ANGLE 7 5 .0 3 . 0 FE 5 S4B FE7
ANGLE 7 8 . 0 3 . 0 FES S4B  MOl
ANGLE 7 8 .0 3 .0 FE7 S4B MOl
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GEOMETRY CLP ANGLE 1 0 4 .0 3 . 0 S3A FE3 S4A
GEOMETRY CLP ANGLE 1 0 4 .0 3 . 0 S lA FE4 S3 A
GEOMETRY CLP ANGLE 1 0 4 .0 3 . 0 S lA FE4 S4A
GEOMETRY CLP ANGLE 1 0 4 .0 3 .0 S3A FE4 S4A

GEOMETRY CLP ANGLE 7 5 .0 3 . 0 F E l S lA FE2
GEOMETRY CLP ANGLE 7 5 .0 3 . 0 F E l S lA FE4
GEOMETRY CLP ANGLE 7 5 .0 3 . 0 FE2 S lA FE4
GEOMETRY CLP ANGLE 7 5 .0 3 . 0 F E l S2A FE2
GEOMETRY CLP ANGLE 7 5 . 0 3 . 0 F E l S2A FE3
GEOMETRY CLP ANGLE 7 5 .0 3 . 0 FE2 S2A FE3

GEOMETRY CLP ANGLE 7 5 .0 3 . 0 FE2 S3 A FE3
GEOMETRY CLP ANGLE 7 5 .0 3 . 0 FE2 S3 A FE4
GEOMETRY C LP ANGLE 7 5 . 0 3 . 0 FE3 S3 A FE4
GEOMETRY CLP ANGLE 7 5 .0 3 . 0 F E l S4A FE3
GEOMETRY CLP ANGLE 7 5 .0 3 . 0 F E l S4A FE4
GEOMETRY CLP ANGLE 7 5 .0 3 . 0 FE3 S4A FE4

REMARK GEDMETRY CLP PLANE 4 0 .0 2 F E l S2A FE3 S4A
REMARK GECMETRY CLP PLANE 4 0 .0 2 F E l S lA FE4 S4A
REMARK GECMETRY CLP PLANE 4 0 .0 2 F E l S lA FE2 S2A
REMARK GEOMETRY CLP PLANE 4 0 .0 2 FE3 S3A FE4 S4A
REMARK GEOMETRY CLP PLANE 4 0 .0 2 FE2 S2A FE3 S3 A
REMARK GECMETRY CLP PLANE 4 0 .0 2 FE2 S lA FE4 S3 A

GEOMETRY CLP BOND 2 . 3 1 0 . 0 2 FE5 S IB
GECMETRY CLP BCND 2 . 3 1 0 . 0 2 FE5 S2B
GECMETRY CLP BOND 2 .3 1 0 . 02 FE5 S4B
GEOMETRY CLP BCND 2 .3 1 0 . 0 2 FE6 S IB
GECMETRY CLP BCND 2 .3 1 0 . 0 2 FE6 S2B
GECMETRY CLP BCND 2 .3 1 0 . 02 FE6 S3B
GEOMETRY CLP BCND 2 .3 1 0 .0 2 FEN S2B
GEOMETRY CLP BCND 2 .3 1 0 . 0 2 FE7 S3B
GECMETRY C LP BCND 2 .3 1 0 . 02 FE7 S4B
GEOMETRY CLP BCND 2 .3 1 0 . 02 FES S IB
GEOMETRY CLP BCND 2 .3 1 0 . 0 2 FE8 S3B
GEOMETRY CLP BCND 2 . 3 1 0 .0 2 FES S4B
GECMETRY CLP ANGLE 1 0 4 .0 3 .0 S IB FE5 S2B
GEDMETRY CLP ANGLE 1 0 4 .0 3 . 0 S IB FEB S4B
GEOMETRY CLP ANGLE 1 0 4 .0 3 .0 S2B FES S4B
GECMETRY CLP ANGLE 1 0 4 .0 3 .0 S IB FES S2B
GEOMETRY CLP ANGLE 1 0 4 .0 3 .0 S IB FES S3B
GEDMETRY CLP ANGLE 1 0 4 .0 3 .0 S2B FES S3B

GECMETRY CLP ANGLE 1 0 4 .0 3 .0 S2B FE7 S3B
GECMETRY CLP ANGLE 1 0 4 .0 3 .0 S2B FE7 S4B
GECMETRY CLP ANGLE 1 0 4 .0 3 .0 S3B FE 7 S4B
GEOMETRY CLP ANGLE 1 0 4 .0 3 .0 S IB FE8 S3B
GECMETRY CLP ANGLE 1 0 4 .0 3 .0 S IB FE8 S4B
GEOMETRY CLP ANGLE 1 0 4 .0 3 .0 S3B FE8 S4B

GEOMETRY CLP ANGLE 7 5 .0 3 .0 FE5 S IB FES
GEDMETRY CLP ANGLE 7 5 .0 3 .0 FE5 S IB FE8
GEOMETRY CLP ANGLE 7 5 .0 3 .0 FES S IB FE8
GEOMETRY CLP ANGLE 7 5 . 0 3 .0 FE5 S2B FES
GECMETRY CLP ANGLE 7 5 .0 3 .0 FE5 S2B FE 7
GEOMETRY CLP ANGLE 7 5 .0 3 .0 FES S2B FE7

GECMETRY CLP ANGLE 7 5 .0 3 .0 FES S 3B FE 7
GEDMETRY CLP ANGLE 7 5 .0 3 .0 FES S3B FES
GEDMETRY CLP ANGLE 7 5 .0 3 .0 FE7 S3B FE8
GECMETRY CLP ANGLE 7 5 .0 3 .0 FEB S4B FE 7
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GEOMETRY CLP ANGLE 7 5 . 0 3 . 0 PE5 S4B  FE8
GECMETRY CLP ANGLE 7 5 ..0  3 . 0 FE 7 S 4B  FES
REMARK GEOMETRY CLP PLANE 4 0 .0 2  FE5 S2B FE 7 S4B
REMARK GEOMETRY CLP PLANE 4 0 .0 2  FES S IB FES S4B
REMARK GEOMETRY CLP PLANE 4 0 . 0 2  FEB S IB FE6 S2B
REMARK GECMETRY CLP PLANE 4 0 .0 2  FE7 S3B FES S4B
REMARK GECMETRY CLP PLANE 4 0 .0 2  FE6 S2B FE7 S3B
REMARK GEOMETRY CLP PLANE 4 0 .0 2  FE 6 S IB FES S3B

GEOMETRY L IG 1 BCWD 2 .3 1 0 .0 2 SG +FE3
GECMETRY L IG 1  ANGLE 1 1 0 . 5 . CB SG +FE3

GEOMETRY L IG 2 BCND 2 .3 1 0 .0 5 SG +FE4
GECMETRY L IG 2 BOND 2 .3 1 0 .0 5 SG +FE5
GEOMETRY L IG 2 ANGLE 1 2 5 . 5 . CB SG +FE4
GECMETRY L IG 2  ANGLE 1 2 5 . 5 . CB SG +FE5

GEOMETRY L IG 3 BOND 2 .3 1 0 .0 2 SG +FE2
GECMETRY L IG 3 ANGLE 1 4 5 .  £1 5 . CB SG +FE2

GEOMETRY L IG 4 BCWD 2 .3 1 0 .0 2 SG +FE7
GECMETRY L IG 4 ANGLE 1 1 0 . 5 . CB SG +FE7

GEOMETRY L IG 5 BCWD 2 .3 1 0 .0 5 SG +FE1
GECMETRY L IG 5 BCND 2 .3 1 0 .0 5 SG +FE8
GECMETRY L IG 5 ANGLE 1 2 5 . 5 . CB SG +FE1
GEOMETRY L IG 5 ANGLE 1 2 5 . 5 . CB SG +FE8

GEOMETRY L IG 6 BOND 2 . 3 1 0 .0 2 SG +FE6
GEOMETRY L IG 6 ANGLE 1 6 2 .1 . 5 . CB SG +FE6

GECMETRY L IG a BOND 2 . 2 0  0 .0 5 OG +FE6
GEDMETRY L IG a ANGLE 1 0 9 .5 5 .0 CB OG +FE6

TNT Homocitrate Geometry Definition

GECMETRY C IT BOND 1 .3 2  0 .0 2 C5 O l
GEOMETRY C IT BCWD 1 .3 2  0 .0 2 C5 0 2
GECMETRY C IT BCND 1 .4 5  0 .0 2 C5 C l
GECMETRY C IT BOND 1 .4 5  0 .0 2 C l C2
GEOMETRY C IT BCND 1 . 4 5  0 .0 2 C2 C3
GEDMETRY C IT BCND 1 .4 5  0 .0 2 C3 C4
GEOMETRY C IT BOND 1 .4 5  0 .0 2 C3 C7
GECMETRY C IT BCND 1 .3 2  0 .0 2 C3 0 7
GECMETRY C IT BOND 1 .3 2  0 .0 2 C6 0 3
GEOMETRY C IT BOND 1 .3 2  0 .0 2 C6 0 4
GECMETRY C IT BOND 1 .3 2  0 .0 2 C7 0 5
GEOMETRY C IT BCWD 1 .3 2  0 .0 2 C7 0 6
GEOMETRY C IT BCWD 1 .4 5  0 .0 2 C4 C6

GECMETRY C IT ANGLE 1 1 7 .5  3 . 0 0 1 C5 0 2
GEOMETRY C IT ANGLE 1 2 1 .1  3 . 0 O l C5 C l
GECMETRY C IT ANGLE 1 2 1 .5  3 . 0 0 2 C5 C l
GECMETRY C IT ANGLE 1 1 0 .0  3 . 0 C l C2 C3
GECMETRY C IT ANGLE 1 1 0 .0  3 . 0 C2 C3 C4
GEOMETRY C IT ANGLE 1 0 8 .0  3 . 0 C4 C3 0 7
GEOMETRY C IT ANGLE 1 1 0 .0  3 .0 C2 C3 C7
GEOMETRY C IT ANGLE 1 0 8 .0  3 . 0 0 7 C3 C7
GEDMETRY C IT ANGLE 1 2 1 .1  3 . 0 C3 C7 0 5
GECMETRY C IT ANGLE 1 2 1 .1  3 .0 C3 C 7 0 6
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GECMETRY C IT  ANGLE 
GEDMETRY C IT  ANGLE 
GEOMETRY C IT  ANGLE 
GECMETRY C IT  ANGLE 
GEOMETRY C IT  ANGLE 
GEOMETRY C IT  ANCLE 
GECMETRY C IT  ANGLE

1 1 7 .5  3 . 0  0 5  C7 0 6
1 1 0 .0  3 . 0  C3 C4 C6
1 2 1 .1  3 . 0  C4 C 6 0 3
1 2 1 .1  3 . 0  C4 C 6 0 4
1 1 7 .5  3 . 0  0 3  C6 04
1 0 8 .0  3 . 0  C2 C3 0 7
1 1 0 .0  3 . 0  C4 C3 C7
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A ppendix 2

XPLOR MoFe Clusters Topology Definition

{* T o p o lo g y  i n f o r m a t i o n  f o r  A . v i n l a n d i i  r r o f e  m e t a l  c e n t e r s * }
{ R e a d  t o p o l o g y  f i l e  }

{* n ow  w e a p p e n d  t h e  f a n o  c o f a c t o r ,  p  c l u s t e r  a n d  h c m o c i t r a t e  *} 
a u t o g e n e r a t e  a n g l e s = t r u e  e n d

m a s s
m a s s
m a s s
mass
m a s s
m a s s
m a s s
m a s s
m a s s
m a s s
m a s s
m a s s
m a s s
m a s s
m a s s
m a s s
m a s s
m a s s
m a s s
m a s s
m a s s
m a s s
m a s s
m a s s
m a s s
m a s s
m a s s
m a s s
m a s s

S  3 2 .0 6 0 0  
S I  3 2 .0 6 0 0
5 3  3 2 .0 6 0 0
54  3 2 .0 6 0 0  
SU 3 2 .0 6 0 0  
SG 3 2 .0 6 0 0  
SM 3 2 .0 6 0 0  
SA 3 2 .0 6 0 0  
SB 3 2 .0 6 0 0  
SC 3 2 .0 6 0 0  
SD 3 2 .0 6 0 0
5 5  3 2 .0 6 0 0  
ST 3 2 .0 6 0 0  
FE 5 5 .8 4 7  
F E l 5 5 .8 4 7  
FE2 5 5 .8 4 7  
MO 9 5 .9 4
N  1 4 .0 0 7  
M l 1 4 .0 0 7  
C 1 2 .0 1 1  
OX 1 5 .9 9 9  
OY 1 5 .9 9 9  
0 2  1 5 .9 9 9  
CV 1 5 .9 9 9  
OG 1 5 .9 9 9  
MG 2 4 .3 1 0  
AC 4 0 .0 8  
HT 1 .0 0 8  
OT 1 5 .9 9 9 4

{* t h i s  m ay  n o t  b e  n e c e s s a r y ,  i f  t h e s e

(*  t h i s  i s  f o r  b r i d g i n g  s u l f u r

{* t h i s  i s  f o r  b r i d g i n g  s u l f u r

{* t h i s  i s  f o r  b r i d g i n g  s u l f u r

t* t h i s  i s  f o r  b r i d g i n g  s u l f u r  
{* a r e  a l r e a d y  i n  T O PH I9X . FRO

*}
*}

p r e s i d u e  H IS E {* t o  re m o v e  H o n  M i l  *}
m o d i f y  a tc m CB ty p e= C H 2 E c h a r g e = 0 . 0 e n d
m o d i f y  a to m CG ty p e = C c h a r g e = 0 .1 0 e n d
m o d i f y  a t c m ND1 ty p e= N D c h a r g e s 0 .0 0 e n d
m o d i f y  a tc m CE1 ty p e = C R lE c h a r g e ^ 0 .3 0 e n d
m o d i f y  a tc m CD2 ty p e = C R lE c h a r g e = 0 .1 0 e n d
m o d i f y  a t c m NE2 ty p e = N H l c h a r g e =-- 0 .4 0 e n d
m o d i f y  a t c m HE2 ty p e = H c h a r g e ^ 0 .3 0 e n d
d e l e t e  a tc m HD1 e n d
a d d  a c c e p t o r MD1 i.

e n d  (H IS E J

p r e s i d u e  SERE {* t o  re m o v e  H o n  OG *}
m o d i f y  a to m  OG ty p e = 0 G  c h a r g e = 0 . 0  e n d
d e l e t e  a to m  HG e n d
a d d  a c c e p t o r  OG " "

e n d  {SERE}

R E S Id u e  CSH 
GROEfp

ATOM N TYPE=NH1 C H A R g e = -0 .3 5  END
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ATOM H TYPE=H CHARge= 0 .2 5 END
ATCM CA TYPE=CH1E CHARge= 0 .1 0 END
ATCM CB TYPE=CH2E CHARge= 0 .1 9 END
ATOM SG TYPE=S C H A R ge=-0 .1 9 END
A T M  C W EE=C CHARge= 0 .5 5 END I#
ATCM O TYPE=0 C H A R ge= -0 .55 END ! #

BCND N CA
BCWD CA C
BCND C O
BCND N H
BCND CA CB
BCND CB SG

D IH E d ra l N

IM F R oper CA

DCNOr H N
A C C E ptor O C

CA CB SG

N C CB [ t e t r a h e d r a l  CA

END {CSH}

R E S Id u e  CLM

GROUP
ATCM F E l 
ATOM FE2 
ATCM FE3 
ATCM FE4 
ATCM FE5 
ATCM FE6 
ATCM FE7 
ATOM MOl 
ATCM S lA  
ATCM S2A 
ATOM S3A 
ATCM S4A 
ATCM S IB  
ATOM S2B 
ATOM S3B 
ATCM S4B 
ATCM S5A

{* g e n e r a t e  t h e  c l u s t e r  i t s e l f  *} 
{* t h e  nam e  CLM h a s  t o  m a tc h  w h a t  y o u ' r e  u s i n g  *} 
{* f o r  t h e  r e s i d u e  nam e  i n  t h e  c o o r d i n a t e  f i l e  *>

t y p e  F E l c h a r g e  0 . 0  e n d  
t y p e  FE2 c h a r g e  0 .0  e n d
t y p e  FE2 c h a r g e  0 . 0  e n d
t y p e  FE2 c h a r g e  0 . 0  e n d
t y p e  FE2 c h a r g e  0 . 0  e n d
t y p e  FE2 c h a r g e  0 . 0  e n d
t y p e  FE2 c h a r g e  0 . 0  e n d
t y p e  MO c h a r g e  0 . 0  e n d

t y p e  S c h a r g e  0 .0  e n d
t y p e  S c h a r g e  0 . 0  e n d
t y p e  SU c h a r g e  0 . 0  e n d
t y p e  S c h a r g e  0 .0  e n d
t y p e  S I  c h a r g e  0 . 0  e n d
t y p e  SU c h a r g e  0 . 0  e n d
t y p e  S3 c h a r g e  0 .0  e n d
t y p e  S4 c h a r g e  0 . 0  e n d
t y p e  SU c h a r g e  0 . 0  e n d

b o n d F E l S lA b o n d F E l S2A b o n d F E l S4A
b o n d FE2 S lA b o n d FE2 S2A b o n d FE2 S2B
b o n d FE3 S2A b o n d FE3 S5A b o n d FE3 S4A
b o n d FE4 S lA b o n d FE4 S3A b o n d FE4 S4A
b o n d FE5 S IB b o n d FES S3A b o n d FES S4B
b o n d FES S IB b o n d FE6 S2B b o n d FES S3B
b o n d FE7 S5A b o n d FET7 S3B b o n d FE7 S4B
b o n d MOl S IB b o n d MOl S3B b o n d MOl S4B
b o n d FE4 FE5 b o n d FE3 FE7 b o n d FE2 FE6

{* t h e s e  a r e  c o n n e c t i v i t i e s  *}

END

R E S Id u e  CLP {* p - c l u s t e r  *}

GROUP
ATCM F E l 
ATCM FE2 
A T M  FE3 
ATCM FE4

t y p e  FE 
t y p e  FE 
t y p e  FE 
t y p e  FE

c h a r g e  0 . 0  e n d  
c h a r g e  0 .0  e n d  
c h a r g e  0 . 0  e n d  
c h a r g e  0 . 0  e n d
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ATCM FES t y p e  FE c h a r g e 0 .0 e n d
ATCM FES t y p e  FE c h a r g e 0 .0 e n d
ATOM FE7 t y p e  FE c h a r g e 0 .0 e n d
ATCM EE8 t y p e  FE c h a r g e 0 .0 e n d
ATOM S lA t y p e  SA c h a r g e 0 .0 e n d
ATOM S2A t y p e  SB c h a r g e 0 .0 e n d
ATCM S3 A t y p e  SC c h a r g e 0 .0 e n d
ATOM S4A t y p e  SD c h a r g e 0 .0 e n d
ATOM S IB t y p e  SA c h a r g e 0 .0 e n d
ATCM S2B t y p e  SB c h a r g e 0 .0 e n d
ATCM S3B t y p e  SC c h a r g e 0 .0 e n d
ATOT S4B t y p e  SD c h a r g e 0 .0 e n d

b o n d F E l S lA  b o n d F E l  S2A b o n d  F E l S4A
b o n d FE2 S lA  b o n d FE2 S2A b o n d  FE2 S3 A
b o n d FE3 S2A b o n d FE3 S3A b o n d  FE3 S4A
b o n d FE4 S lA  b o n d FE4 S3A b o n d  FE4 S4A
b o n d FE5 S IB  b o n d FES S2B b o n d  FES S4B
b o n d FES S IB  b o n d FES S2B b o n d  FES S3B
b o n d FE7 S2B  b o n d FED S3B b o n d  FE7 S4B
b o n d FES S IB  b o n d FE8 S3B b o n d  FES S4B

END

R E S Id u e  C IT {* h c m o c i t r a t e  *}

GROUp
ATOT C l t y p e CH2E c h a r g e  0 . 0 e n d
ATCM C2 t y p e CH2E c h a r g e  0 . 0 e n d
ATOM C3 t y p e CT c h a r g e  0 .0 e n d
ATOM C4 t y p e CH2E c h a r g e  0 . 0 e n d
ATCM C5 t y p e C c h a r g e  0 . 0 e n d
ATCM C6 t y p e C c h a r g e  0 .0 e n d
ATOM C7 t y p e C c h a r g e  0 . 0 e n d
ATCM O l t y p e OY c h a r g e  0 . 0 e n d
ATCM 0 2 t y p e OY c h a r g e  0 .0 e n d
a t ™ 03 t y p e OY c h a r g e  0 .0 e n d
ATOM 0 4 t y p e OY c h a r g e  0 . 0  e n d
ATOM 05 t y p e OV c h a r g e  0 .0  e n d
ATOM 0 6 t y p e OZ c h a r g e  0 . 0 e n d
ATCM 0 7 t y p e OX c h a r g e  0 . 0  e n d

b o n d C5 0 1  b o n d  C5 0 2  b o n d  C5 C l
b o n d C l C2 b o n d  C2 C3 b o n d  C4 C6
b o n d C3 C4 b o n d  C3 C7 b o n d  C3 0 7
b o n d C6 0 3  b o n d  C6 0 4  b o n d  C7 OS
b o n d C7 0 6

IM P R oper C3 0 7  C4 C7

END

R E S Id u e  MG2 { Mg i o n  }

GROUp
ATCM MG t y p e  MG c h a r g e  + 2 .0  e n d  

END

R E S Id u e  AC2 { C a  i o n  }

GROUp
ATCM AC t y p e  AC c h a r g e  + 2 .0  e n d  

END
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R E S Id u e  SOL 
GROUp

ATOM OH TYPE=OT C H A R g e= -0 .8 3 4  END
ATCM H I TYPE=HT C H A R g e= 0 .4 1 7  END
ATCM H2 TYPE=HT C H A R g e= 0 .4 1 7  END

e n d

P R E s id u e  PCLM 
GROOp

M O D Ify ATCM 7CB C H A R ge= 0 .00  END
M O D Ify ATCM 7SG TYPE=SG C H A R ge= 0 .00  END

GROOp
M O D Ify ATOM 8ND1 TYPE=ND CHARge=Q.0 0  END

GROUp
M O D Ify ATOM 90 5 TTFE=OV C H A R ge= 0 .00  END
M O D Ify ATOM 90 7 TYFE=OX C H A R ge= 0 .00  END

ADD BCND 6 F E l 7SG
ADD BCND 6M01 8ND1
ADD BCND GMOl 90 5
ADD BCND 6MQ1 90 7

ADD ANGLe 7CB 7SG 6FE1 ADD ANGLe 8CG 8ND1 6M01
ADD ANGLe 8C E1 8ND1 6 MOl ADD ANGLe 9C3 9 0 7  6M01
ADD ANGLe 9C7 9 0 5  6M01

ADD ANGLe 7SG  6FE1 6S1A  ADD ANGLe 7SG 6F E 1 6S2A
ADD ANGLe 7SG  6FE 1 6S4A

ADD ANGLe 8ND1 6M01 6S 1B  ADD ANGLe 8ND1 6M01 6S3B
ADD ANGLe 8ND1 6M01 6S 4B

ADD ANGLe 9 0 5  6M01 6S1B  ADD ANGLe 9 0 5  6M01 6S3B
ADD ANGLe 9 0 5  6M01 6S4B

ADD ANGLe 9 0 7  6M01 6S1B  ADD ANGLe 9 0 7  6M01 6S3B
ADD ANGLe 9 0 7  6M01 6S4B

END

P R E s id u e  PCLP
G fO Jp

M O D Ify ATOM 1CB C H A R ge=0.0 0  END
M O D Ify ATOM 1SG TYPE=SG C H A R ge= 0 .00  END

GROUp
M O D Ify ATCM 2CB C H A R ge=0.0 0  END
M O D Ify ATCM 2SG TYPE=SM C H A R ge=0,0 0  END

GRCUp
M O D Ify ATOM 3CB C H A R ge= 0 .00  END
M O D Ify ATCM 3SG TYPE=SS C H A R ge= 0 .00  END

GROUp
M O D Ify ATOM 4CB C H A R ge=0.0 0  END
M O D Ify ATCM 4SG TYPE=SG C H A R ge=0.0 0  END

GROUp
M O D Ify ATOM 5CB C H A R ge=0.0 0  END
M O D Ify ATOM 5SG TYPE=SM C H A R ge=0.G 0 END

GROUp
M O D Ify ATOM 6CB C H A R ge=0.0 0  END
M O D Ify ATOM 6SG TYPE=ST C H A R ge= 0 .00 END

GROUp
M O D Ify ATCM 7CB C H A R ge=0.0 0  END
M O DIfy ATOM 70G TYPE=OG C H A R ge= 0 .00 END

ADD BCND 8 FEB 1SG
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ADD BCND 8FE4 2SG
ADD BCND 8FE 5 2SG
ADD BCND 8FE2 3SG
ADD BCND 8FE7 4SG
ADD BCND 8 f e 8 5SG
ADD BCND 8FE 1 5SG
ADD BCND 8FE 6 6SG
ADD BOND 8FE 6 70G

ADD ANGLe 
ADD ANGLE 
ADD ANGLe 
ADD ANGLE 
ADD ANGLE

1CB
2CB
4CB
5CB
7CB

1SG
2SG
4SG
5SG
70G

8FE3 
8FE 5 
8FE7 
8 FES 
8 FES

ADD ANGLe 
ADD ANGLe 
ADD ANGLE 
ADD ANGLE

2CB
3CB
5CB
6CB

2SG 8FE4 
3SG 8FE2 
5SG 8 F E l 
6SG 8FE 6

ADD ANGLe 
ADD ANGLe

1SG
1SG

8FE 3
8FE3

8S2A
8S4A

ADD ANGLe 1SG 8FE3 8S3A

ADD ANGLe 
ADD ANGLe

2SG
2SG

8FE4
8FE 4

8S1A
8S4A

ADD ANGLe 2SG 8FE4 8S3A

ADD ANGLe 
ADD ANGLe

2SG
2SG

8FE 5
8FE 5

8S1B
8S4B

ADD ANGLe 2SG 8 FES 8S2B

ADD ANGLe 
ADD ANGLe

3SG
3SG

8FE 2
8FE 2

8S2A
8S3A

ADD ANGLe 3SG 8FE2 8S2A

ADD ANGLe 
ADD ANGLe

4SG
4SG

8FE 7
8FE 7

8S2B
8S4B

ADD ANGLe 4SG 8FET7 8S3B

ADD ANGLe 
ADD ANGLe

5SG
5SG

8FE 1
8FE 1

8S1A
8S4A

ADD ANGLe 5SG 8 F E l 8S2A

ADD ANGLe 
ADD ANGLe

5SG
5SG

8 FES 
8 FES

8S1B
8S4B

ADD ANGLe 5SG 8FE 8 8S3B

ADD ANGLe 
ADD ANGLe

6SG
6SG

8FE 6
8FE 6

8S1B
8S3B

ADD ANGLe 6SG 8FEG 8S2B

ADD ANGLe 
ADD ANGLe

70G
70G

8FE 6
8FE 6

8S1B
8S3B

ADD ANGLe 70G 8FE6 8S2B

END

XPLOR MoFe Clusters Bond Distance and Angle Parameter

r e m a r k  [ p a r a i r a t e r  f i l e  o f  m o fe  c o f a c t o r s }
s e t  e c h o ^ f a l s e  e n d

{* a p p e n d  p a r a m e t e r s  f o r  m e t a l  c l u s t e r  *} 
b o n d s  S F E l 5 0 0 .0  2 .3 1  
b o n d s  S FE2 5 0 0 .0  2 .3 1  
b o n d s  S I  FE2 5 0 0 .0  2 . 3 1  {CIM & C LP] 
b o n d s  S3 FE2 5 0 0 .0  2 .3 1  
b o n d s  S4 FE2 5 0 0 .0  2 .3 1  
b o n d s  S I  MO 5 0 0 .0  2 .3 5  
b o n d s  S3  MO 5 0 0 .0  2 .3 5  
b o n d s  S4  MO 5 0 0 .0  2 . 3 5  
b o n d s  SO FE2 5 0 0 .0  2 . 3  
b o n d s  FE2 N 5 0 0 .0  2 .3 0  
b o n d s  FE2 FE2 5 0 0 .0  2 . 5 0
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b o n d s  FE  SA 5 0 0 .0  2 .3 1  
b o n d s  FE  SB 5 0 0 .0  2 .3 1  
b o n d s  FE SC 5 0 0 .0  2 .3 1  
b o n d s  FE  SD 5 0 0 .0  2 .3 1

b o n d s  SG FE 5 0 0 ,0 0  2 .3 1  {PCLM & PCLP}
b o n d s  SG F E l 5 0 0 .0 0  2 .3 1
b o n d s  SM FE 5 0 0 .0 0  2 .3 1
b o n d s  S S  FE 5 0 0 .0 0  2 .3 1
b o n d s  ST  FE  5 0 0 .0 0  2 .3 1
b o n d s  OX MO 5 0 0 .0 0  2 .2 0
b o n d s  OV MO 5 0 0 .0 0  2 .2 0
b o n d s  HD MO 5 0 0 .0 0  2 .2 0
b o n d s  OG F E  5 0 0 .0 0  2 .2 0
b o n d s  CH2E SG 5 0 0 .0 0  1 .8 1
b o n d s  CH2E SM 5 0 0 .0 0  1 .8 1
b o n d s  CH2E SS  5 0 0 .0 0  1 .8 1
b o n d s  CH2E ST 5 0 0 .0 0  1 .8 1
b o n d s  C ND 5 0 0 .0 0  1 .3 3
b o n d s  C R lE  HD 5 0 0 .0 0  1 .3 0 5
b o n d s  CH2E CG 5 0 0 .0 0  1 .4 2

b o n d s  CH2E CT 5 0 0 .0 0  1 .5 3  
b o n d s  CT C 5 0 0 .0 0  1 .5 3  
b o n d s  CT OX 5 0 0 .0  1 ,4 3  {CIT} 
b o n d s  C OX 5 0 0 .0  1 .4 3  
b o n d s  C O V  5 0 0 .0  1 .4 3  
b o n d s  C OZ 5 0 0 .0  1 .2 0  
b o n d s  C OY 5 0 0 .0  1 .3 0

b o n d s  HT OT 4 5 0 .0  0 .9 5 7 2

a n g l e s  S F E l S  7 0 .0  1 0 4 .0  {CLM & CLP}
a n g l e s  S FE2 S 7 0 . 0  1 0 4 .0
a n g l e s  F E l S FE2 7 0 .0  7 5 .0
a n g l e s  FE 2 S FE2 7 0 . 0  7 5 .0
a n g l e s  S I  MO S3 7 0 . 0  9 8 .0
a n g l e s  S I  MO S4  7 0 . 0  9 8 .0
a n g l e s  S3  MO S 4  7 0 . 0  9 8 .0
a n g l e s  FE2 SU FE2 7 0 . 0  7 1 .0
a n g l e s  FE2 N FE2 7 0 . 0  9 5 .0
a n g l e s  S  FE2 N 7 0 .0  1 2 5 .0
a n g l e s  S3  FE2 N 7 0 . 0  1 4 0 .0
a n g l e s  S4  FE2 N 7 0 . 0  1 1 0 .0
a n g l e s  S I  FE 2 S4  7 0 .0  1 0 4 .0
a n g l e s  S I  FE2 S3  7 0 . 0  1 0 4 .0
a n g l e s  S3  FE2 S4  7 0 . 0  1 0 4 .0
a n g l e s  FE2 S I  FE2 7 0 .0  7 5 .0
a n g l e s  FE 2 S3 FE 2 7 0 . 0  7 5 .0
a n g l e s  FE2 S4 FE2 7 0 .0  7 5 .0
a n g l e s  FE2 S I  MO 7 0 .0  7 8 .0
a n g l e s  FE 2 S3 MO 7 0 . 0  7 8 .0
a n g l e s  FE2 S4  MO 7 0 . 0  7 8 .0
a n g l e s  S  FE2 SU 7 0 .0  1 2 5 .0
a n g l e s  S I  FE2 SU 7 0 . 0  1 2 0 .0
a n g l e s  S3  FE 2 SU 7 0 . 0  1 2 0 .0
a n g l e s  S 4  FE2 SU 7 0 . 0  1 2 0 .0

a n g l e s  S  FE 2 FE 2 7 0 .0  1 2 3 .0  
a n g l e s  S I  FE2 FE2 7 0 .0  1 2 4 .0  
a n g l e s  S3  FE2 FE2 7 0 . 0  1 2 5 .0  
a n g l e s  S4  FE2 FE2 7 0 . 0  1 2 4 .0  
a n g l e s  SU FE2 FE2 7 0 .0  5 4 .5
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a n g l e s W FE2 FE2 7 0 ,.0  4 2 .-

a n g l e s SA FE SB 7 0 .0 1 0 4 .0
a n g l e s SA FE SC 7 0 .0 1 0 4 .0
a n g l e s SA FE SD 7 0 .0 1 0 4 .0
a n g l e s SB FE SC 7 0 .0 1 0 4 .0
a n g l e s SB FE SD 7 0 .0 1 0 4 .0
a n g l e s SC FE SD 7 0 .0 1 0 4 .0
a n g l e s FE SA FE 7 0 . 0 7 5 . 0
a n g l e s FE SB FE 7 0 .0 7 5 .0
a n g l e s FE. SC FE 7 0 . 0 7 5 . 0
a n g l e s FE SD FE 7 0 .0 7 5 .0

a n g l e s CH2E SG FE 7 0 . 0 1 0 9 .5
a n g l e s CH2E SG F E l 7 0 .0 1 0 9 .5
a n g l e s CH2E SM FE 7 0 . 0 1 2 5 .0
a n g l e s CH2E SS  FE 7 0 .0 1 5 1 ,0
a n g l e s CH2E ST FE 7 0 . 0 1 5 8 .4
a n g l e s CR1E ND MO 7 0 . 0 1 0 5 .8
a n g l e s C ND MO 7 0 .0 1 2 5 .9
a n g l e s CH2E OG FE 7 0 .0 1 0 0 .0
a n g l e s C OV MO 7 0 .0 1 1 0 .6
a n g l e s CT OX MO 7 0 . 0 1 1 6 .6
a n g l e s ND MO S I 7 0 .0 9 5 .5
a n g l e s ND 1-50 S3 7 0 . 0 1 5 4 .1
a n g l e s ND MO S4 7 0 .0 1 0 1 .8
a n g l e s ND MO OV 7 0 . 0 8 9 .7
a n g l e s ND MO OX 7 0 .0 7 7 . 8
a n g l e s OV MO S I 7 0 .0 1 6 1 .0
a n g l e s OV MO S3 7 0 .0 7 1 .0
a n g l e s OV MO S4 7 0 .0 9 7 .7
a n g l e s o x MO S I 7 0 . 0 8 9 .7
a n g l e s o x MO S3 7 0 . 0 8 0 .3
a n g l e s o x MO S4 7 0 . 0 1 7 1 .2
a n g l e s OV MO OX 7 0 . 0 7 3 .5
a n g l e s SG F E l S 7 0 . 0  1 1 2 .1
a n g l e s SG FE SA 7 0 .0 1 1 2 .0
a n g l e s SG FE SB 7 0 .0 1 1 2 .0
a n g l e s SG FE SC 7 0 . 0 1 1 2 .0
a n g l e s SG FE SD 7 0 .0 1 1 2 .0
a n g l e s SM FE SA 7 0 . 0 1 1 0 .0
a n g l e s SM FE SB 7 0 .0 1 3 5 .0
a n g l e s SM FE SC 7 0 .0 1 3 5 .0
a n g l e s SM FE SD 7 0 .0 9 5 . 0
a n g l e s ST FE SA 7 0 .0 8 0 .0
a n g l e s ST FE SB 7 0 .0 1 2 8 .6
a n g l e s ST FE SC 7 0 .0 1 2 6 .6
a n g l e s S S FE SA 7 0 . 0 8 6 .3
a n g l e s SS FE SB 7 0 .0 1 2 7 .5
a n g l e s SS FE SC 7 0 . 0 1 2 5 .0
a n g l e s OG FE SA 7 0 .0 1 4 7 .8
a n g l e s OG FE SB 7 0 .0 1 0 7 .2
a n g l e s OG FE SC 7 0 .0 7 5 .6
a n g l e s CH1E CH2E SG 5 0 .0 1 1 2 .5
a n g l e s C H lE  CH2E SM 5 0 .0 1 1 2 .5
a n g l e s CH1E CK2E SS 5 0 .0 1 1 2 .5
a n g l e s C H lE  CH2E ST 5 0 .0 1 1 2 .5
a n g l e s CH2E C ND 2 0 .0 1 1 7 .5
a n g l e s ND C CR1E 6 5 .0 1 1 0 .5
a n g l e s C ND CR1E 6 0 .0 1 0 8 .0
a n g l e s ND CR1E NH1 7 0 .0 1 0 9 ,0
a n g l e s C H lE  CH2E OG 4 5 .0 1 1 1 .0
a n g l e s CH2E CH2E CT 5 0 .0 1 1 2 .5

{PCLM & PCLP}
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a n g l e s  CH2E CT C 5 0 . 0  1 0 9 .5  
a n g l e s  C CH2E CT 5 0 .0  1 0 9 .5  
a n g l e s  CH2E CT CH2E 5 0 .0  1 1 0 .5

a n g l e s  CH2E C OY 7 0 . 0  1 2 1 .5  
a n g l e s  CT C 0 2  7 0 .0  1 2 4 .1
a n g l e s  CH2E CT OX 7 0 . 0  1 0 9 .5  
a n g l e s  C CT OX 7 0 .0  1 0 9 .5
a n g l e s  CT C OV 7 0 . 0  1 2 0 .0
a n g l e s  OY C OY 7 0 . 0  1 1 7 .5  
a n g l e s  OV C OZ 7 0 , 0  1 2 5 .9

{ C IT  }

a n g l e s  HT CT HT 5 5 .0  1 0 4 .5 2

i n p r  ND X 
irn p r  NH1 X 
i r r p r  CT OX

X CR1E 
X ND 

CH2E C

2 5 0 .0
2 5 0 .0
5 0 0 .0

0.0
0.0
3 5 .2 6 4 3 9

1
t
1

e p s  s i g m a  
( k c a l / m o l )  (A)

e p s  ( 1 : 4 ) s i g m a ( 1 : 4 )

n o n b o n d e d  FE 0 . 1 1 .1 5 0 . 1 1 . 1 5
n o n b o n d e d  F E l 0 . 1 1 .1 5 0 . 1 1 . 1 5
n o n b o n d e d  FE2 0 .1 1 .1 5 0 .1 1 .1 5
n o n b o n d e d  MO 0 .0 4 3 0 4 .3 6 7 6 0 .0 4 3 0 4 . 3 6 7 6  ! j u s t  a  g u e s s
n o n b o n d e d  S I 0 .0 4 3 0 3 .3 6 7 6 0 .0 4 3 0 3 .3 6 7 6
n o n b o n d e d  S3 0 .0 4 3 0 3 .3 6 7 6 0 .0 4 3 0 3 .3 6 7 6
n o n b o n d e d  S4 0 .0 4 3 0 3 .3 6 7 6 0 .0 4 3 0 3 .3 6 7 6
n o n b o n d e d  SU 0 .0 4 3 0 3 .3 6 7 6 0 .0 4 3 0 3 .3 6 7 6
n o n b o n d e d  SG 0 .0 4 3 0 3 .3 6 7 6 0 .0 4 3 0 3 .3 6 7 6
n o n b o n d e d  SM 0 .0 4 3 0 3 .3 6 7 6 0 .0 4 3 0 3 .3 6 7 6
n o n b o n d e d  SA 0 .0 4 3 0 0 .3 6 7 6 0 .0 4 3 0 0 .3 6 7 6
n o n b o n d e d  SB 0 .0 4 3 0 3 .3 6 7 6 0 .0 4 3 0 3 .3 6 7 6
n o n b o n d e d  SC 0 .0 4 3 0 3 .3 6 7 6 0 .0 4 3 0 3 .3 6 7 6
n o n b o n d e d  SD 0 .0 4 3 0 3 .3 6 7 6 0 .0 4 3 0 3 .3 6 7 6
n o n b o n d e d  SS 0 .0 4 3 0 3 .3 6 7 6 0 .0 4 3 0 3 .3 6 7 6
n o n b o n d e d  ST 0 .0 4 3 0 3 .3 6 7 6 0 .0 4 3 0 3 .3 6 7 6

! n o n b o n d e d  N 0 .2 3 8 4 2 .8 5 0 9 0 .2 3 8 4 2 .8 5 0 9
n o n b o n d e d  ND 0 .2 3 8 4 2 .8 5 0 9 0 .2 3 8 4 2 .8 5 0 9
n o n b o n d e d  CT 0 .1 2 0 0 3 .7 4 1 8 0 .1 0 0 0 3 .3 8 5 4
n o n b o n d e d  OX 0 .1 5 9 1 2 .8 5 0 9 0 .1 5 9 1 2 .8 5 0 9
n o n b o n d e d  OY 0 .6 4 6 9 2 .8 5 0 9 0 .6 4 6 9 2 .8 5 0 9
n o n b o n d e d  OZ 0 .6 4 6 9 2 .8 5 0 9 0 .6 4 6 9 2 .8 5 0 9
n o n b o n d e d  OG 0 .6 4 6 9 2 .8 5 0 9 0 .6 4 6 9 2 .8 5 0 9
n o n b o n d e d  CJV 0 .6 4 6 9 2 .8 5 0 9 0 .6 4 6 9 2 .8 5 0 9
n o n b o n d e d  MG 0 . 1 3 .0 0 .1 3 . 0  { j u s t  a  g u e s s  )
n o n b o n d e d  AC 0 . 1 3 .0 0 .1 3 . 0  { j u s t  a  g u e s s  )
n o n b o n d e d  OT 0 .1 5 9 1 2 .8 5 0 9 0 .1 5 9 1 2 .8 5 0 9
n o n b o n d e d  HT 0 .0 4 9 8 1 .4 2 5 4 0 .0 4 9 8 1 .4 3 5 4

s e t  e c h o = t r u e  e n d

XPLOR Diffraction Data Set-up

r e m a r k s  XFREPARE, IN P
r e m a r k s  s e t s  u p  d i f f r a c t i o n  d a t a  f o r  MoFe 

x r e f i n e

a = 1 0 8 .4  b = 1 3 0 .5  c = 8 1 ,5  a l p h a - 9 0 . 0  b e t a = 1 1 0 . 8  g a irm a = 9 0 .0  ( U n i t c e l l  }
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s y r r m e t r y = i x ,y ,  z )  
s y m m e try ^  ( - x , y + 1 / 2 , -  z )

{ C o e f f i c i e n t s  f o r  a n a l y t i c a l  A p p r o x i m a t i o n  t o  t h e  S c a t t e r i n g  F a c t o r s  o f  } 
{ T a b l e  2 .2 A  . . .  T a b l e  2 .2 B  PAGE 9 9 - 1 0 1  VOL IV  I n t e r n a t i o n a l  T a b l e s  )

S C A T te r  ( c h a n i c a l  C* )
2 .3 1 0 0 0  2 0 .8 4 3 9 1 .0 2 0 0 0 10 .2 0 7 5 1 .5 8 8 6 0 .5 6 8 7 0 0 .8 6 5 0 0 0 5 1 .6 5 1 2 .2 1 5 6 0 0

S C A T te r  { c h e m i c a l N* )
1 2 .2 1 2 6  .0 0 5 7 0 0 3 .1 3 2 2 0 9 . 8 9 3 3 0 2 .0 1 2 5 0 2 8 .9 9 7 5 1 .1 6 6 3 0 .5 8 2 6 0 0 - 1 1 . 5 2 9

S C A T te r  { c h a n i c a l O* )
3 .0 4 8 5 0  1 3 .2 7 7 1 2 .2 8 6 8 0 5 . 7 0 1 1 0 1 .5 4 6 3 0 .3 2 3 9 0 0 .8 6 7 0 0 0 3 2 .9 0 8 9 .2 5 0 8 0 0

S C A T te r  ( c h a n i c a l S*  )
6 .9 0 5 3 0  1 .4 6 7 9 0 5 .2 0 3 4 0 2 2 .2 1 5 1 1 .4 3 7 9 0 .2 5 3 6 0 0 1 .5 8 6 3 0 5 6 .1 7 2 0 .8 6 6 9 0 0

S C A T te r  { c h a n i c a l P* )
6 .4 3 4 5 0  1 .9 0 6 7 0 4 .1 7 9 1 0 27 .1 5 7 0 1 .7 8 0 0 0 0 .5 2 6 0 0 1 .4 9 0 8 0 6 8 .1 6 4 5 1 .1 1 4 9 0

S C A T te r  ( c h a n i c a l FE * }
1 1 .1 7 6 4  4 .6 1 4 7 0 7 .3 8 6 3 0 0 . 3 0 0 5 0 3 .3 9 4 8 0 1 1 .6 7 2 9 0 .0 7 2 4 0 3 8 .5 5 6 6 0 .9 7 0 7 0

S C A T te r  ( c h e m i c a l  MO* )
2 1 .0 1 4 9  0 .0 1 4 3 4 5  1 8 .0 9 9 2  1 .0 2 2 3 8  1 1 .4 6 3 2  8 .7 8 8 0 9  0 .7 4 0 6 2 5  2 3 .3 4 5 2  - 1 4 . 3 1 6  

S C A T te r  ( c h a n i c a l  M3* )
3 .4 9 8 8 0  2 .1 6 7 6 0  3 .8 3 7 8 0  4 .7 5 4 2 0  1 .3 2 8 4 0  0 .1 8 5 0 0 0  0 .8 4 9 7 0  1 0 .1 4 1 1  0 .4 8 5 3 0

S C A T te r  ( c h e m i c a l  AC* ) { C a lc i u m  2 +  }
1 5 .6 3 4 8  - 0 .0 0 7 4 0  7 . 9 5 1 8  0 .6 0 8 9 0  8 .4 3 7 2 0  1 0 .3 1 1 6 0  0 .8 5 3 7 0  2 5 .9 9 0 5  - 1 4 . 8 7 5

m e th o d = F F T  { U s e  t h e  F I T  m e t h o d  i n s t e a d  o f  d i r e c t  s u m m a t io n  )

f f t
m a n o ry = 1 0 0 0 0 0 0  ( T h i s  t e l l s  t h e  F FT  r o u t i n e  h o w  m u c h  p h y s i c a l  m em o ry  >

e n d  { i s  a v a i l a b l e ,  t h e  n u m b e r  r e f e r s  t o  DOUBLE COMPLEX }
{ w o r d s ,  t h e  m e m o ry  i s  a l l o c a t e d ,  f r o m  t h e  HEAP }

e n d ( T h i s  t e r m i n a t e s  t h e  d i f f r a c t i o n  d a t a  p a r s e r
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Appendix 3 

TNT Ru(2,2'-bppy)2(iind)HLs83 Geometry Definition

GEOMETRY RUB BOND 2 . 2 5 0 . 0 1 RU, N l
GEOMETRY RUB BOND 2 . 2 5 0 . 0 1 R U , N2
GEOMETRY RUB BOND 2 . 2 5 0 . 0 1 RU, N3
GEOMETRY RUB BOND 2 . 2 5 0 . 0 1 RU, N4
GEOMETRY RUB BOND 2  . 2 5 0 . 0 1 R U , N 5
REMARK GEOM ETRY RUB BOND 2 . 0 5 0 . 0 1 RU
GEOMETRY RUB BOND 1 . 4 4 0 . 0 1 N l , C l
GEOMETRY RUB BOND 1 .  4 4 0 . 0 1 N l , C 5
GEOMETRY RUB BOND 1 . 4 4 0 . 0 1 N2  , C6
GEOMETRY RUB BOND 1 . 4 4 0 . 0 1 N 2 , C I O
GEOMETRY RUB BOND 1 . 4 4 0 . 0 1 N3 , C l l
GEOMETRY RUB BOND 1 . 4 4 0 . 0 1 N 3 , C l  5
GEOMETRY RUB BOND 1 . 4 4 0 . 0 1 N 4 , C I S
GEOMETRY RUB BOND 1 . 4 4 0 . 0 1 N 4  , C 2  0
GEOMETRY RUB BOND 1 . 4 4 0 . 0 1 N 5 , C 2 1
GEOMETRY RUB BOND 1 .  4 4 0 . 0 1 N 5 , C 2 3
GEOMETRY RUB BOND 1 . 4 4 0 . 0 1 N 6 , C 2 1
GEOMETRY RUB BOND 1 . 4 4 0 . 0 1 N 6 , C 2 2
GEOMETRY RUB BOND 1 .  4 4 0 . 0 1 C I O , C 9
GEOMETRY RUB BOND 1 . 4 4 0 . 0 1 C 9 , C 8
GEOMETRY RUB BOND 1 . 4 4 0 . 0 1 CB. C 7
GEOMETRY RUB BOND 1 . 4 4 0 . 0 1 C 7 , C 6
GEOMETRY RUB BOND 1 .  5 0 0 . 0 1 C 6 , C5
GEOMETRY RUB BOND 1 . 4 4 0 . 0 1 C 5 , C 4
GEOMETRY RUB BOND 1 .  4 4 0 . 0 1 C 4 , C3
GEOMETRY RUB BOND 1 . 4 4 0 .  0 1 C 3 , C2
GEOMETRY RUB BOND 1 . 4 4 0 . 0 1 C 2 , C l
GEOMETRY RUB BOND 1 .  4 4 0 . 0 1 C l l , C 1 2
GEOMETRY RUB BOND 1 . 4 4 0 . 0 1 C 1 2 , C 1 3
GEOMETRY RUB BOND 1 . 4 4 0 . 0 1 C 1 3 , C 1 4
GEOMETRY RUB BOND 1 .  4 4 0 . 0 1 C 1 4 , C 1 5
GEOMETRY RUB BOND 1 .  5 0 0 . 0 1 C 1 5 , C 1 6
GEOMETRY RUB BOND 1 . 4 4 0 . 0 1 C 1 5 , C 1 7
GEOMETRY RUB BOND 1 . 4 4 0 . 0 1 C 1 7 , C I S
GEOMETRY RUB BOND 1 . 4 4 0 . 0 1 C I S , C l  9
GEOMETRY RUB BOND 1 .  4 4 0 . 0 1 C 1 9 , C 2  0
GEOMETRY RUB BOND 1 . 4 4 0 . 0 1 C 2 3 , C 2 2

GEOMETRY RUB AN G LE 8 0 1 N l , R U , N2
GEOMETRY RUB ANGLE 9 0 1 N l , R U , N3
GEOMETRY RUB A N G LE 9 0 1 N l , R U , N4
GEOMETRY RUB A N G LE 9 0 1 N l , R U , N5
GEOMETRY RUB A NGLE 9 0 1 N 2 , R U , N 3
GEOMETRY RUB A NGLE 1 6 5 1 N 2 , R U , N4
GEOMETRY RUB ANG LE 9 0 1 N 2 , R U , N 5
GEOMETRY RUB ANGLE 7 5 1 N3 , R U , N4
GEOMETRY RUB A NGLE 1 6 5 1 N 3 , R U , N 5
GEOMETRY RUB A NGLE 9 0 1 N 4 , R U , N5
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G EOM ETRY RU B A N G LE 1 2 0 1 C l , N l ,  C 5
G EOM ETRY RUB A N G LE 1 2 0 1 C I O , N 2 ,  C 6
G EO M ETRY RUB A N G LE 1 2 0 1 C l l , N 3 , C 1 5
G EO M ETRY RUB A N G LE 1 2 0 1 C 1 6 , N 4 ,  C 2  0
GEOM ETRY RUB A N G LE 1 0 9 1 C 2 1 , N 5 ,  C 2 3
G EO M ETRY RU B A N G L E 1 0 9 1 C 2 1 , N 6 , C 2 2
G EOM ETRY RUB A N G LE 1 2 0 1 N l , C l ,  C 2
G EO M ETRY RUB A N G LE 1 2 0 1 N l , C 5 , C 4
G EO M ETRY RUB A N G LE 1 2 0 1 N 2 , C I O ,  C 9
G EOM ETRY RUB A N G LE 1 2 0 1 N 2 , C 6 , C 7
G EO M ETRY RUB A N G LE 1 2 0 1 N 3 , C l l ,  C 1 2
G EO M ETRY RUB A N G LE 1 2 0 1 N 3 , C 1 5 ,  C 1 4
G EO M ETRY RUB A N G LE 1 2 0 1 N 4 , C l 6 ,  C 1 7
G EOM ETRY RUB A N G LE 1 2 0 1 N 4 , C 2 0 ,  C l  9
G EO M ETRY RUB A N G LE 1 0 9 1 N 5 , C 2 1 ,  N 6
G EO M ETRY RUB A N G LE 1 0 9 1 N 5 , C 2 3 , C 2 2
G EOM ETRY RUB A N G L E 1 0 9 1 N 6 , C 2 2 , C 2 3
G EO M ETRY RUB A N G L E 1 2 0 1 C I O , C 9 , C 8
G EO M ETRY RU B A N G L E 1 2 0 1 C 9 , C 8 , C 7
GEOM ETRY RUB A N G L E 1 2 0 1 C 8  , C 7 , C 6
G EO M ETRY RUB A N G L E 1 2 0 1 C 7 , C 6 ,  C 5
G EO M ETRY RUB A N G L E 1 2 0 1 C 6 , C 5 , C 4
G EO M ETRY RUB A N G L E 1 2 0 1 C 5 , C 4 , C 3
G EO M ETRY RUB A N G L E 1 2 0 1 C 4 , C 3 , C 2
G EOM ETRY RUB A N G LE 1 2 0 1 C 3  , C 2 , C l
G EO M ETRY RUB A N G LE 1 2 0 1 C l  3 , C 1 2 , C l l
GEO M ETRY RUB A N G LE 1 2 0 1 C 1 4 , C 1 3 ,  C 1 2
GEOM ETRY RUB A N G LE 1 2 0 1 C 1 5 , C 1 4 , C 1 3
G EO M ETRY RUB A N G LE 1 2 0 1 C 1 6 , C 1 5 ,  C 1 4
G EO M ETRY RUB A N G LE 1 2 0 1 C 1 7 , C l  6 ,  C 1 5
G EOM ETRY RUB A N G LE 1 2 0 1 C 1 8 , C 1 7 , C 1 6
G EO M ETRY RUB A N G LE 1 2 0 1 C 1 9 , C 1 8 , C 1 7
GEOM ETRY RUB A N G LE 1 2 0 1 C 2 0 , C l  9 ,  C 1 8

G EO M ETRY

G EOM ETRY

GEOM ETRY

RU B  P L A N E  1 3

RUB P L A N E  1 3

R U B  P L A N E

0 . 0 1  R U , N l , C l , C 2 , C 3 , C 4  , C 5 , C 6 , C 7 , 
C 8 , C 9 , C 1 0 , N 2  

0 . 0 1  R U , N 3 , C l l , C 1 2 , C 1 3 , C 1 4 , C 1 5 ,
C 1 6 , C 1 7 , C 1 8 , C 1 9 , C 2 0 , N 4  

0 . 0 1  R U , N 5 , C 2 1 , N 6 , C 2 2 , C 2  3

TNT Azurin Copper Site Geometry Definition

G EO M ETRY  L I G l  BOND 3 . 2  0 . 0 5  O ,  +C U
G EO M ETRY  L I G l  A N G LE 1 0 4 . 7  5 . 0  C ,  O ,  +CU

G EO M ETRY  L I G 2  BOND 2 . 0 5  0 . 0 3  N D 1 , +C U
G EO M ETRY  L I G 2  A N G L E  1 2  0 . 0  5 . 0  C G , N D 1 , +C U

G EO M ETRY  L I G 3  BOND 2 . 1 0  0 . 0 3  S G , +CU
G EO M ETRY  L I G 3  A N G L E  1 0 4 . 7  5 . 0  C B ,  S G ,  +CU
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G EO M ETRY L I G 4 BOND 2 . 0 5
G EOM ETRY L I G 4 A N G LE 1 2 0  . 0

G EO M ETRY L I G 5 BOND 3 . 1
G EOM ETRY L I G 5 A N G LE 1 2 0 . 0

G EO M ETRY L I G 6 BOND 2 . 1
G EOM ETRY L I G 6 A N G LE 1 2 0 . 0

0 . 0 3  N D 1 , +C U
5 . 0  C G , N D 1 , + C U

0 . 0 5  S D ,  +CU
5 . 0  C G ,  S D ,  +CU

0 . 0 3  N E 2 ,  +RU
5 . 0  C D 2 , N E 2 , +RU


