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Abstract The absorbance spectrum of the Fenna-Mat-

thews-Olson protein—a component of the antenna system

of Green Sulfur Bacteria—is always one of two types,

depending on the species of the source organism. The FMO

from Prosthecochloris aestuarii 2K has a spectrum of type

1 while that from Chlorobaculum tepidum is of type 2. The

previously reported crystal structures for these two proteins

did not disclose any rationale that would explain their

spectral differences. We have collected a 1.3 Å X-ray

diffraction dataset of the FMO from Prosthecochloris

aestuarii 2K, which has allowed us to identify an additional

Bacteriochlorophyll-a molecule with chemical attachments

to both sides of the central magnesium atom. A new

analysis of the previously published X-ray data for the

Chlorobaculum tepidum FMO shows the presence of a

Bacteriochlorophyll-a molecule in an equivalent location

but with a chemical attachment from only one side. This

difference in binding is shown to be predictive of the

spectral type of the FMO.
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Abbreviations

Bchl-a Bacteriochlorophyll-a

Cbl Chlorobaculum

FMO Fenna–Matthews–Olson Protein

PDB Protein Data Bank

Pel Pelodictyon

Ptc Prosthecochloris

r.m.s. Root mean square

Introduction

Fenna–Matthews–Olson protein (Olson 2004) is a bac-

teriochlorophyll-a containing protein that exclusively

occurs in photosynthetic bacteria with a chlorosome light

antenna system (Blankenship and Matsuura 2003). It is

of interest, because it is a rare example of an antenna

system component that is water soluble. This property

has made it an attractive target for spectroscopic studies

(Olson et al. 1974; Louwe et al. 1997a; Whitten et al.

1980; van Mourik et al. 1994; Francke and Amesz 1997;

Vulto et al. 1998a, 1998b; Brixner et al. 2005; Engle

et al. 2007), theoretical studies (Pearlstein 1992; Louwe

et al. 1997b; Savikhin et al. 1997; Vulto et al. 1998a;

Wendling et al. 2002; Müh et al. 2007), and X-ray dif-

fraction structure studies (Tronrud and Matthews 1993;

Camara-Artigas et al. 2003; BenShem et al. 2004). In

fact, the FMO from Prosthecochloris aestuarii 2K was

the first protein containing some type of chlorophyll to

have its atomic structure known (Tronrud et al. 1986)

and stood as the highest resolution model in this class

for over 20 years. The review by Savikhin et al. (1998)

is an informative recap of the spectroscopic work done

up to that point.
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Fenna–Matthews–Olson protein is a peptide that enfolds

a core of seven Bchl-a molecules, and three copies of this

complex come together to form a trimer. The excited

electronic states of this particle are delocalized over mul-

tiple Bchl-a molecules in the same monomer and also, to a

lesser extent, spread to other copies in the trimer. The focus

of much research has been to understand this delocalization

and uncover the relationship between atomic structure and

the absorbance and fluorescence spectra (Brixner et al.

2005; Engle et al. 2007).

While the original X-ray structure was determined for

the FMO from Ptc. aestuarii 2K, most of the spectro-

scopic research has been performed using the protein

from Chlorobaculum tepidum (formerly known as

Chlorobium tepidum (Imhoff 2003)). The structure of this

variant was solved (Camara-Artigas et al. 2003) (PDB

entry 1M50) (Berman et al. 2000) in an attempt to relate

the differences in the spectra of the protein from these

two species (Olson et al. 1974; Francke and Amesz 1997)

to the differences in the conformation of their chro-

mophores. This model of the Cbl. tepidum FMO, unfor-

tunately, did not show any differences in the arrangement

of the seven Bchl-a molecules.

Recently, another X-ray structure was described for the

FMO from Cbl. tepidum (BenShem et al. 2004) (PDB entry

3BSD). This model showed the binding of an eighth Bchl-a

molecule in a cleft on the surface of the trimer. This extra

chromophore was located at the site where uninterpretable

electron density had been reported for the Ptc. aestuarii 2K

model in the remarks in PDB entry 4BCL, implying that

this pocket is a binding site in both proteins.

Earlier linear dichroism studies (Melkozernov et al.

1998) and recent chemical labelling and mass spectrom-

etry data (Wen et al. 2009) have established the orienta-

tion of the FMO protein on the membrane. The end of the

protein containing Bchl-a #3 is near the membrane and

the end containing Bchl-a #1 is toward the chlorosome.

The newly discovered eighth Bchl-a is in the region of

the protein that is toward the chlorosome and its orien-

tation may facilitate energy transfer from the chlorosome

baseplate to the reaction center. This pigment is separated

from the other seven core Bchl-a’s and is located in a

cleft in the protein surface. The location of this pigment

bridges the distance between the baseplate pigments and

the core Bchl-a’s in the FMO, and will thus increase the

energy-transfer efficiency. In addition, the orientation of

this pigment serves to increase the efficiency of energy

transfer between the donor baseplate Bchl-a and this new

pigment. This is because the Qy transition dipole moment

of the eighth Bchl-a is oriented in a similar way as the

Bchl-a in the baseplate, as reported on the basis of fluo-

rescence anisotropy of single chlorosomes (Shibata et al.

2007).

Results

We have used the X-ray data of Camara-Artigas et al. 2003

(PDB entry 1M50) to create an improved model of the

Cbl. tepidum FMO (deposited in the PDB as entry 3ENI).

The new model shows that there was an extra Bchl-a

molecule in this crystal form, although probably at lower

occupancy than that seen in entry 3BSD. Our new model

also corrects some errors in the seven core Bchl-a mole-

cules, and these corrections increase the similarity between

this FMO and that from Ptc. aestuarii 2K.

The diffraction dataset for model 1M50 (and the new

3ENI) extends to 2.2 Å resolution and that of 3BSD only to

2.3 Å resolution. While with this quality of data, one can

trace the chain of the polypeptide, determine side chain

rotomers, and observe the location, orientation, and con-

formation of Bchl-a molecules, it is very difficult to esti-

mate occupancy. Both models 3BSD and 3ENI were

created with the constraint that the occupancy of the eighth

Bchl-a molecule be unity. Such a constraint is typically

applied in models with this resolution even when the

molecule is not believed to occur with full occupancy. We

believe the occupancy of the eighth Bchl-a molecule is less

than unity in 3ENI because the density for this molecule is

not as strong as that of the protein and the refined B factors

are much higher (*80 Å2) compared to the surrounding

protein (between 30 and 40 Å2). How much lower than

unity is difficult to estimate.

We have grown new crystals of the FMO protein from

Ptc. aestuarii 2K in an attempt to create a higher resolution

model and investigate this newly recognized binding site.

These crystals typically diffract at a synchrotron to reso-

lutions between 1.4 and 1.3 Å. We have created a model

based on a 1.3 Å dataset and deposited in the Protein Data

Bank (deposited as entry 3EOJ).

Refinement statistics for both 3ENI and 3EOJ are listed

in Table 1.

Overall there are few differences in conformation

between the new Ptc. aestuarii 2K model and the new

Cbl. tepidum model. If one superimposes the two, using just

the central atoms of the seven Bchl-a rings as a guide, the

r.m.s. agreement of the Ca atoms of the protein is 0.8 Å, and

of the atoms in the seven core rings is 0.6 Å. The largest

difference in the main chain of the protein is the region about

residue 58. This is a loop between two b strands where some

atoms are shifted by as much as 9 Å between the two spe-

cies. Because this loop has both sequence changes and dif-

fering crystal environments it is difficult to determine if this

structural change is an artifact of the differing crystal

packing. Most of the differences in the seven core Bchl-a

molecules are located in their Phytol tails, with the largest

difference at atom C4 of ring number 6. This atom is flipped

by 180� because the nearby residue 66 changes from an

Photosynth Res

123



Isoleucine in Cbl. tepidum to a Phenylalanine in Ptc. aes-

tuarii 2K. Neither of these structural changes is near the

conjugated ring systems of the optically active parts of the

molecule. The atoms of the seven core Bchl-a molecules,

other than the Phytol tails, agree to an r.m.s. of 0.3 Å.

While our models confirm that a Bchl-a molecule binds

at the ‘‘eighth site’’ in both the Ptc. aestuarii 2K and

Cbl. tepidum variants of FMO, they show that the details of

the binding interaction are significantly different. In both

variants, the carbonyl oxygen of residue 123 binds to the

central magnesium atom on one side of the Bchl-a ring

while an a-helix (residues 155–172) covers the other side.

Our new model for Ptc. aestuarii 2K shows a unique,

bidentate interaction between the protein and this Bchl-a

molecule (Fig. 1a). The additional link is between the

central magnesium atom and the Oc atom of Serine 168.

The two links to this Bchl-a molecule originate from two

different monomers within the biological trimer.

While the bidentate ligation of chlorin compounds by

proteins has been suggested by spectroscopic studies

(Fiedor 2006), this is the first instance reported in an X-ray

model, despite over 100 models in the Protein Databank

and many hundreds of individual chlorin-protein examples.

The variant of FMO from Ptc. aestuarii 2K has three,

critical, differences in sequence in this helix when com-

pared to Cbl. tepidum. First, residue 165 changes from a

Threonine to a Phenylalanine. Secondly, residue 168

changes from an Alanine to a Serine. Finally, there is an

insertion of an Alanine in the loop that links the end of the

helix back to the body of the protein. Since the occupancy

of the extra Bchl-a molecule in the Ptc. aestuarii 2K

crystal is only 0.341 molecules/site (with an estimated

standard uncertainty of 0.004 molecules/site), both the apo

and holo conformations can be observed in the same crystal

structure. In the apo form, the Phenylalanine side chain

extends into the base of the binding pocket. When a Bchl-a

Table 1 Data collection and refinement statistics

Species Ptc. aestuarii 2K Cbl. tepidum

PDB code 3EOJ 3ENI

Space group P63 P4332

Unit cell parameters (Å) 111.242, 98.198 169.1

Resolution (Å) 50–1.3 20–2.2

Data collection

X-ray source Synchrotron beam line ALS 8.2.2 Rigaku RU200 rotating anode

Reflections (Unique) 168,292 36,706

Redundancy 7.8 (6.2) 5.0

I/r(I) 26.5 (2.77) 5.0

Rmerge (%) 7.8 (59.6) 12.9 (74.2)

Completeness (%) 99.9 (100) 87.0 (63.2)

Refinement

Rwork (%)/Rfree (%) 13.56/16.16 16.26/20.72

Copies in asymmetric unit 1 2

Average B-factor (Å2) 16.8 29.49

Number of protein atoms 3,082 (excluding hydrogen atoms) 5,445

Number of ligand/ion atoms Bchl-a: 1193, EDO: 120, NH4?: 2, Na?: 1 Bchl-a: 1122

Number of water molecules 408 206

RMSD bond length (Å) 0.013 0.011

RMSD bond angle (�) 2.318 1.198

Ramachadran plot (Regions)28

Favored (%) 98.9 97.7

Allowed (%) 99.8 100.0

Outliers (%) 0.2 (This residue is not an outlier but flagged

due to a bug in the Molprobity server.)

0.0

Rmerge ¼
P

hkl

P
j IjðhklÞ � IðhklÞh i
�
�

�
�
.P

hkl

P
j IðhklÞh i; where Ij hklð Þ and I hklð Þh i are the intensity of measurement j and the mean intensity for

the reflection with indices hkl; respectively. Rwork;free ¼
P

hkl Fobs hklð Þj j � FcalcðhklÞj jj j
�P

hkl Fobs hklð Þj j, where the free R-factor is calculated

using the 5% of the reflections which were excluded from refinement, and the working R-factor is calculated using the reflections that were used

in refinement. RMSD is the root-mean-square deviation from the ideal geometry library (Engh and Huber 1991). I=r Ið Þ is the ratio of the mean

intensity to the mean standard deviation of intensity

Photosynth Res

123



molecule binds, this side chain must rotate out of its way,

and this rotation requires that the side chain of residue 167

(an Isoleucine) move, and its motion results in the entire

end of the a-helix moving toward the binding cleft,

bringing the Oc atom of Serine 168 close enough to the

magnesium atom to allow it to make an additional link

(Figs. 2 and 3).

We believe that the occupancy of the eighth Bchl-a in

the crystal of the FMO from Cbl. tepidum is also less than

unity, however, there is no evidence of a significant change

in the protein structure upon binding. The smaller Threo-

nine side chain of residue 166 does not have to move when

a Bchl-a molecule binds, and the shorter, more ordered,

Fig. 1 Comparison of the binding of the ‘‘eighth’’ Bchl-a in

Ptc. aestuarii 2K and Cbl. tepidum. The ‘‘eighth’’ Bchl-a molecule

is shown wedged between the a-helix of one monomer (in green) of

the trimer and an irregular peptide strand from another (in orange). a
In Ptc. aestuarii 2K, the carbonyl oxygen of residue 123 forms the

first link to the magnesium atom while the Oc atom of Serine 168

forms the second link. This model was refined with riding hydrogen

atoms and these hydrogen atoms are also shown. b In Cbl. tepidum,

the second link to the magnesium atom (from below) cannot be made.

In both cases, atoms from the apo conformation are not shown

Fig. 2 Conformational change upon binding in Ptc. aestuarii 2K.

The apo configuration of the helix is shown in light blue while the

holo configuration is shown in green. Collisions between the two

conformations indicate that they are mutually exclusive. These

collisions indicate a progression of falling dominos that begin with

the binding of the Bchl-a molecule and end with the creation link

between the serine and the magnesium atom. (a) The Bchl-a molecule

slides into the pocket. (b) This forces the side chain of Phenylalanine

165 to move to the right, to get out of the way. (c) This requires that

Isoleucine 169 has to move, which pushes its main chain to the left.

(d) This pushes Serine 168 to the left causing the Oc atom to bind to

the magnesium atom

Fig. 3 Omit difference map showing the second ligation. The

electron density map that allowed the identification of the second

link to the Bchl-a molecule is shown. The apo model of the a-helix

(here in blue) along with the Bchl-a molecule itself were included in

the refinement but the holo conformation of the a-helix was not. The

difference electron density map was contoured at ±3 sigma. The

locations of the main chain atoms for the holo conformation are

clearly defined by the continuous density and the striking bumps for

the carbonyl oxygen atoms. The location of the holo conformation of

the side chain of Serine 168 is also unambiguous
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loop at the end of the a-helix restricts any motion of the

helix. The FMO of Cbl. tepidum cannot make the second

link to the Bchl-a molecule (Fig. 1b).

There is no obvious reason why the eighth Bchl-a

molecule is not present at 100% occupancy. This mole-

cule does bind in a very different way than the other

seven. It is located in a cleft at the surface of the com-

plex, while the others are completely protected from

solvent. A consequence of the exposure is that the Phytol

tail is not visible in the electron density map and we

presume it is disordered. While it is possible that a

fraction of the molecules binding at this site are lost

during purification, we cannot eliminate the possibility

that this binding site is not fully occupied when the FMO

complex is in its functional state.

Discussion

In 1974, it was observed that the absorbance and CD

spectra for the FMOs from different species of Green

Sulfur Bacteria can be two types when measured at less

than 77 K (Olson et al. 1974) (Fig. 4). As can be seen in

the figure, the FMO from Ptc. aestuarii 2K is type 1, while

that of Cbl. tepidum is type 2. Although intense theoretical

calculations ((Pearlstein 1992; Louwe et al. 1997b;

Savikhin et al. 1997; Vulto et al. 1998a, 1998b; Müh et al.

2007) have been attempted in the past years to describe the

tuning of the electronic structure by the pigment–protein

interaction, the structural differences that lead to these

spectral differences are not yet understood. Since the other

seven Bchl-a molecules in this complex are nearly identical

in these two variants, the presence or absence of the second

link to the eighth is possibly the key to their spectral dif-

ferences. If this is the case, the FMO variants from other

species should have a spectral class consistent with the

presence or absence of the amino acid sequence signature

of the bidentate interaction.

A search of the SwissProt gene databank (Bairoch et al.

2004) for the sequences of FMO proteins, followed by

alignment using the 3DCoffee web server (O’Sullivan et al.

2004), shows that these three mutations tend to appear

together (Fig. 5). All members of the genus Prosthec-

ochloris contain a sequence consistent with the bidentate

Bchl-a binding mode. (The genus assignments and species

names of the Green Sulfur bacteria were recently reas-

sessed (Imhoff 2003). The species Pelodictyon phaeum

was not considered at that time because the necessary

sequences were unknown. We have recently sequenced the

FMO gene and the 16S rRNA of this species, and found

them similar to that found in members of the genus Pros-

thecochloris.) None of the species of the other two genera

contain a sequence compatible with the bidentate

interaction.

Figure 5 shows the correspondence between the amino

acid sequences and the spectral classes for six species of

Green Sulfur Bacteria. All of the FMO variants that have

been classified with type 1 spectra also have the sequence

signature of a bidentate Bchl-a ligation. All of the FMO

proteins with type 2 spectra are not consistent with this

configuration. No other aspect of the structure of the FMO

protein has been found to correlate with the spectral

classification.

These observations, together, imply that it is very likely

that the type of ligation of the eighth Bchl-a molecule in

FMO determines the spectral classification of the protein’s

absorption spectrum at low temperature.

Materials and methods

FMO purification from Ptc. aestuarii 2K

Cells of the Green Sulfur Bacterium Ptc. aestuarii 2K

were grown anaerobically at room temperature with a

light intensity of 150 lE for 2 days in two 15 l carboys.

The cells were harvested by centrifugation at 7,500 rpm

for 15 min. The cells were resuspended and washed with

20 mM Tris/HCl (pH = 8.0) buffer, and then run

through the centrifuge again. This pellet was resuspended

and then broken by sonication. A 4.0 M Na2CO3 solution

Fig. 4 Absorption spectra of FMO from three species of Green

Sulfur Bacteria. The peaks on the right side of the spectra are from the

Qy transition of the Bchl-a molecules in the complex. For Ptc. aes-
tuarii 2K and Pel. phaeum, the 815 nm peak is stronger than the

806 nm peak, while for Cbl. tepidum the reverse is true. The former

are members of spectral class 1 while the latter is class 2. These

spectra were measured at 77 K with 80% glycerol as a cryoprotectant
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was slowly added until a 0.2 M final concentration was

reached, and the solution was stirred gently for 20 h in

the dark at 4�C. Cell debris and unbroken cells were

then removed by centrifuging at 10,000g for 15 min.

More Na2CO3 solution was added until a final concen-

tration of 0.4 M was reached. The solution was gently

stirred in the dark for 20 h. The solution was ultracen-

trifuged for 2 h. The supernatant liquid containing the

FMO protein was carefully decanted and dialyzed against

20 mM Tris/HCl (pH = 8.0) for a day. The solution was

loaded in a SuperQ-650S ion-exchange column and

washed with NaCl step gradients. The FMO protein was

eluted with around 80–100 mM NaCl elution solution.

The FMO protein was loaded on an S-300 gel filtration

column and the fractions with OD267/OD371 \0.6 were

selected and pooled. The final product was concentrated

using the Amicon YM30.

Crystallization of FMO from Ptc. aestuarii 2K

Crystals were grown using the hanging drop method. The

well solution was 10 mM Tris/HCl pH 8.0, 1.0 M NaCl,

and 10% w/v (NH4)2SO4. The protein was transferred to a

buffer of 10 mM Tris/HCl pH 7.8, and 1.0 M NaCl and

concentrated to 14 mg/ml using a Biospin 30. Six wells

were created. On each cover slip, we placed a 5 ll drop of

the protein solution. To the first drop, we add 0.5 ll of well

solution, and then 1, 2, 3, 4, and 5 ll of well solution to

each of the other drops and closed the wells. The crystal-

lization tray was stored at room temperature. Crystals grew

in every drop.

X-ray diffraction data collection for the FMO

from Ptc. aestuarii 2K

A crystal was swished through a cryroprotectant solution

and frozen by placing the loop in the cryostream. The

cryroprotectant solution consisted of mother liquor with

ethylene glycol added to a concentration of 22% v/v of

ethylene glycol. This crystal was taken to the Advance

Light Source and mounted on the 8.2.2 beamline. Two

sweeps of images were collected, with the second sweep

having one half the exposure time per frame. The images

were processed using HKL2000 (Otwinowski and Minor

1997). The resolution cut-off of 1.3 Å resolution was

determined because that was the resolution where the I/r(I)

dropped below 2 and the completeness of the dataset began

to drop off quickly at higher resolution.

Structure solution of FMO from Ptc. aestuarii 2K

Our goal was to create a model with minimal bias from the

previous refinement efforts. In addition, to avoid model

bias, the region where it was believed that some interesting

structure would appear was left uninterpreted for as long as

possible, along with the region of the map containing the

residues from 123 to 126.

The starting model consisted only of the Bchl-a core as

published in 1977 (Fenna et al. 1977). This model was

given to Arp/Warp (Perrakis et al. 1999), which managed

to trace nearly the entire peptide, despite having discarded

the Bchl-a core it was originally given. The Bchl-a core

had been replaced by dummy atoms, so we removed these

Fig. 5 Sequence alignment of several species’ FMO proteins. This

sequence alignment (O’Sullivan et al. 2004) shows that the variants

from differing species of Green Sulfur Bacteria can be segregated into

two categories. The first category contains the amino acid types that

are consistent with a bidentate interaction between the protein and the

extra Bchl-a molecule, as is the case with Ptc. aestuarii 2K. This

pattern is defined by a Phenylalanine at position 165, a Serine at 168,

and an insertion at 174. The second category contains sequences that

are inconsistent with a bidentate interaction, as is the case with

Cbl. tepidum. Although the FMO proteins from Cbl. parvum and

Chlorobium phaeobacteroides contain a Serine at position 168, the

presence of a Threonine at position 165, as well as deletions relative

to first class which further constrict the motion of the helix, makes

bidentate ligation unlikely. The final column of the table indicates the

spectral classification for the six species that have been determined.

Those sequences that produce spectra in spectral class 1 are all

consistent with the presence of a bidentate ligation, while those of

spectral class 2 are inconsistent with bidentate ligation. The spectral

classification of Pel. phaeum, as well as Ptc. aestuarii 2K, and

Cbl. tepidum, is demonstrated in Fig. 4. The classification of

Ptc vibrioformis and Chlorobium phaeovibrioides is taken from

Francke and Amesz (1997), and that of Cbl. thiosulfatiphilum is from

Whitten et al. (1980)
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atoms and restored the starting model for the Bchl-a core.

Refinement then commenced with autoBuster (Bricogne

1997) and Coot (Emsley and Cowtan 2004), and was

completed with Shelxl (Sheldrick 2008) and Coot. Even-

tually, the apo and holo conformations of 123–126 were

built and refined with partial occupancy. Ethylene glycol

molecules were then added to the model. At this point, the

unknown density could finally be identified as a Bchl-a

molecule. The ‘‘eighth’’ Bchl-a was then built into the

density. In the final stages of refinement the alpha-helix on

the other side of the Bchl-a was refined with its occupancy

tied to the apo occupancy. The resulting map clearly indi-

cated the conformation of the holo conformation (see Fig. 3)

and the nature of the bidentate binding of the Bchl-a

became clear. Details of the final model are given in

Table 1.

Refinement of FMO from Cbl. tepidum

The model of FMO from Cbl. tepidum previously in the

Protein Databank (Camara-Artigas et al. 2003), 1M50,

does not contain any atoms in the region where BenShem

et al. (2004) reported an eighth Bchl-a molecule. In addi-

tion, a map calculated with the deposited structure factors

and phases calculated from 1M50 did not show the pres-

ence of unexplained density in that region.

In order to see if a modern refinement program, using

Maximum Likelihood, would produce a different result, we

created a new model based on the data deposited with

1M50. Care was taken to ensure that no water molecules

were built in the region where binding of the extra Bchl-a

molecule suspected.

A model was constructed as a probe for Molecular

Replacement. This model was based on the model with the

lab name of fmo-pa_fm28_v010 (This model is the result

of an incomplete refinement of the FMO from Ptc. aestu-

arii 2K where the X-ray diffraction data were measured

from crystal fm28. The final model derived from this data

set will be reported elsewhere). The model was modified by

removing all hydrogen atoms, defining all ADP’s as iso-

tropic, and removing the atoms in residues 123 through

126, as well as removing all solvent molecules except those

completely buried within the protein. This model was given

to the program Phaser (McCoy et al. 2005) in the Phenix

(Adams et al. 2002) package of computer programs. The

program confirmed the Allen Laboratory’s choice of space

group P4332. The molecular replacement solution was

rebuilt by the AutoBuild (Terwilliger et al. 2008) program,

again from the Phenix package. This program performed

several iterations of building anew the peptide portion of

the model along with the water molecules, and passed this

along with the seven core Bchl-a molecules to phe-

nix.refine (Adams et al. 2002). The resulting model was

examined using the model building program Coot and the

validation tool MolProbity (Lovell et al. 2003). Refinement

was continued using the autoBuster refinement program

(Bricogne 1997). Eight macrocycles of refinement fol-

lowed by manual model rebuilding were performed.

Once all problems unrelated to the site of possible Bchl-a

binding were corrected, it was possible to identify the density

in that site as a Bchl-a molecule. This molecule was added to

both copies in the asymmetric unit and a final round of

refinement ran. The final statistics of the refinement are listed

in Table 1.

Measuring the absorbance spectra of the FMO Protein

Each FMO variant was dissolved in 20 mM Tris/HCl

buffer (pH = 8.0) and diluted into 80% glycerol and was

slowly cooled to 77 K in a temperature-controlled cryostat

(OptistatDN, Oxford Instruments, UK). The spectra were

taken by Lamda 950UV/Vis spectrophotometer (Perkin

Elmer, USA).
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Photosynth Res 75:49–55. doi:10.1023/A:1022406703110

Emsley P, Cowtan K (2004) Coot: model-building tools for molecular

graphics. Acta Crystallogr D Biol Crystallogr 60:2126–2132.

doi:10.1107/S0907444904019158

Engh RA, Huber R (1991) Accurate bond and angle parameter for X-

ray protein structure refinement. Acta Crystallogr A47:392–400

Engle GS, Calhoun TR, Read EL, Ahn T-K, Mančal T, Cheng Y-C,
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