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ABSTRACT  
   

 Protein crystallization has become an extremely important tool in 

biochemistry since the first structure of the protein Myoglobin was solved 

in 1958. Survival of motor neuron protein has proved to be an elusive 

target in regards to producing crystals of sufficient quality for X-ray 

diffraction. One form of Survival of motor neuron protein has been found to 

be a cause of the disease Spinal Muscular Atrophy that currently affects 1 

in 6000 live births. The production, purification and crystallization of 

Survival of motor neuron protein are detailed. 

 The Fenna-Matthews-Olson (FMO) protein from Pelodictyon 

phaeum is responsible for the transfer of energy from the chlorosome 

complex to the reaction center of the bacteria. The three-dimensional 

structure of the protein has been solved to a resolution of 2.0Å with the 

Rwork and Rfree values being 16.6% and 19.9% respectively. This new 

structure is compared to the FMO protein structures of Prosthecocholoris 

aestuarii 2K and Chlorobium tepidum. The early structures of FMO 

contained seven bacteriochlorophyll-a (BChl) molecules but the recent 

discovery that there is an eighth BChl molecule in Ptc. aestuarii 2K and 

Cbl. tepidum and now in Pld. phaeum requires that the energy transfer 

mechanism be reexamined. Simulated spectra are fitted to the 

experimental optical spectra to determine how the BChl molecules transfer 

energy through the protein. The inclusion of the eighth BChl molecule 
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within these simulations may have an impact on how energy transfer 

through FMO can be described. 

 In conclusion, a reliable method of purifying and crystallizing the 

SMNWT protein is detailed, the placement of the 8th BChl-a within the 

electron density and the implications on energy transfer within the FMO 

protein when the 8th BChl-a is included from the green sulfur bacteria Pld. 

phaeum is discussed. 
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Chapter 1 

Introduction 

Spinal Muscular Atrophy 

 Spinal Muscular Atrophy (SMA) is an autosomal recessive disorder 

that is characterized by the degeneration of the motor neurons in the 

spinal cord. SMA affects one in 6000 live births and is the leading genetic 

cause of infant mortality according to FSMA.org. (1). The Families of SMA 

website states that SMA is classified as a relatively common rare disorder 

(1). The disease has four classifications based on the severity of the 

disease and the time of onset of symptoms. Type I, also called Werdnig-

Hoffmann disease, is the most severe condition with the onset of 

symptoms coming within six months of birth and death occurring within 

two years of age. Type 2 is the intermediate form with the onset of 

symptoms occurring within 18 months of birth. Type 3 is the least severe 

and is sometimes called Kugelberg-Welander disease. The symptoms can 

appear anywhere from 1 year to 18 years of age.  There are variable 

degrees of weakness in the proximal limbs of people suffering from this 

type (1). Type 4 or adult onset SMA is characterized by the disease 

symptoms appearing during adulthood up to around the age of 65. Table 

1.1 summarizes the four types of SMA and some of the symptoms 

associated with each type. 

 SMA causes muscles to progressively become weaker as the 

disease progresses. The muscles that are affected include the arms, legs, 
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and torso muscles.  When torso muscles are affected, difficulty in 

breathing and swallowing are a common and dangerous part of SMA. 

While the proximal muscles are severely affected by the disease, brain 

function is normal. Many of the individuals affected by SMA have above 

average intelligence and very good social skills (1) 

SMA is a disease that is unique to humans because humans are 

the only species to date that has been identified to carry two copies of a 

gene name SMN (2). The Survival of Motor Neuron (SMN) protein has 

been found in a number of different organisms including mice and fish but 

it has been found that these organisms contain only one copy of the SMN 

gene. In a study (3) that inactivated the SMN gene in mice, none of the 

embryos survived until birth. The study also found that mice have only one 

copy of SMN and it was proposed that the SMA disease can only express 

itself in humans because of the second copy that is found on chromosome 

5. Mouse models have been developed that mimic the symptoms of SMA 

and can then be used for studying the disease (4). 

Source of Spinal Muscular Atrophy 

 In 1990, two groups found that the cause of SMA could be mapped 

to an unstable portion of chromosome 5. (5-7) The gene discovered at that 

location was termed Survival Motor Neuron (SMN) and it was found that it 

encoded a protein that is 294 amino acids in length (8). The gene was 

later found to occur in duplicate on chromosome 5 with the two copies 

being named SMN1 and SMN2.  SMN1 encodes the full length Survival of 
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Motor Neuron (SMN) protein that is fully functional. This full length protein 

(SMNWT) has a theoretical weight of 31.8kDa (9). SMN2 encodes a 

truncated version of the SMN protein termed SMNΔ7. This truncated 

protein is a cause of SMA and the severity of symptoms is closely linked 

to the copy number of the SMN2 that is on the chromosome (10). The 

gene product from SMN2 has been termed SMNΔ7 because exon 7 is not 

spliced into the protein. There is however a low percentage (10-15%) of 

the protein produced from SMN2 that is the full length SMNWT (11). This 

truncated version has 282 amino acids and a theoretical weight of 

30.4kDa (8). The SMNΔ7 protein is alternatively spliced because of a 

single base pair mutation that occurs in the DNA sequence of SMN1 and 

SMN2 (11). There are a total of five nucleotide changes between the two 

genes but a Cytosine to Thymine conversion at codon 280 has been 

implicated as the cause for the skipping of exon 7 and ultimately the cause 

of SMA symptoms. Interestingly, this conversion is a silent mutation when 

it comes to the amino acid sequence coding of the protein but the 

mutation still causes exon 7 to be left out when the exons are spliced 

together (12).  The SMNΔ7 form was found to be much less stable than 

the SMNWT form (13) which could contribute to the disease pathology 

also. More than 95% of all patients with SMA have either a deletion of 

SMN1 or a conversion of SMN1 to SMN2 (8). The other 5% of patients 

that suffer from SMA have a number of small mutations that mainly occur 

in exons 3 and 6 (14). There are also number of other mutations that 
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occur in the other exons but none to date have been found in exon 5 (15). 

Table 1.2 shows all of the known mutations that have been found to cause 

SMA. There is an inverse relationship of the severity of SMA symptoms, 

and the amount of SMNWT present, which is based on whether the SMN1 

is deleted or if it has been converted to SMN2. If the copy number of 

SMN2 is high in an individual, then the symptoms of SMA will be less 

severe. A schematic of the differences between the splicing events for the 

two genes is shown in figure 1.1. A comparison of the amino acid 

sequences for SMNWT and SMNΔ7 is shown in figure 1.2.  In a recent 

paper, a new isoform of SMN has been found. This form exists in axons 

exclusively and consists of only exons 1-3 and a portion of intron 3 (16). 

SMN complex and function 

 SMNWT is a ubiquitously expressed protein that is found 

throughout the body in both the nucleus and the cytoplasm. The protein 

has been localized in vivo to structures found in the cytoplasm termed 

gems (17). The best described complex that SMN is a part of consists of 9 

components: SMN, Gemin2-Gemin8 and a protein called UNR-interacting 

protein (UNRIP) (18-23). Although the components are known, the exact 

stoichiometry of the complex’s components is still unknown.  SMN 

interacts directly with Gemin2, Gemin3, Gemin5, and Gemin7 (22). The 

protein Gemin2 has been shown to interact strongly with SMN and is also 

an essential component of the SMN complex (24). Gemin2 interacts with 

the N-terminal of the SMN protein and is also involved in the 
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oligomerization of the SMN complex (24). Both SMN and Gemin2 have 

been found to contain self-association domains. Gemin4 doesn’t bind 

directly to SMN but is a part of the SMN complex through an interaction 

with Gemin3 (25). Gemin3 has been classified as a DEAD box RNA 

helicase (26). Gemin5 has recently been implicated as the part of the 

SMN complex that interacts directly with the small nuclear RNA (snRNA) 

sequences that are involved in small nuclear ribonucleoprotein (snRNP) 

biogenesis (27). The importance of snRNA and snRNPs to the pathology 

of SMA will be discussed below. Gemin6 has been found to only interact 

directly with Gemin7. Gemin6 and Gemin7 have had their structures 

solved and it was found that they are similar structurally to Sm proteins. 

This may play a part in the recruitment of Sm proteins to the SMN 

complex during snRNP biogenesis (28). Gemin8 binds to SMN directly 

and also with the Gemin6/Gemin7 dimer (23, 29). 

The SMN complex is involved in the assembly of snRNPs within the 

cell. Each snRNP consists of one snRNA sequence, seven Sm proteins 

(B, D1, D2, D3, E, F, and G) and another set of proteins that are specific 

to that particular snRNP (18). The Sm proteins form a heptameric ring 

from three substructures that consist of Sm proteins binding to each other, 

specifically B-D3, D1-D2, and E-F-G (30).The snRNPs have been 

implicated in recognition of splice sites and the removal of introns from 

pre-mRNA sequences (31). The specific snRNAs identified that interact 
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with the Sm protein ring and the SMN complex are U1, U2, U4, U5, U11 or 

U12 (30).  

While snRNP biogenesis can occur in either the nucleus or the 

cytoplasm of a cell, the snRNPs can only carry out the splicing of pre-

mRNA within the nucleus (18).  The snRNPs that are generated in the 

cytoplasm need to be imported into the nucleus, which is one of the crucial 

elements for generating the necessary pre-mRNA machinery within the 

nucleus (32, 33). The biogenesis requires that the heptameric ring of Sm 

proteins form around a conserved sequence of the snRNAs called the Sm 

site (18). Specifically the Sm site is a short single stranded sequence of 

the snRNA that is Uridine rich (20). It is interesting to note that the 

formation of the Sm core in vitro occurs spontaneously but the in vivo 

assembly reaction is ATP dependent (20, 34, 35).  This difference 

between the ATP dependency of the in vitro and in vivo formation of the 

Sm core may be due to the fact that when the core is formed in vitro there 

is no competing RNA sequences. The in vivo formation reaction of the Sm 

core likely needs the SMN complex to correctly target and bind the snRNA 

sequences needed (20, 36-38). There is also evidence that the mutations 

that cause SMA are also a source of reduced binding ability of the snRNP 

biogenesis proteins (39). Figure 1.3 shows a schematic of the sequence of 

events required for snRNP biogenesis. A representation of the SMN 

complex, Sm proteins and snRNA is shown in figure 1.4. To date, there is 
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no structure of how these three components fit together during the 

biogenesis of snRNPs. 

There are a number of regions on SMNWT protein that have had 

their functionality characterized over the years.  Exon2 can be divided into 

two separate regions, 2a and 2b. Exon 2a was found to interact with RNA 

(40, 41) and the exon2b region has been implicated as one of the self 

association domains of the protein along with another self association 

domain located in exon 6 (42, 43). Many of the mutations that cause SMA 

are in close proximity to exon 6, which would suggest that the dimerization 

or oligomerization the protein is important for its function in vivo. SMNWT 

also associates strongly with Gemin2 (formerly SIP1).  It was found that 

Gemin2 interacted specifically with the N-terminus of SMNWT (44). The 

only structural part of SMN that has been successfully solved is a small 

section of the SMN protein termed the Tudor domain (45, 46). It was first 

done with Nuclear Magnetic Resonance Imaging and was later completed 

using X-ray crystallography. The Tudor domain consists of amino acids 

92-144, with the majority of residues falling into Exon 3 of the protein. The 

tudor domain was found to interact with Sm proteins (47), which are found 

in the snRNP’s when bound to SMN (47).  The point mutation within the 

tudor domain of E134K showed that the binding of Sm proteins was 

drastically affected (45). This point mutation is one of the Type I causing 

mutations in the SMN protein. The C-terminus of SMNWT has also been 

linked to nuclear targeting of the protein in a mouse model for SMA (48). A 
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construct that lacked a portion of the C-terminus was found at a reduced 

level within the motor neurons of the mice models and this truncation also 

affected the formation of gems (48).  

SMN’s role in Spinal Muscular Atrophy 

How the SMN protein causes SMA is still unclear but there are two 

things known about SMN’s role in the disease: snRNP biogenesis has 

decreased activity without SMNWT and motor neurons are especially 

sensitive to the loss of the native function that the SMN complex performs 

(49). There are two different views on how these mutations and/or 

deletions can either affect motor neurons or the snRNP biogenesis. One 

view is that when snRNP formation is upset at a crucial developmental 

period, the genes that are responsible for motor neuron growth are also 

disrupted (39, 50, 51,). The other view currently being investigated is that 

SMN has a specific function in axons and this function is altered in SMA 

patients (39, 50, 51, 52, 53, 54. 55).  These two views are similar and 

could be linked but there is not a consensus as to which is correct or if 

both are valid. 

Photosynthesis 

 Plants and a number of bacteria species can harvest light energy 

from the sun and turn this energy into a usable form by a process called 

photosynthesis. The light energy that is used in this process must first be 

captured by the organism and then converted to a usable form. 

Chlorophyll-based photosynthetic organisms use structures called 
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antennas to aid the capture of light.  An antenna does the same basic job 

as a satellite dish that provides TV programming to the average home. 

The satellite dish must harvest the scrambled TV signal and funnel the 

signal to the satellite box that is attached to a TV. The satellite box that is 

connected to the TV then converts the scrambled signal to a form that the 

TV can then project. An antenna in a plant or green sulfur bacteria acts in 

much the same way. The antennas harvests light energy and funnels this 

energy to the reaction center of the organism. This funneling of energy 

and subsequent transfer also quenches or deactivates the excited energy 

of the absorbed light so that it does not damage the reaction center (56). 

 There are many different kinds of antennas that have been 

discovered and described (56). Many photosynthetic organisms are 

classified and grouped by the kind of antennas that are present in those 

organisms. The antenna complex that will be focused on in this part of the 

chapter is complex called the Fenna Matthews Olson (FMO) protein (57, 

58). FMO is a protein-pigment complex that is found in many species of 

green sulfur bacteria (59). This protein lies between two other structures 

(Figure 1.5), the chlorosome and the reaction center, and will be 

discussed briefly.  

 The cholorosome is one of the largest known complexes in nature 

(60).  It is one of the key components that allow green sulfur bacteria to 

carry out photosynthesis in environments that have very little light. 

Cholorsomes are found in anoxygenic phototrophs and have been found 
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as deep as 100 meters below the surface of the black sea (61). The 

extremely large size of the complex, 100 – 200nm in length and up to 

60nm in diameter, allows it to be seen by electon microscopy (60). An 

interesting aspect of the chlorosome is that the pigments are largely 

assembled without the aid of a protein scaffold. Most green plant light-

harvesting complexes need a protein scaffold to ensure that the pigments 

are arranged correctly and can harvest light efficiently (60). The 

cholorsome transfers the light energy that it has absorbed to a complex 

called the Fenna Matthews Olson (FMO) protein. 

FMO is a trimeric protein that contains eight bacteriachlorophyll-a 

within the folded protein (62). It has been extensively studied because of it 

water solubility. In a recent paper by Wen et. al. in 2009, it was 

demonstrated how the FMO protein was orientated compared to the 

chlorosome and the reaction center in green sulfur bacteria. The 

orientation of FMO has been a topic of debate for some time. The 

implication of the FMO orientation has an effect on how energy transfer 

simulations are treated. The simulations attempt to fit simulated spectra to 

the various experimental optical spectra that have been measured for the 

FMO protein(64-66). The fitting of spectra is a method for elucidating how 

the energy is transferred from one pigment to another within an antenna 

complex (64).  

 Once energy has been transferred from the chlorosome to FMO, 

the energy subsequently moves through the FMO complex and enters the 
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reaction center. The function of the reaction center is to turn light energy 

into chemical energy that the organism can use for survival. This function 

sustains nearly all life on earth at this point in history. By converting 

sunlight into a usable form, the reaction center and other photosynthetic 

complexes are responsible for growing trees for paper in lab books, the 

cotton that the US dollar is printed on and the energy that human beings 

use when reading and processing thoughts. The reaction center 

complexes of both plants and bacteria have been and will continue to be 

studied intensely for the foreseeable future. 

Energy transfer concepts 

How does this energy that is needed for creating an excited 

molecule make it to the reaction center? The answer lies in energy 

transfer. The higher energy wavelengths are absorbed the antenna 

complexes that are most distant from the reaction center. As the energy is 

passed from pigment to pigment, a small amount of the energy is lost as 

heat with each transfer (56). This downward trend of energy intensity is 

also helpful with forcing the energy to a focal point. This ‘funneling’ of 

energy also reduces how much energy escapes the system as wasted 

energy. There are two basic concepts call Föster energy transfer and 

exciton coupling. Both of these concepts will be discussed briefly. 

The Föster theory of energy transfer deals mainly with weakly 

coupled molecules and in our case the pigments within the antenna 

complex. The theory was developed by Thomas Förster and has been 
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extensively studied for over 50 years (67). The Förster energy transfer 

theory is a nonradiative energy transfer that does not involve electrons 

(68). Energy is transferred from a donor molecule to an accepter molecule 

as shown in Figure 1.6. This theory has been the dominate description of 

energy transfer between molecules for distances of 20Ǻ to 100Ǻ (69). 

According to the equation: 

6)(
R
Rkk o

fe =           (1.1) 

the energy transfer is heavily dependent on the distance term R6

 The second way that energy transfer can be viewed is by a process 

called exciton coupling. This is largely a qualitative process as it is 

presently understood (70). Exciton coupling occurs when two molecules, 

antenna pigments in our case, are within about 10Ǻ of each other. 

. As the 

distance between the two molecules increases, the transfer of energy 

becomes less efficient. Ro is called the critical distance and is the distance 

where energy transfer is at 50% efficiency (56). The distances between 

pigments in antenna complexes is normally at distances that discourage 

the transfer of electrons but close enough to allow efficient transfer of 

energy (56). Föster energy transfer is thought to dominate the larger 

distances but if the pigments are brought closer together, the theory by 

itself beaks down and other factors must be considered. 

 I would like to thank Chenda Seng for her valuable contributions in 

chapters 3 and 4. I would also like to thank Lisa Lauman and Chad 

Simmons for their contributing work in chapter 4.
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 Onset Symptoms 

Type 1 
(Werdnig-Hoffman) 

Within 6 months of 
birth 

• Death usually 
occurs within 2 
years 

• Feeding and 
breathing problems 

Type 2 18 months of earlier • Problems breathing 
and moving 

Type 3 
(Kugelberg-Welander) 

1 year to 18 years of 
age 

• Variable degrees of 
weakness in the 
proximal limbs 

Type 4 Adulthood to around 
65 years of age 

• Weakness of 
proximal limbs 

 

Table 1.1. The four different types of Spinal Muscular Atrophy, the time of 
onset and what some of the common symptoms are displayed here. The 
distinction between the types is not always straightforward with the 
diagnosis being somewhat subjective.
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Mutation Exon involved SMA type 
A2G 1 III 
D30N 2a II 
D44V 2a III 
W92S 3 I 
V94G 3 II 
G95R 3 III 
A111G 3 I 
I116F 3 I 
Y130C 3 III 
E134K 3 I 
Q136E 3 I 
A188S 4 I 
P245L 6 III 
L260S 6 II 
S262G 6 III 
S262I 6 III 
M263R 6 I 
M263R 6 II 
S266P 6 II 
Y272C 6 II 
H273R 6 II 
T274I 6 III 
G275S 6 III 
G279C 7 I 
G279V 7 I 

 

Table 1.2. The mutations that cause SMA are listed here. Most of the 
missense mutations fall in exons 3 and 6. This table is adapted from 
Burghes et al 2009.
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Figure. 1.1: This figure shows the gene splicing pattern for the genes 
SMN1 and SMN2. The abberent splicing in SMN2 is caused by the 
cytosine to thyamine change highlighted in yellow. SMN2 also transcribes 
a part of exon 8 (blue) while SMN1 does not and is the reason for SMNWT 
being 12 amino acids longer than SMNΔ7.

Exon 6 Exon 7 Exon 8 

Intron 6 Intron 7 

SMN2 splicing pattern 

Exon 6 Exon 8 

T 

Exon 6 Exon 7 Exon 8 

Intron 6 Intron 7 

SMN1 splicing pattern 

Exon 6 Exon 7 

C 
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SMN WT 
MAMSSGGSGG GVPEQEDSVL FRRGTGQSDD SDIWDDTALI KAYDKAVASF 
KHALKNGDIC ETSGKPKTTP KRKPAKKNKS QKKNTAASLQ QWKVGDKCSA 
IWSEDGCIYP ATIASIDFKR ETCVVVYTGY GNREEQNLSD LLSPICEVAN 
NIEQNAQENE NESQVSTDES ENSRSPGNKS DNIKPKSAPW NSFLPPPPPM 
PGPRLGPGKP GLKFNGPPPP PPPPPPHLLS CWLPPFPSGP PIIPPPPPIC 
PDSLDDADAL GSMLISWYMS GYHTGYYMGF RQNQKEGRCS HSLN  
 
SMN ND7  
MAMSSGGSGG GVPEQEDSVL FRRGTGQSDD SDIWDDTALI KAYDKAVASF 
KHALKNGDIC ETSGKPKTTP KRKPAKKNKS QKKNTAASLQ QWKVGDKCSA 
IWSEDGCIYP ATIASIDFKR ETCVVVYTGY GNREEQNLSD LLSPICEVAN 
NIEQNAQENE NESQVSTDES ENSRSPGNKS DNIKPKSAPW NSFLPPPPPM 
PGPRLGPGKP GLKFNGPPPP PPPPPPHLLS CWLPPFPSGP PIIPPPPPIC 
PDSLDDADAL GSMLISWYMS GYHTGYYMEM LA  
 

Fig. 1.2. This figure shows an amino acid sequence comparison of the 
SMNWT and SMN∆7 proteins. The mutation that affects the proteins 
activity occurs in the seventh and eighth exons. The difference between 
the two sequences is highlighted.
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Fig. 1.3 This schematic shows how SMNWT interacts in the process of 
snRNP biogenesis which has been shown to be important for mRNA 
production (ref 12,14) 
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Fig. 1.4. A schematic of how the SMN complex guides and regulates the 
biogenesis of snRNPs. The Sm proteins won’t form the heptameric ring in 
vivo without the help of the SMN complex. Gemin5 has been implicated as 
the protein of the complex that contacts the specific snRNA molecule 
(Battle et al 2006). The reaction is reduced in SMA patients 
 
 
 
 
 
 
 
 



 

19 

 

 
Figure 1.5. The orientation of the chlorosomes, Fenna Matthews Olson 
protein and the reaction center within green sulfur bacteria is shown 
schematically. The orientation of the FMO protein to the chlorosomes has 
been elucidated. Chlorosomes harvest light and subsequently funnel 
through FMO and then into the reaction center (Wen et al 2008). This 
figure was adapted from Wen et al 2008.
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Figure 1.6. In this basic schematic of how Förster energy transfer occurs, 
a donor molecule is in the excited state (shown as a *). The acceptor 
molecule is at some relatively close distance away. When the energy 
transfer occurs, there is no transfer of electrons, only a transfer of energy 
which causes the acceptor molecule to move into an excited state.  The 
energy transfer is dependent on the distance (R6) between molecules and 
is shown in equation 1.1.
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Chapter 2 

Purification, Folding and Crystallization of Survival of Motor Neuron 

protein 

Recombinant Protein  

 Most protein that is used in research needs to be produced in 

sufficient quantities. Obtaining large quantities from the natural source that 

produces the protein presents some challenges and makes it difficult for 

doing structural studies. Another challenge that can be just as difficult is 

trying to separate the target protein form the other cellular proteins that 

are produced. One method that has become extremely popular is 

producing the target protein as what is called a recombinant protein. 

Recombinant protein is produced in mass quantities by an easily produced 

organism such as bacteria or yeast. This method has become common 

place and is one of biggest factors to the explosion of structural studies 

that have been done (1). 

Whenever a recombinant protein is produce for a study, it must be 

purified from the other proteins in the host organism. There have been a 

number of different methods developed that allow efficient isolation of the 

target protein and here I will briefly talk about one method called affinity 

tags.  Affinity tags are the method that has been chosen to isolate a 

number of different proteins including our SMN constructs.  

There are basically two different classes of affinity tags that are in 

widespread use today. The first type of tag uses a peptide or a protein that 



 

30 

 

is fused to the target protein and recognizes a small molecule. The 

peptide or fused protein has a high affinity for some kind of a molecule 

that can be linked to a solid support. One very common example of this 

kind of tag is the poly-histidine sequence. The poly-histidine tag binds very 

efficiently to a variety of different transition metals (2). The second type of 

tag is a peptide or protein that recognizes a different protein or peptide 

that is immobilized on a solid support. One of the most commonly used 

proteins is called glutathione S-transferase (GST).  The GST protein is 

commonly used as a fusion protein because it binds readily to the columns 

that have glutathione bound to the resin (3). There are other 

subcategories to this second type of tag. There are many different sizes of 

proteins that can be used and the target proteins characteristics can be 

useful in determining what size to use (4). Another subcategory to the 

second method is similar but it uses an antibody that is bound to the resin 

instead of a peptide/protein. The antibody is immobilized onto a resin and 

the antibody binds a specific protein that is again fused to the target 

protein (5).  All of these techniques are well documented using the 

Escherichia coli bacterial system for protein expression. The SMN 

constructs that are produced all have a poly-histidine tag placed on the 

amino terminal of the protein. The isolation of the SMN constructs using 

this histidine tag will be discussed more below. 

Protein from Inclusion bodies 
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When a eukaryotic protein is over-expressed in a bacterial system, 

which is usually the bacteria Escherichia coli (E. coli), the protein is often 

placed into inclusion bodies (6-10).  Inclusion bodies were first described 

in E. coli in 1975 (11) but are still an active area of research today 

because of the widespread use and need of recombinant protein. 

Inclusion bodies are often used as a relatively pure source of a target 

recombinant protein. The general belief is that some of the protein that is 

placed into inclusion bodies may be correctly folded but a portion is also 

misfolded or unfolded (12).  There are increasing accounts that state the 

protein found inside the inclusion bodies is just as active as the soluble 

fraction after refolding (13).  There are a number of advantages that occur 

when an over-expressed protein is placed into inclusion bodies: 1) The 

level of protein production is extremely high, at times the production can 

raise above 30% of the entire cellular protein 2) Isolation of the inclusion 

bodies from the cell is relatively easy and straightforward 3) There is a 

lower level of degradation of the target protein because the inclusion 

bodies protect it from cellular processes 4) Inclusion bodies also shield the 

protein from the E. coli bacteria’s proteases 5) The relative purity of the 

protein is a great advantage (14).  

The general methodology for extracting the target protein involves 

isolating the inclusion bodies from the E. coli culture, solubilizing the 

inclusion bodies, which usually includes complete denaturation of all the 

protein, removal of the impurities and finally renaturation of the protein. As 
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in any system, there are also some key disadvantages that must be kept 

in mind.  When the protein is completely denatured, it has a higher 

tendency to aggregate with itself then when it is in a partially folded state 

(14). The purity of the protein from inclusion bodies makes this problem 

more prevalent because proteins tend to aggregate with themselves and 

not other proteins (15, 16). Protein aggregation in general is a bad thing 

for proteins. There are some very debilitating diseases such as 

Alzheimer’s disease and cystic fibrosis that have their root in either protein 

aggregation or in protein misfolding (17). When a protein is folded either in 

vivo or in vitro, the aggregates that are created are similar. This gives rise 

to the thought that the intermediate to blame for the aggregation is 

dependent on the amino acid sequence and not on the conditions of the 

folding environment (18-21)  

During the isolation of the inclusion bodies, the E. coli cells must be 

lysed at some point to release the inclusion bodies and hence the protein 

of interest. The lysing of the cells can be achieved by a number of different 

methods. Three of the most popular methods are mechanical 

homogenation, french press and sonication.  At this point there are also a 

number of hurdles that must be addressed so that the protein can retain 

its activity and native structure. After the cell is lysed, a number of cellular 

components have the potential of being adsorbed onto the surface of the 

inclusion bodies (22). This can be detrimental to the refolding process 

because other proteins contaminate the target protein and decrease the 
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refolding yield (8, 23). Another negative effect of the isolation process is 

that proteases can be copurified with the inclusion bodies during 

centrifugation (24, 25). Protein that has become aggregated is susceptible 

to proteolytic degradation both in vivo (26) and in vitro (27, 28).  Many of 

these proteases can stay active in vitro even in the presence of the high 

concentrations of denaturants that are generally used to completely 

denature the protein before it can be refolded (22). The two most common 

denaturants used to denature proteins are urea and guanidium 

hydrochloride. At the high concentrations typically used to denature 

proteins, 8 molar and 6 molar respectively, little if any secondary structure 

is present (29, 30). Exactly how resistant a given recombinant protein is to 

proteolysis must be discovered empirically (31). There are some 

strategies that can be employed to aid in the purification such as adding 

lysozyme to aid in breaking the cells, reductant to stop nonnative sulfide 

bonds (8 ,32)  and ethylenediaminetetraacetic acid (EDTA) can be added 

to scavenge metal ions to stop unwanted oxidation of the protein (8, 33). 

There have been reports of up to 95% purity from E. coli inclusion bodies 

(34). 

Protein Folding 

The correct tertiary structure of a protein is of paramount importance when 

it comes to its function but how does a protein correctly fold in vivo and 

how does a denatured protein refold in vitro? The correctly folded 

structure of protein and how the folding occurs in vivo and in vitro has 
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been and will continue to be a leading area of research. Back in 1960’s, 

Levinthal first introduced the famous Levinthal’s paradox (35). This 

paradox says that a protein can’t possibly sample at random, every 

conformation possible. A twist on a classical example demonstrates this. A 

protein of 101 amino acids has 3100 or 5 x 1047 different possible 

confirmations. If the protein is allowed to sample 50 billion confirmations 

every second (1 confirmation for every dollar of Bill Gates’ fortune) the 

protein could sample 1.6 x 1018 confirmations per year. Even at this pace, 

to sample all possible conformations, it would still take 3 x 1029 years to 

find the correct conformation. This is obviously is not correct when some 

proteins can fold into their native fold on a roughly subsecond timescale if 

they are under 100 amino acids (36). This leads to another famous protein 

folding theory called Afinsen’s dogma that was introduced over 40 years 

ago (37). This hypothesis states that the native configuration has the 

lowest Gibbs free energy value and that this energy value is determined 

entirely by the proteins amino acid sequence. These theories have been 

expanded upon and revised extensively over the last 40 years. In reality, 

the folding landscape of a protein is probably not one exact path that the 

protein must follow from the denatured state to the native fold but a series 

of different pathways. This view has been compared to a funnel (38) 

where there can be many different starting points and multiple pathways to 

the single native conformation (Figure 2.1). The folding landscape 

pathway theory can be divided into two views depending on the size of the 
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protein. The first view says that smaller proteins, less than 100 amino 

acids, generally proceed to their native state in a two-step process that 

involves one intermediate (39). The second view is for the proteins that 

have over 100 amino acids. Generally it is believed that these proteins find 

their native conformation through more than one intermediate (39). The 

correct tertiary structure of a protein can contribute to its function in vivo 

and also its activity, for the case of an enzyme, in vitro. It is known that the 

protein fold is tied to many of its activities including the transport of other 

molecules, regulation and how a cell may differentiate during its 

development (40). The native fold of a protein is usually has the highest 

stability in terms of thermodynamics (41). The question of how a protein 

locates this stable fold from countless other conformations is not 

straightforward. Depending on whether the protein is inside a cell or in a 

test tube can complicate how any protein achieves its native fold. The 

folding of a protein has to compete against other processes such as 

misfolding and aggregation that are considered unfavorable when 

studying protein characteristics (30). In vivo a protein is produced when 

the mRNA is transcribed by the ribosome into the polypeptide chain. The 

in vivo process of folding the protein may start immediately while the 

ribosome is doing the transcription. The in vivo process of protein folding 

also has the advantage of native conditions and chaperone proteins that 

aid in folding and also hinder misfolding and aggregation (43). In recent 

years, new techniques that utilize fluorescence have been developed that 
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allow researchers to follow protein within the cell (44). Nature has evolved 

a number of methods to overcome some disadvantages that occur when a 

protein is produced and folded in vivo. Typically the protein concentration 

within a cell is on the order of 300-400 g/L (43). This very large 

concentration of protein means that folding protein must be kept away 

from other proteins to minimize aggregation. Groups of proteins called 

molecular chaperones have been discovered that aid a cell correctly 

folding the protein that it produces (45). Other in vivo folding aids include 

interacting proteins that help to stabilize the proteins and a biological pH 

that can aid in interactions between proteins involved in a complex. This 

has been demonstrated in the SMN protein complex. Gemin2 aids the 

SMN complex by increasing the stability of the whole complex (46). 

When a protein is folded in vitro, other strategies must be employed 

to aid the refolding.  Some target proteins can be produced in a soluble 

folded form. Some proteins have the disadvantage of having to be 

completely unfolded and subsequently refolded from the denaturing 

conditions. A number of methods have been developed to aid in the 

refolding of recombinant proteins that have been obtained from inclusion 

bodies. None of these methods have proved to be a universal method for 

all recombinant proteins and the refolding conditions for any given protein 

cannot be predicted from the amino acid sequence alone and must be 

optimized individually (47).  Here I will briefly review some of the popular 
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methods that are used frequently in protein labs and then discuss the 

current method used for the refolding of the SMN constructs.   

The simplest method used to refold recombinant proteins is dialysis 

or dilution (29). This method can be done using a few different 

approaches.  The first approach for dialysis uses a large amount of buffer 

that is free of any denaturant. When a protein in denaturing conditions is 

diluted to a point where the denaturant drops to a low concentration, it 

effectively leaves the protein in a state that allows it to refold in this single 

step. The second approach is to use step-wise buffer exchange that 

slowly steps the denaturant concentration down to a point where the 

protein can fold into its native tertiary structure. The second approach may 

allow the protein to sample more of its folding landscape. By slowly 

stepping down the denaturant concentration, the protein is allowed to fold 

into local energy minima that may be incorrect. The low barrier of the 

energy minima, caused by the presence of the denaturant that favors 

unfolding, allows the protein to escape the local energy minima and 

sample other folds that are closer to the native global minima for the 

protein (37, 49). This native global minima usually represents the structure 

that has the highest thermodynamic stability in vivo.  A third approach is 

similar to the step-wise dialysis method but it instead is a continuous 

exchange of the buffers. This method also slowly lowers the denaturant 

concentration which also allows more of the folding landscape to be 

sampled. The dilution dialysis method has a number of disadvantages. 
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The best refolding yields require dilute concentrations of less than 10 

mg/mL. This low concentration of protein will lower the amount of 

aggregation but the low concentration makes using this method difficult for 

structural work (29). The buffer that is used to refold the protein by this 

method must also be carefully chosen.  The correct refolding buffer can 

aid in further minimizing aggregation (50).  Buffers are essential for 

maintaining a constant pH in almost all biological activities in vivo.  Buffers 

also serve the same purpose in vitro, although the pH may need to be 

held at a value that is outside the normal value seen inside a cell. There 

are many different buffers but some of the most common used in 

biochemistry include  4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid( 

HEPES), TRIS and phosphate. A buffer solution may also have a number 

of ‘additives’ also added to it. These additives can help to stabilize the 

protein during folding and after folding (48). 

On column refolding of recombinant protein from E. coli has 

become a very popular method. It is fast and easily adaptable for many 

different proteins. There are three basic methods for on column refolding: 

1) the denatured protein is immobilized on the column: 2) size exclusion 

chromatography is used to simultaneously remove the denatured and 

separate out contaminates from the solution: 3) folding 

catalyst/chaperones can be immobilized to the column to promote the 

refolding (29). All three methods have their own advantages and 

disadvantages. An example of this advantage vs. disadvantage is in the 
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size exclusion chromatography method. This method separates out 

contaminates according to size but does not ensure that the protein 

molecules are kept the appropriate distance from each other to allow 

correct refolding. 

Protein Crystallization 

Over 25 years ago, recombinant protein technology was in its 

beginning stages (50). This technique has been improved greatly over 

time and is the source of almost all protein used in structural biology 

studies today. The advancement of recombinant protein has made 

structural determination much more feasible. The first protein was that had 

its structure elucidated by X-ray crystallography was Myoglobin in 1958 

(51). When the protein data bank (pdb) was first put together in 1971 it 

contained only seven structures (52) and on January 1, 2010 there were 

over 64,000 protein structures deposited. Although this number is slightly 

elevated due to some proteins being solved more than once due to 

crystals that diffract to better a resolution and the same protein being 

solved but from different organisms. At the current time, X-ray 

crystallography is the only technique that can show the structure of a 

protein down to atomic detail. 

As stated earlier, crystallization attempts usually begin after the 

protein is in an essentially homogenous form. There are a variety of 

methods that have been developed for making protein crystals but the 

most popular and successful method is called vapor diffusion. There are 
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two dominant forms of vapor diffusion: hanging drop and sitting drop as 

shown in Figure 2.2. Vapor diffusion works by placing the protein of 

interest in a solution that has a lower concentration of additives than does 

a reservoir solution that is in close vicinity to the protein (53). Vapor 

diffusion works because the water in the protein solution that has lower 

concentrations of additives will diffuse out of that solution and into the 

reservoir solution that has higher concentrations (53). Additives are 

important because they help to both stabilize the folded protein and force 

the protein to form the crystal.  

A good quality crystal is difficult to obtain and a process called 

screening and optimization is usually employed. Screening involves 

testing a wide variety of conditions and different additives on the protein to 

see if any of them produce a crystal or other phase that could indicate 

there is a possibility of crystal formation. The systematic search consists 

of changing these conditions in a way as to rule out different variables until 

a single optimal condition is found. A perfect protein crystal is rarely found 

but if the right condition is found, a crystal of suitable size, order and 

quality can be produced. There are many excellent reviews excellent 

reviews on the defects that occur within protein crystals (54, 55) that lead 

to either disordered crystals that don’t diffract X-rays well or other defects 

that make crystals unusable.  

The formation and growth of protein crystals takes place in three 

stages: nucleation, growth and termination. Before nucleation can take 
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place, the protein concentration in the solution must increase to a point of 

supersaturation. This increase in protein concentration is what the vapor 

diffusion method accomplishes. Once the protein is at a supersaturated 

concentration (Figure 2.3), nucleation may occur. Nucleation is just one of 

the major hurdles in protein crystallography. There are two types of 

nucleation that may occur; homogeneous and heterogeneous.  

Homogeneous nucleation occurs when a random event of protein 

molecules becoming clustered at the same location to form what is called 

the critical nucleus (53, 57). Once a critical nucleus is formed, the growth 

stage of the crystal formation can proceed. The second way to form the 

critical nucleus is through heterogeneous nucleation. Heterogeneous 

nucleation occurs when a number of the protein molecules form around a 

foreign particle that will not make up the bulk of the protein crystal. The 

foreign particle can be many different things such as hair (both human and 

horse hair have been tried) and sephadex beads to name a few (57). 

There have been many attempts but no successes in discovering a 

particle that could trigger heterogeneous nucleation for all proteins, as this 

would take out one of the major hurdles in protein crystallography. The 

nucleation stage is critical for obtaining suitable crystals. If nucleation 

occurs too quickly and at too many sites, there may only be showers of 

needle crystals (Figure 2.4) that are unusable for X-ray diffraction. The 

upside to needle crystals is that they have the possiblility for being used in 

a technique called seeding. Protein crystallography doesn’t normally rely 
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on this technique to start the nucleation phase but in recent years there 

have been many attempts to develop successful seeding techniques to 

help to the nucleation process (56). If the nucleation is too slow, the critical 

nucleus may not be reached and no crystal will be produced. Nucleation 

occurs at a stage of supersaturation above where the growth phase of the 

protein crystal takes place. The growth phase mainly occurs in a zone 

called the metastable zone (50). The growth phase of the crystal is where 

the protein molecules pack onto the crystal surface and the size and 

dimensions of the crystal increase.  

Methods 

Isolation of SMN from Inclusion bodies 

The first step in our method of obtaining the SMN protein constructs 

is the growth of the E. coli cells that contain the desired protein vector. 

The SMN sequence is in a pRSET vector and the E. coli are of the BL21 

production line of cells. A starter culture is first grown in super optimal 

broth (SOB) media at 37° C with ampicillin for 10 hours.  This culture is 

then used to inoculate six liters of SOB media and shaken at 250 rpm for 

10 -12 hours or until absorbance at 600 nm equals 0.8.  When the 

appropriate cell density has been achieved, Isopropyl β-D-1-

thiogalactopyranoside (IPTG) is then added to induce the over-expression 

of the SMN construct (either SMNWT or SMNΔ7).  Harvesting of the cells 

is completed in a Sorval RC6 Plus. The cells are spun at 8000 rpm for ten 
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minutes to sediment the cells out of the media. The cell pellet is then 

frozen at -20° C until it can be used at a later time. 

The frozen cell pellet is then solubilized in a PBS buffer overnight 

by gently stirring at 4° C. When the cells have become completely 

solubilized, they are then lysed to extract the inclusion bodies that contain 

desired protein. Lysis occurs by the addition of lysozyme, DNase (used to 

ensure no nucleic acids stick to the protein) and MgCl2 to activate the 

DNase. This solution is allowed to stir at room temperature for 

approximately 20 minutes or until the solutions viscosity has been reduced 

significantly. Sonication of the cells on ice is done to ensure complete 

breakage of cells. When sonication is complete a detergent, Triton X100, 

is added and the solution is allowed to stir at room temperature for five 

minutes.  A centrifugation step is then employed to extract the protein in 

the insoluble fraction of the solution. The centrifugation step is completed 

on the Sorval RC6Plus at 13,000 rpm for 30 minutes.  The resulting 

supernatant is discharged and the cell pellet is saved for further use. 

The insoluble fraction is then solublized overnight in Buffer A by 

gently stirring at 4° C.  The Buffer A solution has a high concentration of 

Urea and will completely denature all the proteins in the cell pellet. Protein 

found in inclusion bodies usually in somewhat pure in content but all of the 

protein is not correctly folded. To ensure that none of the SMN is 

misfolded, all of the protein must first be unfolded and later refolded.  
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This solublized solution of the cell pellet is then again centrifuged at 

13,000 rpm for 30 minutes to deposit out the insoluble fraction that does 

not contain our desired protein. The supernatant now contains a soluble 

fraction of our desired protein along with all the other soluble proteins. The 

SMN construct must be now be purified from this soluble fraction without 

the other protein from the cell. 

In the method employed for extracting and folding of SMNWT and 

SMNΔ7 from the supernatant, the soluble fraction is first bound to Sp 

Sepherose beads for one to two hours. This method is known as 

Immobilized Metal Affinity Chromatography (IMAC) and has been in use 

since 1975 for the purification of proteins (58). Different transition metals 

can be used in IMAC but in our case, Nickel is the metal of choice.  IMAC 

utilizes the fact that the histidine functional group has a very high affinity 

for the Nickel. This aids in purifying the desired protein from the rest of the 

soluble protein in the supernatant that does not have a histidine tag. The 

amino acid histidine has an imidazole ring for its side chain. The electron 

donor groups that are located on the imidazole ring, form coordination 

bonds with transition metals. This affinity for the metal allows the protein to 

bind to the matrix and thus purifying it from any proteins that do not bind to 

the matrix. 

After binding, the next step is folding the protein while it is bound to 

the IMAC column.  A wash step of Buffer A with a small concentration of 

imidazole is allowed to run on the column to attempt to wash away non-
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specifically bound proteins that may have a low affinity for either the Nickel 

or the SMN construct. After the wash buffer has ran through the column, a 

gradual gradient exchange of 100% Buffer A to 100% Buffer B takes place 

to slowly remove the denaturant while the protein is bound to the column. 

This gradual removal of the denaturant allows the protein to sample 

different conformations in its folding landscape.  Our Buffer B solution has 

the folding additive sucrose added to it. The sucrose helps to stabilize the 

folded protein while in solution (12). Gradually removing the denaturant 

has the advantage of giving the protein a chance to fold into an incorrect 

local energy minima conformation but also a chance to escape that energy 

minima on its way to a global energy minima (48). Obtaining protein with 

the correct fold is extremely important for crystallization attempts. 

After the denaturant has been completely removed, the protein 

needs to be eluted off the column. This is done by using a high 

concentration of imidazole which will compete with the protein for binding 

to the Nickel on the beads. Figure 2.5. shows an sodium dodecyl sulfate 

polyacrylamide gel electrophoresis (SDS PAGE) gel of the protein after 

the IMAC column. 

The imidazole must be removed from the eluted protein sample and 

this is done by gently stirring in dialysis overnight at 4° C overnight. After 

dialysis has been completed, the protein must be concentrated and then 

further purified on a Size Exclusion Chromotography (SEC) column.  

Purification of Protein 
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The SEC column will allow the separation of proteins that have 

different molar masses. The heaviest proteins run through the column 

much faster than the smaller proteins. A typical SEC elution graph for 

SMN is shown in Figure 2.6. Typically two peaks are shown in the elution 

curve off the column. The 1st

Crystallization was then attempted and found to be extremely prep 

dependent. Different conditions were attempted and found that the best 

conditions were 100 mM Tris buffer at a pH of 8.8, polyethylene glycol 

4000K at 40% w/v and the reducing agent tris(2-carboxyethyl)phosphine 

(TCEP) at a concentration of 6mM. The drop size was 2 µL and contained 

1µL of reservoir and 1 µL of the concentrated protein solution. Other 

similar conditions often produced needle crystals which is indicative of 

nucleation occurring to quickly and in too many locations to produce a 

diffraction quality crystal. X-ray diffraction has been attempted but no 

usable data was obtained with the present crystals. 

 peak could be a number of things including a 

dimer of the SMN construct, a higher order oligimer or an aggregation of 

protein molecules. The second peak is the SMN construct that is 

separated from other contaminates presumably.  
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Figure 2.1. This figure shows the new views on how proteins fold. Smaller 
proteins of fewer than 100 amino acids will usually fold by the 2-step 
folding pathway with one intermediate step. Larger proteins of over 100 
amino acids are thought to fold by moving though at least two intermediate 
states.
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Figure 2.2. This figure shows the two common methods used for vapor 
diffusion. Water moves from the protein drop into the reservoir. This cause 
the concentration of both the protein and the additives in the drop to 
increase and eventually moving the protein into a point supersaturation. 
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Figure 2.3. This figure shows a basic solubility curve. The supersaturation 
zone is where nucleation and aggregation occur. The metastable zone is 
where the growth of the crystal takes place. In the unsaturated zone 
neither nucleation or growth will occur. The crystal growth will terminate 
when the concentration of the protein drops below the saturation line. 

Super saturation 

Saturation  

Metastable zone 

unsaturated 
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Figure 2.4. SMNWT has been crystallized successfully but no diffraction 
data has been collected to date. The picture on the right what occurs 
when nucleation happens very rapidly. The figure on the left is a large 
crystal that was formed when nucleation was occurring more slowly. 
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Figure 2.5. A typical SDS page gel of SMN WT is shown after purification 
with IMAC chromatography.   Lanes 1 and 2 have the elution fractions 
while lanes 3, 4, and 5 have the supernatant from the sonication and 
clarification spin steps. Size exclusion must be ran to further purify the 
SMNWT protein for crystallization attempts.
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Figure 2.6. The typical size exclusion elution shows that there are two 
peaks. The second peak was found to be the pure form of the SMNWT 
monomer that was used in crystallization trials.
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Chapter 3 

Structures of proteins and cofactors: X-ray crystallography 

Introduction 

 Photosynthesis is the conversion of light energy into chemical 

energy in photosynthetic organisms. While each organism has a different 

specific pathway for the conversion process, the basis for all of these 

pathways is the capture of light, the transfer of energy among 

(bacterio)chlorophyll-containing light-harvesting complexes, and the 

eventual creation of a charge-separate state by the transfer of electrons 

from (bacterio)chlorophylls to electron acceptors in protein complexes. 

The ability of these molecules to perform energy and electron transfer is 

highly dependent on the precise spatial arrangement of the 

bacteriochlorophylls, the surrounding protein environment and the relative 

positions of the other cofactors. Therefore, an understanding of 

photosynthesis at a molecular level requires knowledge of the three-

dimensional arrangement of the bacteriochlorophylls and chlorophylls in 

the proteins. In this article, the use of protein crystallography to determine 

these spatial arrangements is described (the crystallization process is 

reviewed in an accompanying article). The basic concepts of X-ray 

diffraction are briefly outlined, including the technical aspects of data 

collection and analysis, followed by examples of several structures of 

proteins from photosynthetic organisms that have been determined using 

crystallography. 
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 Although tens of thousands of protein structures have been solved, 

the use of crystallography is still limited for integral membrane proteins, 

which hare proteins embedded in the cell membrane rather than free in 

solution. Since many of the critical proteins involved in photosynthesis are 

membrane proteins, the emphasis of this review will be on the elucidation 

of the structures of membrane proteins, with the structures of the bacterial 

reactioncenter, photosystem I, photosystem II, and the light-harvesting 

complexes I and II used as examples. The structures of bacterial reaction 

centers were the first membrane protein structures that were determined 

(1,2), and many structures of the reaction center from Rhodobacter 

sphaeroides with mutations of other modifications have since been 

determined. While the structure of photosystem I is now well defined, the 

structural determination of photosystem II still remains an active area of 

research. Reaction centers, photosystem I, and photosystem II perform 

the primary energy conversion reactions in anoxygenic and oxygenic 

photosynthetic organisms, and these structures illustrate the beauty of the 

overall arrangement of these complexes as well as the difficulties in 

accurately determining the structures of large protein complexes. 

 In addition, this chapter briefly reviews the structures of the 

complexes that harvest the light and transfer the energy to the complexes 

discussed above. Purple bacteria predominately have two types of 

antenna, both of which are found in the cell membrane and surround the 

reaction center. Structures of both the light-harvesting complexes I and II 
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have been determined revealing a symmetric ring configuration that 

promotes energy transfer among the bacteriochlorophylls. Some green 

bacteria contain large assemblies known as chlorosomes that are 

attached to the cell membrane. Chlorosomes are coupled to the reaction 

center through the FMO protein, which is a water-soluble protein 

containing a number of chlorophylls. Although the FMO protein was the 

first bacteriochlorophyll-binding protein whose structures was solved (3), 

the ability of the seven bacteriochlorophylls, which are not symmetrically 

arranged, to transfer energy among the various bacteriochlorophyll 

molecules is actively investigated as discussed below. 

Basic concepts of diffraction 

 In this section, I will briefly summarize the basic concepts of 

diffraction. X-ray diffraction has been used for 100 years to solved the 

structures of molecules, with the first structures of proteins, namely, 

myoglobin and hemoglobin, being solved almost 50 years ago (4,5). 

Diffraction is the technique of choice for the determination of the three-

dimensional structures of proteins. Optical microscopy cannot be used for 

objects significantly smaller than the wavelength of light, 500 nm for green 

light, due to the intrinsic resolution of microscopes being coupled to the 

wavelength of the light. Use of X-rays with a wavelength of 0.1 nm is not 

feasible, as the materials used in conventional microscopes do not 

function at such short wavelengths because of the large energy 
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associated with this wavelength region. Therefore, structures are 

determined by using X-rays in a diffraction experiment. 

 The basic concept of diffraction can be understood by considering a 

simple array of molecules that are uniformly spaced in a line (Figure 3.1). 

When a wave impinges on the array, each molecule is assumed to simply 

scatter the wave, changing only the direction but not the energy of the 

wave. After scattering to a specific point at a large distance away from the 

array, the wave at that point will be the sum of all the scattered waves.  In 

some cases, the waves will superimpose favorably while in other cases 

the waves will cancel. Consider the scattering from the neighboring 

molecules in which two scattered waves are identical except that one 

wave travels a longer distance Δ given by 

Δ = a sin θ,                                                                                             (3.1) 

where a is the spacing between the molecules, and θ is the angle between 

the incident wave and the scattered wave. When this path difference is 

equal to the wavelength, then the waves add constructively. In general, a 

diffraction peak will be observed when the path difference is a multiple of 

the wavelength, or 

nλ = a sin θ,                                                                                           (3.2) 

where n is an interger. 

 For diffraction from a physical crystal, the scattering in three 

dimensions must be considered, although the analysis is essentially the 

same (Figure 3.2). The incident wave can be considered to strike a plane 
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of atoms in the crystal. Diffraction is observed when the difference in the 

path length between the scattered waves from two adjacent planes, which 

is determined by the distance between the two planes, a, and the incident 

angle, θ, is equal to a multiple of the wavelength according to Bragg’s law: 

nλ = 2a sin θ                                                                                          (3.3) 

 All crystals, including crystals made from proteins, are composed of 

molecules that are precisely arranged in three-dimensional arrays. The 

smallest building block of the crystal is known as the unit cell, and the 

crystal can be considered to be composed of unit cells stacked next to 

each other. As originally done in the 1800’s by Bravais, the arrangement 

of unit cells can be classified according to the three lengths and angles 

associated with each unit cell and their symmetry relationship. The 

possible arrangements range from triclinic cells that have no symmetry to 

the highly symmetrical cubic cells (Figure 3.3). In some cases, the 

symmetry is more involved, for example, unit cells can have twofold screw 

axis in which each molecule is related to each other by the combination of 

a twofold rotation and a translation along the c axis. Protein crystals 

commonly have screw axes because the crystal packing is imported 

compared to crystals with simple rotation axes.  For example, the bacterial 

reaction center crystallizes in the orthorhombic space group P212121, 

which has three perpendicular screw axes, and photosystem I crystallizes 

in P63, in which the proteins are related by a 60° rotation followed by a 

translation along the c axis. 
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Data Collection and analysis 

Once crystals have been obtained, X-ray diffraction measurements 

are performed using either in-house systems or at a synchrotron. 

Laboratory instruments are useful for establishing the space group and 

measuring the initial data sets. However, for many proteins, the diffraction 

is weak requiring that the measurements use the much more intense X-

ray beams available at synchrotrons. In either case, the crystals are 

aligned and exposed to the X-ray beam with the diffraction measurement 

in real time by an electronic detector. The space group can be 

immediately identified based on the arrangement of the diffraction peaks 

in the resulting image. The quality of the data is usually described by a 

termed called the resolution limit. The resolution limit represents the 

largest angle from the beam that can be reliably measured. In order to 

solve any given structure, data to a resolution limit beyond 3 Å is required 

with smaller numerical values for the resolution limit representing data that 

is collected to larger angles, and hence is more complete. Crystals 

yielding data with smaller resolution limits represent more measured data 

and hence better data, with data beyond a resolution limit of 1 Å being 

rare for protein crystals. For the bacterial reaction center, the initial 

structures were at resolution limits of ~3 Å, while the later structures were 

solved at higher resolution limits as discussed below. Several structures of 

photosynthetic complexes have been reported to much poorer resolution 

limits, notably photosystem II structures were initially determined to 



 

65 

resolution limits of 3.8–3.7 Å (6, 7), resulting in limitations in the placement 

of the protein backbone and the cofactors, with the most recent structure 

being at a 3.5–3.0 Å resolution (8, 9). In addition to the resolution limit, 

there are other measures of the quality, with the order being critical for 

many integral membrane proteins. Due to the presence of detergent 

molecules surrounding a significant portion of the protein, the interactions 

between the neighboring proteins are often limited resulting in relatively 

poorly ordered crystals. In terms of the diffraction, poorly ordered crystals 

are apparent by the measurement of diffraction spots that are not sharp 

but diffuse, with the resolution being sometimes restricted by the overlap 

of spots.  

 In order to determine the structure, it is necessary to measure the 

intensity of every diffraction spot. The specific space group determines the 

location of each diffraction peak, while the intensity is related to the 

composition of the unit cell. Since the data are recorded electronically, 

these measurements can be performed quickly. The difficulty in the 

interpretation lies in the nature of the diffraction as arising from complex 

rather than real terms. The diffraction can be considered to arise from the 

summation of vectors, called structure factors, which have both an 

amplitude and phase, but measurement of the intensity provides only the 

amplitude. Formally, in order to determine the structure, both are required 

in a Fourier series involving the summation of the structure factors, F hkl , 

for all measured reflections, which are identified by the indices hkl:  
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(3.4) 

 Notice that the summation yields not the position of the nuclei but 

rather ρ(x,y,z), which is the density of electrons at a given point in space, 

since it is the electrons that scatter the X-rays. For this reason, the 

outcome of the data analysis is an electron density map into which a 

structural model, consisting of amino acid residues, must fit.  

 Three experimental approaches can be used to provide the missing 

information concerning the phases. The first, called MAD, or multiple 

anomalous dispersion, involves measurements at several wavelengths 

around the transition energy for a metal bound to the protein. Since the 

transition energy for each metal is very specific, the differences in the 

measured diffraction arise only due a specific metal resulting in 

contribution that arises only from the electrons in that metal. Once this 

metal is located, then an initial set of phases can be estimated and a 

model can be built. For a second approach termed MIR, or multiple 

isomorphous replacement, the protein is modified such that a metal is 

incorporated and the diffraction is compared to the protein without the 

metal, with the measurements all being at a single wavelength. In this 

case, measurements of the diffraction from crystals with different bound 

metals are needed to give accurate estimations of the phases. Finally, 

MR, or molecular replacement, can be utilized to solve the structures. In 

this case, there must be an existing structure that is highly homologous to 

the unknown structure. The homologous structure is essentially artificially 
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rotated and translated in the unit cell until the orientation and position 

match those of the protein in the crystal. 

 These approaches provide the means for generating the phases for 

the diffraction data and allowing the electron density to be calculated using 

Eq. 3.4. The outcome is a map of the electron density that is usually 

contoured at a level significantly above background. Fitting of the maps 

involves identifying the atoms that give rise to each region of the density. 

While this is largely manually done on a graphics terminal by a 

crystallographer, increasingly, the analysis of electron density maps is 

being performed directly by sophisticated programs. The polypeptide 

chains are evident as tubes of electron density with secondary structural 

elements, such as alpha helices, readily identifiable. Once the native 

structure has been determined, modifications by mutagenesis or 

biochemical techniques can be rapidly identified provided the structural 

differences are small. For example, a very large number of mutants of the 

reaction center from R. sphaeroides have been solved and the mobility of 

the secondary quinone was identified. Also, light-induced changes have 

been found involving the secondary quinone in the bacterial reaction 

center (10, 11). 

Structures of pigement-protein complexes from photosynthetic organisms 

Bacterial reaction centers 

 The bacterial reaction centers from Blastochloris viridis and 

Rhodobacter sphaeroides were the first integral membrane proteins to 
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have their three-dimensional structures determined (12). Bacterial reaction 

centers contain at least two protein subunits, which are termed the L and 

M subunits, and surround the cofactors (13). Both these subunits consist 

of five transmembrane helices, with the helices from each subunit being 

related to each other by an approximate twofold symmetry (1, 2, 14-18) 

(Figure 3.4). Each transmembrane helix contains 24–31 amino acid 

residues that are largely hydrophobic. The reaction centers from purple 

bacteria have an additional subunit, which is termed the H subunit. Unlike 

the L and M subunits, the H subunit has only one transmembrane helix 

with a large extramembranous domain on the cytoplasmic side of the 

reaction center. Although the H subunit does not directly interact with any 

of the cofactors, the H subunit is required to stabilize the complex (19) and 

for assembly (20-22).  

 The cofactors of the reaction center all lie within the L and M 

subunits, and are organized in two branches that are related to each other 

by the same twofold symmetry axis as for the protein subunits. On the 

periplasmic side of the reaction center are two bacteriochlorophyll 

molecules that overlap at the ring A position and serve as the primary 

electron donor. Each of the two branches also has a bacteriochlorophyll 

monomer, a bacteriopheophytin, and a quinone, with a single non-heme 

iron atom lying on the symmetry axis between the primary and secondary 

quinone. In wild type, another cofactor, a carotenoid, is asymmetrically 

positioned near one of the bacteriochlorophyll monomers. Light absorption 

http://www.springerlink.com/content/4n7u7l8717258204/fulltext.html#Fig4�
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results in excitation of the bacteriochlorophyll dimer followed by electron 

transfer along the A-branch of cofactors to the primary quinone, and then 

to the secondary quinone. After the bacteriochlorophyll dimer is reduced 

by a cytochrome, a second light absorption and electron transfer results in 

a second reduction of the secondary quinone that is coupled to the 

transfer of two protons. The quinone then carries the electrons and 

protons to the membrane and is replaced with another quinone. Cyclic 

electron transfer is achieved through electron- and proton-transfer 

processes involving the cytochrome bc 1 complex.  In some organisms, 

including B. viridis, the bacteriochlorophyll dimer is reduced by a large 

bound tetraheme cytochrome subunit that contains four hemes 

(Figure 3.4). After light excitation, the bacteriochlorophyll dimer is rapidly 

reduced by the closest heme, allowing the complex to absorb light again. 

For reaction centers that do not possess a tetraheme subunit, a 

cytochrome c 2 binds transiently to the reaction center to transfer the 

electron in about 1 μs (23). The structure of the cytochrome c 2 bound to 

the reaction center of R. sphaeroides has been determined by using 

protein crystallography (Figure 3.4), and shows that the heme is located 

directly over the bacteriochlorophyll dimer in a position similar to that of 

the closest heme of the tetraheme cytochrome (24). While electrostatic 

interactions are critical factors that determine the binding, the final 

arrangement of the cytochrome bound to the reaction center is determined 

by other interactions such as hydrophobic interactions (25).  

http://www.springerlink.com/content/4n7u7l8717258204/fulltext.html#Fig4�
http://www.springerlink.com/content/4n7u7l8717258204/fulltext.html#Fig4�
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Photosystem II 

 Photosystem II is a unique protein, as it is the site for the oxidation 

of water to molecular oxygen in oxygenic photosynthesis (26). This protein 

is a large multi-subunit complex with many cofactors that are all 

embedded in the thylakoid membranes of cyanobacteria and plants. While 

there are some differences between the complexes found in these 

different organisms, the core of photosystem II is largely well conserved. 

In cyanobacteria, photosystem II has 17 integral membrane protein 

subunits that span the membrane and three extrinsic membrane protein 

subunits. There have been several reports of the three-dimensional 

structure of photosystem II at different resolution limits and quality of 

models. The first reports were at resolution limits of 3.8 and 3.7 Å (6, 27, 

28) and revealed the organization of the transmembrane helices and the 

approximate positions of most of the chlorophyll cofactors. Subsequently 

improved models were determined from data at resolution limits of 3.5–

3.0 Å (8, 9) and revealed to a much more complete degree the 

organization of the protein subunits and positions of the amino acid 

residues and cofactors. While efforts are underway to improve the quality 

of the diffraction data, all these diffraction data have been measured from 

the same crystal form, P212121. Central to photosystem II are two protein 

subunits, D1 and D2, which encase the cofactors that perform the normal 

light-induced electron-transfer reactions. As is found for the bacterial 

reaction center, these subunits and cofactors are symmetrically related 
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around an approximate twofold symmetry axis (Figure 3.5). Each of the 

D1 and D2 subunits contains five transmembrane helices, whose relative 

positions are homologous to those of the L and M subunits of the bacterial 

reaction center. Only one branch of cofactors, located on the D1 side of 

the complex, predominantly participates in the electron transfer. The two 

quinones serve the same roles as found in the bacterial reaction center, 

with the primary quinone initially receiving the electron and the secondary 

quinone serving as the two electron–proton gate.  

 While many of the functional features are very similar on the 

acceptor side for photosystem II and the bacterial reaction center, the 

donor side functions are much different. The two chlorophylls lying in the 

center are not as closely spaced together as found in the reaction center 

and the excitation is thought to be delocalized along all four chlorophylls 

found in the central core (29). After electron transfer, the oxidized 

chlorophylls, P680, are reduced not by a cytochrome but rather by an 

intrinsic amino acid, tyrosine 161 of D1, which is termed YZ. The resulting 

tyrosyl radical is not stable and is rapidly reduced by the manganese 

cluster. After four electron equivalents are collected on the manganese 

cluster, oxidation of water occurs.  

 While the general scheme of water oxidation is understood, both 

the detailed mechanism of water oxidation and the precise structure of the 

manganese cluster remain in question. Part of the difficulty is that the 

current models are based on diffraction data with limited resolutions. The 

http://www.springerlink.com/content/4n7u7l8717258204/fulltext.html#Fig5�
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other difficulty is that the diffraction data have been measured using 

intense X-rays that are available from synchrotrons and the X-ray damage 

causes reduction of the manganese cluster to a state not normally 

observed (30). While efforts are underway to improve the quality of the 

diffraction data, transient optical and X-ray spectroscopy, coupled with 

biochemical and mutagenesis studies, has provided insight into the three-

dimensional arrangement of the manganese cluster.  

Photosystem I 

 In oxygenic photosynthesis, the light-induced biochemical pathways 

involving photosystem II are coupled to a second chlorophyll-containing 

complex, photosystem I (31). Photosystem I is a very large complex, 

comprised multiple subunits and cofactors. In cyanobacteria, the complex 

has 96 chlorophylls and 22 carotenoids that serve both light-harvesting 

and electron-transfer functions. The structure has been determined initially 

at a resolution limit of 6.0 Å and subsequently to 2.5 Å (32, 33). The initial 

electron density revealed the presence of a trimer, which has an 

approximate diameter of 220 Å, formed by transmembrane helices with 

some of the cofactors, in particular the iron–sulfur clusters. Once the 

higher resolution data was obtained, the amino acid residues were 

modeled, the cofactors were accurately positioned, and the remaining 

cofactors were identified. In addition to improvements in the crystal quality 

through seeding and modification of the crystallization conditions, the 

packing of the complexes is very open with a large solvent content and 
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significant improvement in the diffraction data was achieved after 

conditions for freezing the crystals were developed (38). The protein 

crystallizes in the space group P63 with each subunit of the trimer related 

by a crystallographic threefold symmetry axis. The structure of the 

complex from plants has also been determined at an initial resolution limit 

of 4.4 Å, followed by a 3.4 Å structure, and shows many of the same 

features, with the additional features of interactions with the light-

harvesting I complex (27, 35).  

 Each monomer of photosystem I from the cyanobacterium 

Thermosynechococcus elongatus has 32 transmembrane helices from 

nine different subunits. Central to photosystem I are two subunits, PsaA 

and PsaB, which each have a molecular mass of 80 kDa and 11 

transmembrane helices. As found for the bacterial reaction center and 

photosystem II, photosystem I has a core that has an approximate twofold 

symmetry axis relating both the protein subunits and cofactors. From 

PsaA and PsaB are five transmembrane helices that are closely 

interacting with the cofactors and surround the cofactors that perform the 

primary photochemistry (Figure 3.6). The electron-transfer cofactors are 

composed of chlorophyll and phylloquinone cofactors that are divided into 

an A and B branch. Two closely associated chlorophylls are found forming 

the primary electron donor although the two molecules are not identical, 

as the A-branch side is a chlorophyll a’ while the B-branch side is a 

chlorophyll a. Another notable difference compared to the bacterial 

http://www.springerlink.com/content/4n7u7l8717258204/fulltext.html#CR28�
http://www.springerlink.com/content/4n7u7l8717258204/fulltext.html#Fig6�
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reaction center and photosystem I is the presence of three redox active 

Fe4S4 clusters coordinated by cysteines. An iron–sulfur cluster, termed FX, 

is found at the homologous location of the non-heme iron of the bacterial 

reaction centers and photosystem II. In addition, there are two other iron–

sulfur clusters, FA and FB, that serve as electron acceptors from FX and 

are located on the stromal subunit PsaC, with the electrons being 

transferred out of the complex by a ferredoxin. 

Light-harvesting complexes I and II 

Two types of light-harvesting complexes are found in purple bacteria, both 

of which are integral membrane proteins: a core light-harvesting I complex 

and a peripheral light-harvesting complex II, which is found in many but 

not all bacteria (13). For both complexes, there are two polypeptide 

chains, alpha and beta, with each set of peptides being associated with 

two and three bacteriochlorophylls, for the light-harvesting complexes I 

and II, respectively. Light is captured initially by the light-harvesting 

complexes II, and the energy is transferred to the light-harvesting complex 

I in 2–4 ps, followed by the energy being transferred to the reaction center 

within 40 ps. The means by which the protein environment tunes the 

properties of the bacteriochlorophylls has long been a topic of study (36). 

For example in R. sphaeroides, the light-harvesting complex I has 

absorbance bands at 875 nm, while the bands are at 800 and 850 nm for 

the light-harvesting complex II, despite both complexes containing the 

same cofactor, bacteriochlorophyll a.  
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 The three-dimensional structure of one of these complexes was 

first solved at 2.5 Å for the light-harvesting complex II from 

Rhodopseudomonas acidophila (37), with the diffraction data 

subsequently improving to 2.0 Å (38). The crystals belong to the trigonal 

space group R32 with the asymmetric unit containing three sets of the 

alpha and beta peptides. By the crystallographic symmetry, each part of 

the asymmetric unit maps by a crystallographic threefold axis into a large 

ring structure composed of nine sets of alpha and beta peptides (Figure 

3.7). The bacteriochlorophylls are arranged into two rings. One is near the 

periplasmic side of the protein and is composed of 18 closely interacting 

cofactors that are assigned with the 850 nm absorption band. A second 

ring of nine widely separated molecules is found near the cytoplasmic side 

and is assigned to the 800 nm band. The light-harvesting complex II from 

Rhodospirillum molischianum (39) has also been determined to a 

resolution limit of 2.5 Å. In that case, the space group is P4212, which has 

no threefold symmetry axes, and the crystallographic symmetry results in 

a ring of protein and cofactors as found for R. acidophila, but the complex 

is an octomer rather than a nonamer. The organization of the cofactors is 

similar, although there are small differences in the various angles and 

distances.  

In addition to the crystallographic studies of the light-harvesting complex 

II, structural studies have been performed on the light-harvesting complex 

I. Projection maps from electron microscopy studies of two-dimensional 
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crystals of the light-harvesting complex I from Rhodospirillum rubrum, 

show a ring arrangement of 16 sets of polypeptide pairs, but the resolution 

was too limited to provide a detailed picture (40). A model of the reaction 

center light-harvesting complex I from Rhodopseudomonas palustris has 

been determined at a resolution limit of 4.8 Å (41). That resulting structure 

consists of 15 pairs of alpha and beta subunits, each with two 

bacteriochlorophylls, with the 16th position of the ring occupied by a 

different set of peptides, which are proposed to be the PufX proteins. The 

presence of the additional peptides breaks the ring structure and is 

proposed to provide a portal for quinone exchange from the reaction 

center to the cytochrome bc 1 complex.  

FMO protein 

 In photosynthetic systems, a number of different complexes harvest 

the light and transfer the energy to the complex, where the photochemistry 

occurs. Some light-harvesting complexes, such as the ones described 

above, are found in the cell membranes. Others are found associated with 

the membrane but with no protein subunits that span the membrane. One 

example, of a membrane-associated antenna is the FMO protein. The 

FMO protein participates in the light-harvesting process in green bacteria, 

as it facilitates energy transfer to the reaction center from large 

membrane-associated components called chlorosomes.  

 The FMO complex was originally solved from Prosthecochloris 

aestuarii at a resolution limit of 2.8 Å (3, 42). The space group, P63, 
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produced closely associated trimers of the FMO that are thought to be the 

biological unit. This structure was the first of a bacteriochlorophyll-

containing complex until the bacterial reaction center structures were 

determined (see above). Due to the lack of a protein sequence at that time 

(1975), the model was not completed with inclusion of the amino acid side 

chains until several years later at which time an improved 1.9 Å electron 

density map was available (43). Subsequently, the FMO protein was 

solved from Chlorobium tepidum at a resolution limit of 2.2 Å (44, 45). In 

that case, the space group was P4332 but the crystallographic symmetry 

again produced the same trimeric arrangement of the protein subunits.  

 Overall, the FMO complex consists of a trimer of three identical 

subunits (Figure 3.8). Each subunit is folded into two beta sheets that 

have a “taco shell” arrangement with seven bacteriochlorophylls inside. At 

the open end of the taco shell are small alpha helices. The seven 

bacteriochlorophylls are arranged asymmetrically within the protein and 

have different types of coordination. The involvement of each 

bacteriochlorophyll molecule in the transfer of energy and contribution to 

the optical spectrum has been discussed by many research groups. 

Recent transient spectroscopic measurements showed that while each 

molecule can be excited the coupling among the molecules results in the 

energy being transferred along specific pathways and collected on a 

single bacteriochlorophyll, which presumably serves as the bridge to the 

reaction center (46, 47). More recently, a structural model of FMO has 

http://www.springerlink.com/content/4n7u7l8717258204/fulltext.html#Fig8�
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been proposed that contains an additional cofactor, an eighth 

bacteriochlorophyll, although the occupancy is low compared to the full 

occupancy of the other bacteriochlorophylls (28).  
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Figure 3.1: Diffraction from a one-dimensional array of molecules. Each 
molecule is spaced a distance a apart from the neighboring molecule. The 
incident wave is considered to scatter from each molecule to a point at a 
large distance D, with the scattered waves having different path lengths. 
At an angle h, the path length difference between neighboring molecules 
is given by a sinh. When the path length difference is equal to a multiple of 
the wavelength, then the waves add constructively and a diffraction peak 
is observed. For simplicity, only four of the scattered waves are shown in 
the figure. 
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Figure 3.2: Diffraction from crystallographic planes. The crystal is 
considered to consist of a series of planes that can each scatter the 
incident wave. As was true for the one-dimensional array, the difference 
between the scattered waves is the difference in the pathlength between 
the neighboring planes, which equals 2a sinè. When this path difference 
equals a multiple of the wavelength, the waves add constructively and a 
diffraction peak is observed. 



 

81 

 

Figure 3.3: The different types of Bravais lattices. Shown are the seven 
types of unit cells and the allowed unique lattices. The relationships 
among the three characteristic cell lengths, a, b, and c are shown as well 
as for the three angles, á, â, and ã. For example, in triclinic cells, all the 
cell lengths differ while they are all equal in cubic cells. Also indicated are 
the symmetries for each cell type. Each cell type can have primitive (P), 
face-centered (C), body-centered (I), or all facecentered (F) cells. For 
example, all triclinic cells are primitive while cubic cells can be primitive, 
body centered, or face centered. The dashed lines show that for these 
different cell types, there can be additional lattice points. For example, the 
body-centered cells have an additional lattice point in the center. 
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Figure 3.4: The three-dimensional structures of the reaction center from 
Rhodobacter sphaeroides, the reaction center from Blastochlorsis viridis, 
and the reaction center from Rhodobacter sphaeroides with a bound 
cytochrome c2. Shown are the backbones of the protein subunits, L 
(yellow), M (blue), H (green), cytochrome (red), and the cofactors (black). 
The views are approximately with the twofold symmetry axis of the protein 
in the plane of the paper. The coordinates are 4RCR (Allen et al. 1987), 
4PRC (Deisenhofer et al. 1995), and 1L9B (Axelrod et al. 2002). 
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Figure 3.5: The three-dimensional structure of photosystem II from 
Thermosynechococcus elongatus. Shown are the backbones of several of 
the protein subunits, D1 (yellow), D2 (blue), cytochrome b559 alpha (red), 
CP43 (wheat), the core light-harvesting subunit (green), and cofactors 
(black). For clarity, some subunits and cofactors are not shown. Only one 
monomer of the biologically active dimer is shown. The view is 
approximately with the twofold symmetry axis of the protein in the plane of 
the paper. The coordinates are 1S5L (Ferreira et al. 2004). 
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Figure 3.6: The three-dimensional structure of photosystem I from 
Synchococcus elongatus. Shown are the protein subunits: PsaA (yellow), 
PsaB (blue), PsaC (green), PsaD (cyan), PsaE (wheat), and the cofactors 
(black). For clarity, some subunits and cofactors are not shown. Only one 
monomer of the biologically active trimer is shown. The view is 
approximately with the threefold symmetry axis of the protein in the plane 
of the paper. The coordinates are 1JB0 (Jordan 
et al. 2001). 
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Figure 3.7: The three-dimensional structure of the light-harvesting 
complex II from Rhodopseudomonas acidophila. Shown is the biologically 
active complex with 18 protein subunits (multiple colors) arranged as two 
concentric rings with three bacteriochlorophylls (black) between each pair 
of subunits. The view is approximately down the ninefold symmetry axis of 
the biologically active nonamer. The coordinates are 1KZU (McDermott et 
al. 1995). 
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Figure 3.8: The three-dimensional structure of FMO from Chlorobium 
tepidum. Shown are the backbones of the three protein subunits (yellow, 
green, and blue) and the cofactors (black) of the trimer. The view is 
approximately down the threefold symmetry axis of the biologically active 
trimer. The coordinates are 1M50 (Camara-Artigas et al. 2003).
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Chapter 4 

The three dimensional structure of the FMO protein from Pelodictyon 
phaeum and the implications for energy transfer 

 
Abstract 
 
The Fenna-Matthews-Olson (FMO) antenna protein from the green 

bacterium Pelodictyon phaeum mediates the transfer of energy from the 

peripheral chlorosome antenna complex to the membrane-bound reaction 

center. The three-dimensional structure of this protein has been solved 

using protein crystallography to a resolution limit of 2.0 Å, with Rwork and 

Rfree values of 16.6 % and 19.9 % respectively. The structure is a trimer of 

three identical subunits related by a 3-fold symmetry axis. Each subunit 

has two beta sheets that surround 8 bacteriochlorophylls. The 

bacteriochlorophylls are all five coordinated, with the axial ligand being a 

histidine, serine, backbone carbonyl, or bound water molecule. The 

positions and orientations of most of the bacteriochlorophylls are well 

conserved in comparison to other FMO structures, but differences are 

apparent in the interactions with the surrounding protein. Unlike the other 

cofactors, the eighth bacteriochlorophyll has differences in its locations 

and the coordination of the central Mg. The implications of this structure 

on the ability of the FMO protein to perform energy transfer are discussed 

in terms of the experimental optical measurements.  

Introduction  
 

A diverse family of pigment-protein antenna complexes in 

photosynthetic organisms capture light and direct this energy to the 
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integral membrane reaction center complexes where it is converted into 

chemical energy in the form of charge separation for the eventual creation 

of energy rich compounds (1). In green sulfur bacteria, light is absorbed by 

chlorosomes, which are large complexes attached to the cytoplasmic side 

of the inner cell membrane (2–4). The light energy is transferred from the 

chlorosomes to a bacteriochlorophyll (BChl) a-containing protein termed 

the Fenna-Matthews-Olson (FMO) protein (5). The FMO protein is a 

water-soluble protein but is embedded in the cytoplasmic membrane and 

serves as an energy transfer funnel between the chlorosome and the 

integral membrane protein called the reaction center, which is the site of 

the conversion of the light energy to electron transfer (6).  

Due to the key role that FMO plays in the transfer of energy from 

the chlorosome to the reaction center, the properties of FMO have been 

subjected to considerable study. The presence of several BChl cofactors 

has provided the opportunity to probe the electronic states of the FMO 

after light excitation using steady-state and transient optical spectroscopy 

(7). However, the BChl cofactors are highly interacting, which makes 

assignment of the spectral features to individual cofactors problematic, 

especially since the energy transfer processes involve quantum effects 

(8–11). Time-resolved 2D optical spectroscopy has provided the 

experimental means to probe the couplings between the BChl cofactors 

although interpretation at a molecular level requires assignment of the 

optical transitions (12–14).  
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The FMO complex from Prosthecochloris aestuarii (Ptc. aestuarii) 

2K was the first protein containing BChl to be crystallized (15) and have its 

three dimensional structure determined using X-ray diffraction (16–17). 

Subsequently, the structure of the FMO complex from Chlorobaculum 

tepidum (Cbl. tepidum), previously named Chlorobium tepidum, was 

determined (18–19). Both complexes are trimers, with three identical 

subunits that are related by a 3-fold symmetry axis. Each protein subunit 

was found to embed seven BChl cofactors although more recent 

structures have identified an eighth BChl cofactor that is present with a 

range of occupancies (20–21). The structure of Cbl. tepidum is similar to 

that of Ptc. aestuarii 2K reflecting the significant sequence homology 

found for the FMO proteins (22). To understand the relationship between 

the structure and energy transfer function, we have determined the three-

dimensional structure of the FMO protein from a third organism, 

Pelodictyon phaeum (Pld. phaeum), that had been predicted to have 

significant structural differences compared to Cbl. tepidum and Ptc. 

aestuarii 2K based upon a comparison of the spectroscopic properties 

(23). In this paper, the three-dimensional structure of the FMO from Pld. 

phaeum as determined using protein crystallography is described. The 

availability of this new structural model presents the opportunity to re-

examine the structural aspects that give this complex the ability to perform 

energy transfer with unusual quantum contributions.  

Cell growth and protein purification  
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The Pld. phaeum cells were grown anaerobically at room 

temperature with ~100 μE light intensity for 3-5 days in two 15 L sealed 

carboys. The FMO protein was isolated essentially as previously 

described (18). The FMO protein was extracted from the membrane by 

Na2CO3, and collected as a supernatant after ultracentrifugation. The 

crude FMO extract was dialyzed against Tris/HCl buffer (pH 8.0) until the 

pH dropped to 8.0. The FMO protein was then purified by a combination of 

a Q Sepharose HP ion exchange column (GE Healthcare, USA) and an S-

300 Sephacryl HR gel filtration column (GE Healthcare, USA) until the 

final OD267/OD371 < 0.56. The protein was stored in 20 mM Tris/HCl pH 8.0 

and 50 mM trisodium citrate prior to crystallization.  

Crystallization  
 

Crystals of the FMO protein were obtained using the hanging drop 

method. The protein sample concentration was poised at an absorbance 

of 9.0 at 810 nm, corresponding to a concentration of approximately 6 

mg/mL, in a 50 mM disodium citrate buffer. The original conditions tested 

for crystallization were based upon the conditions used to crystallize the 

FMO from Cbl. tepidum (18), which had the protein solution mixed with an 

equal volume of the reservoir containing 6% polyethylene glycol 4000, 

20% 2-propanol, and 0.1 M sodium citrate (pH 5.6). The optimal 

conditions had a reservoir solution containing 0.1 mM 4-(2-hydroxyethyl)-

1-pipersazineethanesulfonic acid (pH 7.5), 16% polyethylene glycol 2000 

monomethyl ether with a volume of 0.4 mL. The protein drop had a 
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volume of 2 μL and was poised at 3 mg/mL with 0.05 mM 4-(2-

hydroxyethyl)-1-pipersazineethanesulfonic acid (pH 7.5), 25 mM citrate 

and 4% polyethylene glycol 2000 monomethyl ether. The trays were kept 

at room temperature in the dark with blue-green crystals appearing in two 

to three days and reaching full size in two weeks. Prior to the diffraction 

measurements, the crystals were placed into a cryoprotectant consisting 

of 60% polyethylene glycol 400, 10% polyethylene glycol 2000 

monomethyl ether and 10 mM citrate.  

Data Collection and Refinement  
 

The crystals of FMO from Pld. phaeum grew in the dark and as 

green hexagonal rods with a typical length of 0.1 mm and 0.05 mm width. 

The crystals belong to the hexagonal space group P63 with unit cell 

dimensions of a = b = 84.0 Å and c = 115.7 Å along with α = β = 90° and γ 

= 120° with one protein subunit per asymmetric unit (Table 4.1). Diffraction 

data were measured from a single crystal at the Brookhaven National 

Laboratory on the NSLS-X126 beamline using an ADSC detector at a 

wavelength of 1.081 Å. A full diffraction data set was measured to a 

resolution limit of 1.99 %, integrated using MOSFLM (24), and scaled with 

SCALA (25). The initial phases were determined using the molecular 

replacement method using PHENIX (26) with the 3EOJ model of the FMO 

from Ptc. aestuarii 2K (21). A unique orientation and position were 

obtained. Manual model building for all structures was performed in Coot 

(27) with iterative rounds of refinement being performed using PHENIX. 
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Procheck (28) and Sfcheck (29) were applied to verify the completed 

structures. The completed model has Rwork and Rfree values of 16.6 % and 

19.9 % respectively. All of the amino acids are evident within the electron 

density except for the first four amino acids at the N-terminus and two 

residues 209 and 210 that are part of a loop between two "-strands. Two 

prolines, 41 and 324, are in a cis conformation. The Ramachandran plot 

showed 93.3 % in the preferred region and 6.7 % in the allowed regions 

and no outliers. The average temperature factors for the protein and water 

molecules are 21.0 and 37.8 Å2 respectively yielding an overall value of 

22.7 Å2. The root mean square deviations of bond distances and angles 

are 0.007 Å and 3.0 °, respectively. Figures were made using Pymol (30).  

Results  
 
Three-dimensional structure of the FMO protein from Pld. phaeum  
 

The FMO protein from Pld. phaeum consists of three identical 

subunits with each subunit consisting of 362 amino acids that form a 

number of long and short β-strands and several α-helices (Figure 4.1). 

The two large β-sheets form a ‘taco shell’ surrounding the eight BChl 

cofactors. β-strands 1 and 2 run anti-parallel to each other and start the 

largest β-sheet. Adjacent to strand 2 are anti-parallel β-strands 11 - 12 

and 3-4 and adjacent to strand 1 are strands 13-17. The second β-sheet 

wraps around behind the first sheet and is formed by β-strands 5-10. The 

open section of the two large β-sheets is closed by the presence of 6 α-

helices and connecting loops. Helix 1 is situated behind the largest β-
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sheet and is exposed at the surface of the subunit. Three identical 

subunits are arranged as a trimer with each subunit related by a 

crystallographic 3-fold axis of symmetry (Figure 4.2). The trimer is 

approximately cylindrical in shape with an 8 nm diameter and a 5 nm 

height. The trimer is positioned in the cell membrane with the 3-fold 

symmetry axis approximately perpendicular to the membrane surface, with 

one face oriented towards the chlorosome and the other face towards the 

membrane (6, 31). This orientation places the more hydrophobic surface 

of the trimer interacting with the baseplate of the chlorosome and the more 

hydrophilic surface partially embedded into the phospholipid head groups 

of the cell membrane and adjacent to the reaction center. The resulting 

alignment of α-helices 5 and 6 towards the membrane has been proposed 

to facilitate energy transfer to the reaction center (10).  

The three interacting subunits have a number of contacts between 

each subunit that hold the trimer together, primarily involving β-strand 8 

and α-helices 1, 2 and 3. A large number of protein-protein interactions 

are found at the interfaces between the subunits that contribute to the 

stability of the trimer (Figure 4.3). The predominant amino acids are polar 

and charged residues Asp, Asn, Glu, Arg, Lys and Ser, many of which 

form salt bridge contacts between the subunits. Most of these interactions 

are well conserved, for example in one region of the interface, Arg 127 of 

α-helix 1 forms a bridge with Asp *103 and Asp *153 that is in α-helix 2 of 

the neighboring monomer. Asn 128 also forms a salt bridge contact with 
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Asp *103. In other regions, Arg 138 of β-strand 8 forms a bridge with Glu 

*178 of α-helix 3. Tyr 119-Glu *178, where * represents the neighboring 

monomer, is one such polar interaction. Also, Arg 195 is found in a loop 

region and forms a bridge with Glu *178 of "-helix 3 and Asp *174 also 

from α-helix 3. While these interactions are generally conserved, there is a 

unique salt bridge that occurs in Pld. phaeum between Asp 123 and Glu 

*156.  

Each subunit surrounds seven BChl molecules, identified as BChl 1 

through 7, with an eighth BChl, identified as BChl 8, on the interface with 

the neighboring protein subunit of the trimer (Figure 4.4). The BChl 

molecules are arranged in an asymmetric fashion. Considering only BChl 

1 through 7, the closest distance between any two BChls within any 

subunit, as measured by the Mg to Mg distance, is 11 Å and the farthest 

distance is 30 Å. None of the BChls from one subunit are near any from 

the neighboring subunit, with the closest distance being 25 Å. In contrast, 

BChl 8 is far from the other seven BChls within each subunit, with 

distances ranging between 20 and 40 Ǻ, with BChl 6 being the closest, but 

has a close distance of 12 Å to BChl 1 of the neighboring subunit.  

BChls 1 through 7 are all five-coordinated, to either a histidine, a 

backbone carbonyl, or a bound water molecule. His 106 located in β-

strand 7 coordinates BChl 1. BChl 2 is coordinated by a water molecule in 

close proximity to the side chain of Asn 75. His 294 and His 293 located in 

α-helix 7 coordinate BChl 3 and 7 respectively. The long loop connecting 
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β-strands 12 and 13 contains His 286 that serves as the axial ligand for 

BChl 4 and BChl 6 is coordinated to His141 of β-strand 8. The backbone 

carbonyl of Leu 238 of α-helix 5 ligates BChl 5. For the FMO from Pld. 

phaeum, BChl 8 is five-coordinated to the side chain of Ser 164 but, unlike 

the other seven BChls, BChl 8 has many interactions with amino acid 

residues from both subunits with notable differences found among the 

FMO structures as discussed below.  

Discussion  
 

The function of FMO is to transfer light energy from the 

chlorosomes to the reaction center where energy conversion occurs. The 

structure of FMO from Pld. phaeum has been solved at a resolution limit of 

2.0 Å. The FMO protein is a trimer with each subunit forming a ‘taco shell’ 

arrangement of two β sheets arranged with α helices filling the open end 

of the shell. There are numerous interactions between neighboring 

subunits that stabilize the trimer, which is the biologically relevant 

structure. The two β-sheets surround a total of eight BChl molecules that 

are arranged with various separation distances without any symmetrical 

pattern. Seven of the BChls are buried within the protein and five-

coordinated. The eighth BChl lies on the edge of the subunit at the 

interface formed with the neighboring subunit of the trimer.  

The backbone structure of the FMO from Pld. phaeum closely 

resembles those of the previously solved structures of the FMO protein 

from Ptc. aestuarii 2K and Cbl. tepidum (16–21). The structures from the 
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three species can be closely overlaid showing all secondary structural 

features conserved, with an average rms deviation of 0.5 Å, with only 

minor differences for the connecting loops. This close match of the 

backbone reflects a strong sequence homology observed among the FMO 

proteins. An alignment of 17 FMO protein sequences, including Pld. 

phaeum, Ptc. aestuarii 2K and Cbl. tepidum (22), shows that most amino 

acid residues are conserved, with the notable exception of an aerobic 

phototrophic bacterium, Candidatus Chloracidobacterium thermophilum 

although in all species the critical amino acid residues forming the binding 

sites for the BChls are identical. Among the FMO from green sulfur 

bacteria, the sequences from Pld. phaeum and Ptc. aestuarii 2K are very 

closely conserved with both showing differences compared to Cbl. 

tepidum. 

 In the alignment of the FMO from green sulfur bacteria, the longest 

continuous conserved length of amino acids is 14 residues with other 

stretches of 10, 8 and 7 residues also occurring. There are multiple 

regions of 2 to 6 amino acids that are fully conserved throughout the 

sequences. Many of these conserved sections are clustered close to the 

coordinating residues for the BChl molecules (Figure 4.5). The longest 

conserved stretches consisting of at least 7 amino acids are clustered 

around BChls 3 and 6. BChl 6 has two short stretches of conserved 

residues (numbering for Pld. phaeum) that consist of residues 110—116 

and 136—143. BChl 3 has three different stretches of conserved residues 
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that are in close proximity to it. The longest stretch has 14 residues 

numbering 254-267. The two smaller stretches include residues 290—299 

and 346—352. It is interesting but not surprising that these two BChls 

have the longest conserved sections of amino acids. BChl 3 is believed to 

be the lowest energy pigment that transfers energy from FMO to the 

reaction center and BCh 6 is believed to be one of the high-energy 

pigments as deduced from spectral fitting studies (8, 10, 32–34). Thus, the 

strong conservation of amino acid residues surrounding BChl 3 and 6 

reflects the key roles that these two cofactors play in the energy transfer 

function of the FMO protein.  

This conservation of amino acid residues is also seen in the 

protein-protein interactions that are found in the interface between 

neighboring subunits of the trimer. Comparing the FMO proteins from Pld. 

phaeum, Ptc. aestuarii 2K and Cbl. tepidum, the types of interactions are 

the same in all three structures with few notable differences (in comparing 

equivalent residues, the residue numbers for Pld. phaeum are shifted by 

four residues compared to Ptc. aestuarii 2K and Cbl. tepidum). For 

example, in one region the same salt bridges are present in all three 

structures involving amino acids from two different subunits, Asp 103, Asp 

107, Asp 127, Arg 131, and Asp 157 (Figure 4.3). The conservation of 

these interactions presumably is due to the trimeric nature of FMO in all 

species. 

Comparison of Protein – BChl interactions in the three FMO structures  
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BChl 1 has its Mg coordinated with the same histidine axial ligand, 

namely His 106 in Pld. phaeum and 110 in Cbl. tepidum and Ptc. aestuarii 

2K, but four differences are evident in the interactions with amino acid 

residues lying within 10 Å of the metal center (Figure 4.6). Within van der 

Waals distance of the macrocycle is Val 99 in Pld. phaeum and Cbl. 

tepidum (Val 103) but Ptc. aestuarii 2K has Leu 103 in that equivalent 

location. Both Pld. phaeum and Ptc. aestuarii 2K have a nearby Phe, 

namely Phe 161 and Phe 165 respectively, but the interaction with an 

aromatic residue is lost with the presence of Thr 165 in Cbl. tepidum. Also 

a serine is present for both Pld. phaeum and Cbl. tepidum at amino acid 

residues 217 and 220 respectively compared to Thr 221 for Ptc. aestuarii 

2K. At 10 Å, a difference is also found with Pld. phaeum having Lys 107 

but Ptc. aestuarii 2K has Ser 111 and Cbl. tepidum has Thr 111.  

A comparison of BChl 2 from the three species shows that there 

are a number of differences within a 10 Å environment (not shown). This 

BChl is located at a protein-protein interface of the trimer and interacts 

with several residues from the adjacent subunit that are highly conserved. 

Unlike the other BChls, a bound water molecule rather than the protein 

coordinates the central Mg. Different amino acids are adjacent to ring B in 

each structure, Pld. phaeum (Leu 37), Cbl. tepidum (Ser 41) and Ptc. 

aestuarii 2K (Ile 41). Next to this amino acid residue is an Ala in Pld. 

phaeum and Cbl. tepidum, positions 42 and 46 respectively, but Ptc. 

aestuarii 2K has Thr 46. Near ring A, Pld. phaeum and Ptc. aestuarii 2K 
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have Ile 66 and Ile 70 respectively, but Cbl. tepidum has Phe 70 in that 

location. Close to ring C is a Val in both Pld. phaeum and Cbl. tepidum, 

Val 99 and Val 103 respectively, while Leu 103 is found in Ptc. aestuarii 

2K. A difference further removed from the BChl is Thr 73 and Thr 77 in 

Pld. phaeum and Cbl. tepidum, respectively, but Val 77 in Ptc. aestuarii 

2K.  

The region surrounding BChl 3 is highly conserved across all three 

species of bacteria for over 20 amino acids within a 10 Å distance from the 

Mg, including the histidine coordinating the central Mg, namely His 294, 

298, and 297 in Pld. phaeum, Ptc. Aestuarii 2K, and Cbl. tepidum 

respectively (Figure 4.7). One minor difference is that both Pld. phaeum 

and Ptc. aestuarii 2K have an Ala at residues 35 and 39 respectively, but 

Cbl. tepidum has Pro 39. Also, Cbl. tepidum has a polar residue, Ser 41 

rather than an aliphatic residue, namely Leu 37 and Ile 41, as found in Pld. 

phaeum and Ptc. aestuarii 2K respectively. This conservation of the 

binding site (Figure 4.5) is consistent with the hypothesis that the protein 

interactions need to be maintained in order for BChl 3 to serve its role of 

being the site where the exciton energy collects within the FMO protein 

before the energy is transferred to the reaction center (32–34).  

The environment around BChl 4 is also highly conserved with 

roughly 24 amino acids in close proximity, including the coordinating 

histidine residue, namely His 286, 290, and 289 in Pld. phaeum, Ptc. 

Aestuarii 2K, and Cbl. tepidum respectively (not shown). Three differences 
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are observed at a distance of about 10 Å from the central magnesium 

atom. Both Pld. phaeum and Ptc. aestuarii 2K have Leu 269 and Leu 273, 

respectively while the corresponding residue is Phe 272 in Cbl. tepidum. A 

second difference is that Pld. phaeum has Ile 25 where Cbl. tepidum and 

Ptc. aestuarii 2K both have Val 29 in that position. The third difference has 

Cbl. tepidum differing again from Pld. phaeum and Ptc. aestuarii 2K, Ala 

34 in Cbl. tepidum and Gly 27 and Gly 31 in Pld. phaeum and Ptc. 

aestuarii 2K respectively. 

There are a number of differences involving the interactions of BChl 

5 with the surrounding protein although the coordination of the central Mg 

to the backbone oxygen of Leu 238, or equivalently Leu 242 and Leu 241 

in Ptc. aestuarii 2K and Cbl. tepidum respectively, is present in all 

structures (Figure 4.8). Of the 27 amino acids that lie at the 10 Å distance 

from the central Mg of the BChl, only six are closer than 8 Å and two of 

those six are not conserved. Near ring B, both Pld. phaeum and Ptc. 

aestuarii 2K have an aromatic residue, namely Phe 62 and Phe 66 

respectively, but Cbl. tepidum has Ile 66. Near ring D is the difference that 

Cbl. tepidum has Phe 272 and Pld. phaeum and Ptc. aestuarii 2K have the 

aliphatic residue Leu 269 and Leu 273, respectively. In addition, there are 

several smaller changes. The first minor difference is that Pld. phaeum 

and Ptc. aestuarii 2K have Ile 48 and Ile 52 respectively, while Cbl. 

tepidum has Leu 52. The second is that Pld. phaeum and Ptc. aestuarii 2K 

are alike with Ala 50 and Ala 54 but Cbl. tepidum has Val 54. The third is 
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that Pld. phaeum and Ptc. aestuarii 2K are identical with Val 241 and Val 

245 and Cbl. tepidum has Ser 244. The final minor difference is that Pld. 

phaeum and Ptc. aestuarii 2K both have an Ile at 250 and 254 

respectively, while Cbl. tepidum differs with Val 253 in that position.  

The protein environments of BChls 6 and 7 are highly homologous 

with most amino acid residues being identical, including the coordinating 

histidines, namely residues 141 and 293 in Pld. phaeum, 145 and 297 in 

Ptc. Aestuarii 2K, and 145 and 296 in Cbl. tepidum (not shown). One 

exception for the region of BChl 6 is near ring A where Phe 62 and Phe 66 

are present in Pld. phaeum and Ptc. aestuarii 2K respectively but Cbl. 

tepidum has Ile 66. For BChl 7, Ile is found near ring A in Pld. phaeum and 

Cbl. tepidum, namely positions 189 and 192 respectively, while Ile 193 is 

present in Ptc. aestuarii 2K.  

Comparison of position and orientation of BChl 8 in the three FMO 
structures  
 

The three-dimensional structures of the FMO proteins from Cbl. 

tepidum and Ptc. aestuarii 2K originally had seven BChls whose positions 

were well identified in the electron density calculated at resolution limits of 

1.9 – 2.2 Å (16–19). In an effort to crystallize the FMO-reaction center 

complex, new conditions were identified that yielded the structure of the 

FMO protein at a resolution limit of 2.4 Å (20). Despite the lower resolution 

limit, a new feature in the electron density maps was the clear presence of 

an eighth BChl at the interface region between subunits in the trimer. This 

BChl is five coordinated to the backbone carbonyl of Tyr 124. By 
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comparison, the electron density for the eighth BChl was very incomplete 

in the other data sets with the electron density in that region being 

unidentifiable (21). Presumably, BChl 8 is labile and in the course of 

purifying the FMO protein this cofactor can be lost. For the FMO protein 

from Ptc. aestuarii 2K, the electron density in that region was modeled as 

arising from the protein in two different conformations, one with the site 

occupied and the other with the cofactor missing (21). In those models the 

unoccupied conformation has some large changes, for example Tyr 124 

and seven bound water molecules occupy the position normally occupied 

by BChl 8. From this density, it is difficult to assign the precise location 

and orientation of the BChl, and the model has the cofactor located based 

upon the model of the FMO from Cbl. tepidum. With this positioning, BChl 

8 has two axial ligands provided by the side chain of Ser 168 in addition to 

the backbone carbonyl of Asp 123.  

The stabilization of BChl 8 presumably is influenced by a number of 

factors in the protein preparation and crystallization procedures (18, 20). 

For example, while the resuspension methods for the cell pellets were 

similar, the purification of the FMO protein used an initial pH of 9.0 

followed by sonication compared to the RC purification protocol that 

utilized a pH of 7.3 followed by cell disruption with a French press. In 

addition, a high concentration of detergent was used to extract the FMO-

RC complex from the membrane and a detergent was included in all the 

following purification steps, while the FMO purification rarely involves 
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using detergent. Moreover, the crystallization of the purified FMO protein 

made use of 10-20 mM Tris-HCl pH 8.0, 12% polyethylene glycol 600 or 

16 % (w/v) polyethylene glycol 4000, 50-100 mM sodium citrate and 10-20 

% (v/v) 2-proponal. Several contrasting differences are apparent in the 

crystallization of the RC-FMO complex. The crystallization was initiated 

with the RC-FMO complex, but the RC aggregated and released the FMO 

from the complex. The crystallization conditions contained a different 

precipitation agent, 0.2 M magnesium chloride, a different pH, 0.1 M 4-(2-

hydroxyethyl)-1-pipersazineethanesulfonic acid (pH 7.5), and a different 

agent, 2.6 M hexanediol.  

This region of the FMO protein from Pld. phaeum had a significant 

amount of unassigned electron density for maps calculated using a refined 

model with BChl 8 not present in the model. Immediately adjacent to this 

region is the aromatic amino acid residue, Phe 161. Placing the BChl at a 

location identical to BChl 8 from Cbl. tepidum is not possible due to a 

pronounced steric clash with Phe 161. This hindrance is not observed in 

Cbl. tepidum, for which the corresponding residue is the much smaller 

amino acid Thr 165. While the corresponding residue in Ptc. aestuarii 2K 

is also a Phe, that model has the same placement of BChl 8 only in the 

unoccupied model with the aromatic side chain swung out away from BChl 

8 in the occupied model. As a check on the placement of Phe 161 in FMO 

from Pld. phaeum, the aromatic side chain was deleted from the structure 

and the resulting electron density map showed strong electron density in 
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the modeled position near BChl 8, which is the major rotamer orientation, 

and no density in any alternate orientation. Starting with the electron 

density map calculated without BChl 8, the position and orientation of the 

BChl cofactor was moved to be in the electron density while avoiding any 

van der Waals interactions with the surrounding amino acid residues. After 

consideration of several positions and orientations followed by refinement, 

a unique optimized position and orientation was found that resulted in 

structure with a favorable Rwork and Rfree of 16.6 and 19.9 % respectively. 

In this refined model, the macrocycle and substitutents of BChl 8 are very 

well covered by the electron density, including the beginning of the (C-C-

CO-O-phytyl) chain on ring D (Figure 4.9). The site is fully occupied with a 

formal calculation based upon the electron density yielding a value of 87 

%. The surface-exposed region, namely rings B and C, do have a 

pronounced increase in disorder compared to the buried regions, as 

measured by the temperature factors that have average values in those 

regions of 70 and 40 Å2

In this refined position, the BChl 8 is five coordinated with the axial 

ligand being the side chain of Ser 164 from the adjacent subunit of the 

trimer (Figure 4.10). This aspect of the structure significantly differs from 

the FMO from Cbl. tepidum that has coordination to the backbone 

carbonyl of Tyr 123. In Ptc. aestuarii 2K, the central Mg is six coordinated, 

to the backbone carbonyl of residue 123 as well as the side chain of Ser 

168. In Pld. phaeum, the Mg is much farther at 6.5 Å from this carbonyl (of 

 respectively.  
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the equivalent Tyr 119) and although a bound water molecule is nearby it 

is too far to coordinate the Mg. Thus, the BChl 8 of Pld. phaeum is not six 

coordinated as predicted previously (21) and assignment of type 1 and 2 

spectra based only on the protein sequence in this region is not valid. In 

addition to the displacement of the FMO from Pld. phaeum compared to 

Cbl. tepidum and Ptc. aestuarii 2K, the macrocycle is also rotated by 

approximately 120° resulting in the rings A and C of Pld. phaeum being in 

positions roughly similar to rings C and D in Cbl. tepidum and Ptc. 

aestuarii 2K. Thus, both the position and orientation of BChl 8 in Pld. 

phaeum is strikingly different compared to the nearly identical models 

found in Cbl. tepidum and Ptc. aestuarii 2K. 

 In addition to the coordination and positioning of BChl 8, 

comparing the FMO structures of the three species to each other shows 

that there are multiple differences in the amino acids within the 10 Å 

environment. Five of these differences involve interactions with the 

neighboring subunit and two substitutions occur on the parent subunit. As 

discussed above, the most substantial difference is the presence of Phe of 

161 in Pld. phaeum compared to Thr 165 in Cbl. tepidum. Another change 

again shows that Cbl. tepidum is different with Lys 167 and both Pld. 

phaeum and Ptc. aestuarii 2K have Gln 163 and Gln 166, respectively. 

Two other differences are Pld. phaeum and Ptc. aestuarii 2K having Met, 

at 117 and 121 respectively, and Tyr, at 118 and 122 respectively, 

compared to Leu 124 and Phe 125 in Cbl. tepidum.  
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Implications for optical spectroscopy and energy transfer  
 

The FMO proteins have a characteristic optical absorption 

spectrum at room temperature, with a QY peak at 808-810 nm, a QX peak 

at 600-602 nm, and a Soret band at 370-371 nm. Correspondingly, the 

fluorescence emission has a peak at 814-816 nm. However, at 77 K, both 

the absorption and circular dichroism spectra show distinct components, 

with the FMO protein from Pld. phaeum having a number of distinct 

spectral features compared to the FMO proteins from Ptc. aestuarii 2K, 

Cbl. tepidum, Chlorobium limicola, Chlorobium vibrioforme, and 

Chlorobium phaeovibrioides (21, 23). For Pld. phaeum, three peaks are 

evident in the spectrum in the QY region centered at 805 nm, 814 nm, and 

824 nm with a shoulder at 795 nm. The intensity of the band at 806 nm 

was the largest among these five spectra. For the other four species, the 

relative intensities differ and the peaks are slightly shifted relative to the 

FMO from Pld. phaeum. For example, the spectrum of Cbl. tepidum has 

peaks at 805 nm, 814 nm, and 824 nm but the ratio of the amplitudes of 

the 815 peak compared to the 806 nm peak is less than one in contrast to 

a ratio greater than one for Pld. phaeum.  

The CD spectrum of Pld. phaeum also shows differences when 

compared to the spectra of FMO from the other species (23). At room 

temperature, FMO from Pld. phaeum shows a maximum at 797 nm and 

two minima at 780 nm and 821 nm. Small differences are evident in the 

position of these features in the other spectra. For example, these three 
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features are also found in Cbl. tepidum but the maximum occurs at 796 

nm and the minima occur at 780 nm and 824 nm. The largest discernable 

difference between the two species is the absence of a shoulder at 808 

nm in the spectrum of Pld. phaeum. These spectral differences are more 

pronounced when the temperature is lowered. The spectrum from Pld. 

phaeum has one positive peak at 802 nm and two minima at 790 nm and 

821 nm. There are also two shoulders that are found at 810 nm and 817 

nm. The low temperature CD spectrum from Cbl. tepidum has two positive 

peaks at 800 nm and 813 nm, and two minima at 807 nm and 825 nm. 

There are no shoulders seen in the low temperature CD spectrum of Cbl. 

tepidum.  

Detailed theoretical analyses have been performed on 

understanding the energetics and energy transfer properties of the FMO 

proteins (7). Key to these functional properties is the extensive electronic 

couplings among the BChl molecules. The spectral features of the low 

temperature absorption and circular dichroism spectra have been modeled 

in terms of these excitonic interactions among the BChl pigments. Thus, 

the differences in the spectral features of the FMO protein from Pld. 

phaeum compared to the other species reflects differences in the 

couplings that could arise due to a number of structural factors. For BChls 

1-7, the position, orientation, and protein interactions of the three 

structures are largely similar; in particular the coordination is identical in all 

three cases. Some differences are apparent in the protein environment, 
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although the impact of these differences on the spectral properties is not 

established. The planarity of the macrocycles can play a critical role in the 

electronic structure as discussed elsewhere (18). Thus, the spectral 

differences of Pld. phaeum compared to FMO from the other species 

should reflect the effect of such structural differences.  

The theoretical studies of the spectra and energy transfer 

properties of the FMO have focused on individual subunits containing 

seven BChl molecules and consequently seven exciton levels (7) although 

a hole-burning study was interpreted in terms of eight exciton components 

(35). While BChls 1-7 have close interactions within each subunit of the 

trimer, the closest distance between any of these BChl from two different 

subunits is over 23 Å. Due to this large distance, the BChls of each 

subunit are modeled as being functionally independent of each other. The 

presence of BChl 8 alters this interpretation, as this cofactor bridges the 

neighboring subunits of the trimer and is close to BChl 1 of the 

neighboring subunit (Figure 4.11). While many different factors influence 

the coupling (36), since one of the primary factors is the separation 

distance, BChl 8 should be coupled with BChl 1 and influence the spectral 

features associated with BChl 1 and 2. If BChl 8 is indeed excitonically 

coupled to BChl 1, then the difference in the spectral features for FMO 

from different species may predominately arise due to differences in the 

position of BChl 8, with an increase of 2.5 Å in the distance between BChl 

1 and 8 for Pld. phaeum compared to the distances found in Cbl. tepidum 
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and Ptc. aestuarii 2K. Such an impact is also suggested by two-

dimensional spectroscopic measurements of the FMO from Pld. phaeum 

that show disagreement between the calculated and observed couplings 

(13). In particular, theoretical calculations suggest that BChl 1 has a 

strong influence on excitons corresponding to the optical transitions at 790 

and 809 nm and so the addition of couplings involving BChl 8 would 

impact this optical region as found in the circular dichroism spectra.  

In summary, the three-dimensional structure of FMO from Pld. 

phaeum has been determined to a resolution limit of 2.0 Å. A strong 

conservation is evident for many structural features, including the 

arrangement of BChls 1–7 and the protein region surrounding BChl 3. 

However, pronounced differences are also apparent, in particular the 

position, orientation, and coordination of BChl 8. A comparison of the 

structural aspects should account for the observed spectroscopic 

similarities and differences, especially when the contribution of BChl 8 is 

included. Together these FMO structures provide a structural platform 

for understanding the quantum effects and other features involving the 

energy transfer function of this BChl-protein complex.  
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Table 4.1.  Crystallographic data summary of FMO from Pelodictyon 
phaeum1  
Space group P63 
Resolution limits (Å) 48.0 – 1.99 (2.05 – 1.99) 
Unit Cell (Å)    a = b = 84.0, c = 115.8  
Angle (°) α = β = 90, γ = 120 
Data Collection      
Beamline NSLS-X126 
Wavelength (Å) 1.0809  
Reflections: 
Total  230,676 
Unique    29,967 
Multiplicity 7.7 
I/σ (I) 2.0 (1.2) 
RMerge (%)2 0.186 (0.58) 
Completeness (%) 94.5 % 
Refinement 
Rwork (%)/Rfree (%)3 16.6/19.9 
Number in asymmetric unit 1 
Average B-factor (Å2) 22.7 
Residues modeled (#) 4 - 208, 211 - 362 
Number of ligand/ion atoms 0 
Number of water molecules 363 
RMSD Bond length (Å)  0.007 
RMSD Bond angle (°)   3.027 
Ramachandran plots 
 Preferred (%)  93.3 
 Allowed (%)   6.8 
 Outlier (%)   0 
1Numbers in the parentheses are for the outer shell 
2Rmerge = ΣhklΣj |Ij(hkl) – [I(hkl)] | ΣhklΣj[I(hkl)] where Ij(hkl)is the intensity 

reflection, and I(hkl) is the mean intensity of symmetry related h, k, l 
3Rwork =Σ| |Fobs| -|Fcal||/ Σ |Fobs|, Rfree was calculated by setting aside 5% of 

the reflection data 
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Figure 4.1. The three-dimensional structure of an individual subunit of 
FMO from Pld. Phaeum. The protein subunit, which is shown as a ribbon 
diagram (sand), consists largely of #-strands surrounding eight BChl 
cofactors (atom type). The ‘taco shell’ fold of the FMO monomer encases 
seven of the BChl cofactors within the folded protein while the eighth BChl 
cofactor is more peripheral.
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Figure 4.2. The three-dimensional structure of FMO from Pld. phaeum. In 
the cell, the protein is a trimer with the three identical subunits related by a 
crystallographic 3-fold symmetry axis approximately vertical to the paper. 
The protein subunits (sand) surround eight BChls cofactors (atom type). 
The α-helices close off the fold and provide important protein-protein 
contacts to form the trimer. BChl 8 is located at the interface between two 
subunits. 



 

118 

 
 
Figure 4.3. The interface between subunits of the trimer of FMO from Pld. 
phaeum. The interface between subunits is primarily stabilized by salt 
bridges such as those involving Asp 103, Arg 127, Asn 128, and Asp 153 
for Pld. phaeum (carbons color coded sand or cyan depending upon 
subunit, oxygen red, nitrogen blue). Equivalent interactions are found 
involving Asp 107, Asp 127, Asn 128, Arg 131, and Asp 157 in Cbl. 
tepidum and Asp 107, Asp 127, Arg 131, Asn 132 and Arg 157 in Ptc. 
aestuarii 2K. Not all interactions are conserved, for example, the salt 
bridge between Asp 123 and Glu 156 is found only in Pld. phaeum.127, 
Arg 131, Asn 132, and Arg 157 in Ptc. aestuarii 2K.  Not all interactions 
are conserved, for example, the salt bridge between Asp 123 and Glu 156 
is found only in Pld. phaeum.  
 



 

119 

 
 

Figure 4.4. The three-dimensional structure of the BChl cofactors of each 
subunit of FMO from Pld. phaeum. The BChls (atom type) are arranged in 
an asymmetric fashion and shown without the phytyl chains for clarity. 
Each BChl is numbered as described in the text.
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Figure 4.5. Strongly conserved regions for FMO proteins from different 
species. Shown is the structure of the FMO from Pld. phaeum with the 
regions of conserved amino acids for FMO proteins from green sulfur 
bacteria highlighted in green. These conserved regions are clustered 
around BChl 3 (red), which is thought to be the lowest energy pigment that 
transfers energy to the reaction center, and BChl 6 (blue), which is 
believed to be one of the highest energy 
pigments that is in close proximity to the chlorosome 
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Figure 4.6. Comparison of the structure of BChl 1 and nearby amino acid 
residues. All three structures have a His as an axial ligand for the Mg of 
the BChl, namely 106 in Pld. phaeum and 110 in Ptc. aestuarii and Cbl. 
tepidum (color coded by atom type with green and sand for carbon in BChl 
1 and the protein, respectively). A comparison of the differences shows 
that Pld. phaeum and Ptc. aestuarii have Phe 161 and Phe 165 
respectively but Cbl. tepidum has Thr 165 in that location. Two 
conservative differences are Val 99 and Ser 217 in Pld. phaeum and Cbl. 
tepidum (Val 103 and Ser 220) but Ptc. aestuarii 2K has Leu 103 and Thr 
221. In addition, the ionizable amino acid residue Lys 107 is not present in 
Ptc. aestuarii 2K or Cbl. tepidum, which have Ser 111 and Thr 111 
respectively.
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Figure 4.7. Comparison of the structure of BChl 3 and nearby amino acid 
residues. All three structures have a His as an axial ligand for the Mg of 
the BChl, namely 294, 298, and 297 in Pld. phaeum, Ptc. aestuarii, and 
Cbl. tepidum respectively (color coded by atom type with green and sand 
for carbon in BChl 3 and the protein, respectively). The binding site is very 
well conserved, with only two minor differences involving aliphatic 
residues, namely Ala in Pld. phaeum and Ptc. aestuarii at residues 35 and 
39 respectively, is Pro 39 in Cbl. tepidum and Leu 37 in Pld. phaeum is 
equivalent to Ile 41 in Ptc. aestuarii and Ser 41 in Cbl. tepidum.
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Figure 4.8. Comparison of the structure of BChl 5 and nearby amino acid 
residues. All three structures have a backbone carbonyl as an axial ligand for the 
Mg of the BChl, namely 238, 242, and 241 in Pld. phaeum, Ptc. aestuarii, and 
Cbl. tepidum respectively (color coded by atom type with green and sand for 
carbon in BChl 5 and the protein, respectively). The binding site for BChl 5 
shows a number of differences among the three species. Pld. phaeum and Ptc. 
aestuarii 2K have a phenylalanine residue, Phe 62 and Phe 66 respectively, but 
Cbl. tepidum differs with Ile 66. A second difference is that Pld. phaeum and Ptc. 
aestuarii 2K both have Leu 269 and Leu 273 respectively, where Cbl. tepidum 
has Phe 272. Another difference is that Pld. phaeum and Ptc. aestuarii have a 
valine at residues 241 and 245 respectively but Cbl. tepidum contains Ser 244. 
Other minor differences include Pld. phaeum having two isoleucine residues, Ile 
48 and Ile 250, that are also found in Ptc. aestuarii 2K, namely Ile 52 and Ile 254, 
with Cbl. Tepidum differing with Leu 52 and Val 253 at the equivalent locations
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Figure 4.9. Electron density map for BChl 8 of FMO from Pld. phaeum. 
Shown is the refined position of BChl 8 (atom type) and the 2FoFc 
electron density map contoured at 1& (blue mesh).
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Figure 4.10. Comparison of the structure of BChl 8 and nearby amino acid 
residues. Unlike the other BChls, the position and orientation of BChl 8 is 
not conserved. The coordination of the Mg differs in each structure, with 
BChl 8 is five coordinated to Ser 164 from the adjacent subunit of the 
trimer in Pld. phaeum, coordinated to the backbone carbonyl of Tyr 123 in 
Cbl. tepidum, 
and six coordinated to the backbone carbonyl of Tyr 123 and Ser 168 in 
Ptc. aestuarii 2K.
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Figure 4.11. Cofactor arrangement in FMO from Pld. phaeum with exciton 
couplings. Shown are BChls 1–8 (colored by atom type with green carbon) 
as well as a BChl 8 from a neighboring subunit (BChl *8) of the trimer 
(colored by atom type with cyan carbon). The calculated couplings 
between BChls are illustrated by ellipses (red and blue) with the direction 
of energy flow shown by arrows (red and blue). The distance between 
BChl *8 and BChl 1 is comparable 
to those found between other coupled BChls leading to the prediction of 
an additional coupling as illustrated by an ellipse between BChl *8 and 
BChl 1 (orange) that has not been included in any of the exciton models. 
Figure adapted from Brixner and coworkers (12).
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Chapter 5 

Conclusion and Future work  

Future Work on SMNWT 

The SMNWT protein has proven to be an extremely difficult protein 

to crystallize and collect X-ray data on. Although the method for 

production and  isolation of SMNWT and SMND7 is effective, many 

crystallization trials resulted in aggregated protein that was not stable in 

the crystallization buffer. A future strategy to combat the difficulty in the 

crystallization is to conduct a cocrystallization trial with the Gemin2 

protein. It has been shown that the Gemin2 protein makes SMNWT more 

stable and this added stability may aid in obtaining a high quality crystal 

that will produce diffraction data. Another future goal is to obtain a 

structure that includes all the Gemin proteins while in the SMN complex. 

This may shed light on the mechanism of SMN in Spinal Muscular 

Atrophy. 

There is no cure to date for the Spinal Muscular Atrophy. If a crystal 

structure can be obtained for both the SMNWT and the SMND7 forms, it 

would become possible to attempt drug targeting studies. If the SMND7 

form can be targeted with a drug and have a gain of function effect, the 

disease symptoms could possibly be much less severe or eliminated. 

Future Work on FMO 

The Fenna Matthews Olson protein from three different organisms 

has been crystallized with the presence of the 8th bacteriochlorophyll-a 
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molecule and is now clearly assigned in the structure. This new structure 

will also allow detailed simulations with all eight of the BChls of an 

individual monomer and the 24 BChls of the entire trimer. When the 

spectra that was obtained from experimental methods and the simulation 

spectra are compared, it should show if the energy transfer within FMO 

includes all three monomers or if the energy transfer is confined to the 

individual monomers of the protein. The current simulations of FMO do not 

include the 8th BChl or include transfer of energy from one monomer to 

another. 
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