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The Fenna–Matthews–Olson protein (FMO) binds seven or eight bacteriochlorophyll a (BChl a) molecules and
is an important model antenna system for understanding pigment-protein interactions and mechanistic
aspects of photosynthetic light harvesting. FMO proteins of green sulfur bacteria (Chlorobiales) have been
extensively studied using a wide range of spectroscopic and theoretical approaches because of their stability,
the spectral resolution of their pigments, their water-soluble nature, and the availability of high-resolution
structural data. We obtained new structural and spectroscopic insights by studying the FMO protein from the
recently discovered, aerobic phototrophic acidobacterium, Candidatus Chloracidobacterium thermophilum.
Native C. thermophilum FMO is a trimer according to both analytical gel filtration and native-electrospray
mass spectrometry. Furthermore, the mass of intact FMO trimer is consistent with the presence of 21–24 BChl
a in each. Homology modeling of the C. thermophilum FMOwas performed by using the structure of the FMO
protein from Chlorobaculum tepidum as a template. C. thermophilum FMO differs from C. tepidum FMO in two
distinct regions: the baseplate, CsmA-binding region and a region that is proposed to bind the reaction center
subunit, PscA. C. thermophilum FMO has two fluorescence emission peaks at room temperature but only one
at 77 K. Temperature-dependent fluorescence spectroscopy showed that the two room-temperature emission
peaks result from two excited-state BChl a populations that have identical fluorescence lifetimes. Modeling of
the data suggests that the two populations contain 1–2 BChl and 5–6 BChl a molecules and that thermal
equilibrium effects modulate the relative population of the two emitting states.
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1. Introduction

Photosynthesis is a central biological process that produces all the
food and much of the energy used by human beings. Intense attention
has been focused on using photosynthetic organisms or mechanisms
adapted from photosynthesis as sources to produce cheap, clean and
renewable energy [1–4]. The photosynthetic process starts with
photon capture by a group of pigment-binding protein complexes
called light-harvesting complexes. In these complexes, energy from
absorbed photons is converted to excitation energy, which is
subsequently transferred to reaction centers (RC), where it is
transduced into chemical potential energy through photochemically
induced, redox reactions that ultimately lead to the synthesis of ATP
and in many cases to the reduction of inorganic carbon to organic
compounds [5].

An enormous amount of work has been done to understand the
structural basis of light harvesting and the efficiency of the energy-
transfer process [6–8]. Several bacterial light-harvesting (LH) com-
plexes, such as the LH1 [9,10] and LH2 [11,12] complexes from purple
bacteria and the Fenna-Matthews-Olson protein (FMO) from green
sulfur bacteria [13,14], have served as model systems for structural,
spectroscopic and theoretical studies. These investigations have
deepened our understanding of pigment-protein interactions and
how these complexes achieve photon capture and high energy-
transfer efficiencies. On the other hand, the discovery of new
photosynthetic species and new light-harvesting complexes has
greatly expanded our vision of the evolution of photosynthesis and
also provides the means to explore new systems [15–18].

The recently discovered, thermophilic bacterium, Candidatus
Chloracidobacterium (C.) thermophilum, belongs to the phylum
Acidobacteria, and is the only species found in the phylum so far
that is a phototroph [16]. Surprisingly, the photosystem of the aerobic
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C. thermophilum closely resembles that of the green sulfur bacteria
(GSB), which are strict anaerobes. The energy harvested by the large
peripheral antenna complex called the chlorosome [19,20] is
transferred through the FMO protein to a type-I reaction center in
the C. thermophilum cells, in a manner similar to that in GSB. The cells
of GSB, however, are susceptible to light damage under aerobic
conditions [19], because reactive oxygen species are readily produced
from reduced ferredoxin generated from the type-I RCs. The
mechanism that enables the C. thermophilum cells to carry out
phototrophy under aerobic conditions is not yet known.

The initial characterization of C. thermophilum FMO by Tsukatani
et al. [21] demonstrated its apparent difference from the more
commonly studied GSB FMO proteins. The C. thermophilum FMO is
distantly related to the GSB FMOs, and is about 60% similar in
sequence to the FMO proteins of GSB, which are approximately 80%
similar to one another. As shown by its weaker CD signal, the excitonic
coupling of the bacteriochlorophyll (BChl) a molecules in the C.
thermophilum FMO is somewhat weaker than that in the GSB FMOs
[21]. Another interesting phenomenon is that the C. thermophilum
FMO exhibits two fluorescence peaks at room temperature (RT),
whereas GSB FMO proteins always have a single fluorescence
emission peak.

In the research reported here, we further investigated the C.
thermophilum FMO protein both structurally and spectroscopically.
Firstly, we determined the overall size of the C. thermophilum FMO by
analytical gel filtration and native electrospray mass spectrometry,
which allows the molecular weight of the complex to be measured,
thus defining the stoichiometry of the interacting components [22–
25]. Secondly, we applied homology modeling [26] to generate a
structural model of the C. thermophilum FMO using the known crystal
structure of FMO from Chlorobaculum tepidum (C. tepidum) as a
template. The overall similarity of the two sequences is 57–59%
(sequence identity of ~40%) [21]. In general, with this level of
similarity, homology modeling is quite feasible and can provide
structural information in the absence of an X-ray structure. The
constructed model allowed us to identify two regions that differ
significantly from the C. tepidum FMO crystal structure. One region
likely interacts with CsmA in the baseplate, and the other region may
interact with the RC. Finally, we measured the temperature-
dependent, steady-state fluorescence emission spectra and the
excited state lifetimes to understand better the origin of the two
fluorescence peaks reported earlier [21]. We found that the two
emission peaks are associated with two thermally equilibrated
populations of excited states at RT.
2. Materials and methods

2.1. Sample preparation and analytical gel filtration

C. thermophilum cells were grown, and FMO protein was purified
by the procedures described previously [21]. The purified protein was
loaded onto an analytical gel filtration column (ZORBAX GF-250,
4.6×250 mm, 150 Å pore diameter, 4 μm particle size, Agilent)
attached to an Agilent series 1100C high-performance liquid
chromatography (HPLC) system. The equilibration and the elution
buffer was 0.1 M sodium phosphate buffer (pH=7.0) with 0.15 M
sodium chloride at a flow rate of 0.5 mL/min. FMO sample (10 μL)
with optical density at 806 nm of approximately 10 in a 1 cm path
cuvette (OD806 nm~10 cm−1) was injected by using an auto sampler.
Lactate dehydrogenase, catalase, conalbumin and carbonic anhydrase
were purchased from Sigma (St. Louis, MO USA) and used as
references to calibrate the column. They were resuspended in
phosphate buffer to 10 μM, and 10 μL of each was loaded onto the
column. The photodiode-array detector was set to detect 810, 600,
370, 280 and 214 nm.
2.2. Mass spectrometry analysis

MS measurements of the native and denatured FMO protein were
carried out on a 12 Tesla Fourier transform ion-cyclotron resonance
(FTICR)mass spectrometer equippedwith a nano-electrospray source
(SolariX, Bruker DaltoniK GmbH, Bremen, Germany) coupled either to
a PHD ULTRATM syringe pump (Harvard Apparatus, Holliston, MA), or
to a nano-ACQUITY UltraPerformance LC (Waters Corp., Milford, MA).

For the native electrospray, the C. thermophilum FMO complex
was exchanged into 0.75 M ammonium acetate buffer (pH=7.5) and
concentrated to ~8 μM. Sample infusion was performed by nano-
electrospray (nano-ESI), using a custom-pulled silica capillary needle
at a voltage of 850–1500 V. The needle was pulled by the P-2000 Laser
Puller (Sutter Instrument CO., Novato, CA) using fused silica capillary
tubingwith ID 150 μm(Polymicro Technologies LLC, Phoenix, AZ). The
flow rates for the mass spectral measurements were between 20 nL/
min and 0.1 μL/min. Optimization of the ion transfer parameters and
calibration of the instrument tom/z=8000 were carried out by direct
infusion of 5 mM cesium perfluoroheptanoate. To achieve better
native electrospray signals, the capillary voltage was lowered to 850–
1200 V once the spray was initiated at 1500 V and kept stable. The
collision energy in the collision cell was increased to 20–40 eV to
observe good native electrospray signals. For acquisition of some
spectra, the in-source collision-induced dissociation was turned on,
and collision voltages up to 25 Vwere used, which helped to desolvate
the complex without dissociating it.

To measure the mass of the denatured C. thermophilum FMO
polypeptide, a protein aliquot (10 μl of a ~0.5 μM solution) was loaded
onto an Opti-Guard trap column (Optimize Technologies, INC., Oregon
City, OR) and washed by 0.1% formic acid (FA) in water before it was
eluted by using 80% acetonitrile with 0.1% FA. The ESI conditions
were: positive-ion mode; capillary voltage, 4000 V; dry gas, 5 L/min;
and dry gas temperature, 150 °C.

Charge deconvolution of the ESI mass spectrum of the denatured C.
thermophilum FMO was determined by MagTran algorithm [27]. The
charge deconvolution of the native electrospray spectrum was
manually calculated. For the simulation of the native electrospray
spectrum, a Gaussian function with a bandwidth of 60 m/z at each
charge state was applied by using Origin (OriginLab Corporation,
Northampton, MA).

2.3. Homology modeling

Homology modeling of the C. thermophilum and Chloroherpeton
thalassium FMO proteins was carried out using the web-based
program SwissModel (http://swissmodel.expasy.org/) under auto-
mated mode. The atomic structure of FMO from C. tepidum (TFMO,
PDB ID: 3BSD) was automatically selected as the template. The
generated PDB file of the C. thermophilum FMO structure was viewed
and aligned with the crystal structure of TFMO (PDB ID: 3ENI) by
Pymol (Version 1.2r3pre, Schrödinger, LLC).

The alignment of CsmA sequences was performed using the
ClustalW2 program on the website http://www.ebi.ac.uk/Tools/
clustalw2/index.html. Phylogenetic analyses were carried out using
the MEGA4 [28] program. Construction of the phylogenetic tree was
performed by the neighbor-joining method applying the p-distance
parameter.

2.4. Temperature-dependent fluorescence emission and fluorescence
lifetime measurements

The fluorescence emission was measured using a setup previously
described by us [29]; the excitation wavelength was 370 nm. The
sample in 70% (v/v/) glycerol with OD806 nm=0.1 cm−1 was placed in
a cryostat (OptistatDN, Oxford Instrument, USA), and the temperature
of the cryostat was controlled by the Intelligent Temperature
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Controller (ITC 5035, Oxford Instrument, USA). At each temperature,
the sample was incubated for 10 min to allow it to reach equilibrium.
The fitting of the fluorescence spectra was done by using PeakFit
(Systat Software, INC. USA).

The excited state lifetime of the C. thermophilum FMO was
measured by using the same time-correlated single photon counting
(TCSPC) setup as described before [29]. Briefly, a 370-nm excitation
pulse was generated by a frequency doubler after the original pulse
output from a Ti:Sapphire laser (Tsunami, Spectra-Physics). The
frequency of the excitation was 80 kHz controlled by a pulse picker
(3980, Spectra Physics). The applied excitation power for all the
measurements was 22 μW at 800 kHz, which corresponded to
excitation densities of 1×107 to 1×108 photons/(pulse • cm2). The
excitation and emission bandwidths were 12 and 6 nm, respectively.
The instrument response function (IRF) of the entire TCSPC system
(35 ps full width at half maximum) was recorded by measuring the
scattered light from a piece of metal placed in the sample chamber.
Fluorescence decay curves were fitted to a sum of exponentials,
convoluted with the IRF. The quality of a fit was judged from the χ2-
value and by visual inspection of the residuals. The number of
exponentials was considered sufficient if the addition of one extra
decay component did not significantly improve the fit.
3. Results

3.1. Stoichiometry of C. thermophilum FMO protein and pigments

The FMO protein from GSB is a trimer with seven or eight BChl a
[14,30] in each monomer. Given that the C. thermophilum FMO has
different spectroscopic properties from proteins of GSB [21], we
wished to identify the subunit stoichiometry of the complex and also
the number of BChl a pigments bound to each subunit. To obtain such
information, the C. thermophilum FMOwas analyzed by analytical gel
filtration chromatography by using mass standards: lactate dehydro-
genase (146 kDa), catalase (232 kDa), carbonic anhydrase (29 kDa)
and conalbumin (77 kDa). The elution profiles of these proteins are
shown in SI-Fig. 1 and a calibration curve was generated by linear
fitting as shown in Fig. 1. Using this standard curve, we calculated the
molecular mass of the C. thermophilum FMO to be approximately
135 kDa, indicating that it is a trimer. The molecular mass of the C.
Fig. 1. A standard curve calibrated by the elution times of monomer and dimer of the
lactic dehydrogenase complex, catalase, conalbumin and carbonic anhydrase and fit
(solid line) by linear least-squares of retention time versus the molecular mass (in kDa).
The retention time of the C. thermophilum FMO is labeled on the standard curve by a
black dot.
thermophilum FMO polypeptide deduced from the fmoA gene
sequence is 40.5 kDa, and the mass of the assembly is 140. 5 kDa if
one includes 21 BChl a molecules.

To determine the pigment stoichiometry independently, we
adapted the recently developed native electrospray mass spectrom-
etry technique, which has emerged as a tool to introduce large protein
assemblies into the gas phase for the purpose of determining
structure and stoichiometry [31,32]. As described in Materials and
methods, under native conditions the C. thermophilum FMO complex
shows a simple mass spectrum comprised of four main charge states
(+21, +22, +23, +24) in the high m/z range (Fig. 2A); this is an
indication that the protein maintains a compact structure in the
vacuum. After charge deconvolution using these peaks, the measured
protein mass was 140,400±500 Da. A simulated mass spectrum (red
curve) of a protein of mass 140,430 Da carrying 22, 23 and 24 positive
charges agreed well with the experimental data (Fig. 2A).

In contrast, the mass spectrum of the denatured C. thermophilum
FMO protein shows a series of charge states (+25 to +49) in the low
m/z range between 800 and 1700 Da with the most abundant ions
carrying 38 positive charges (Fig. 2B). Deconvolution of the mass
spectrum of C. thermophilum FMO afforded a molecular mass of
Fig. 2. Mass spectra of the native (A) and denatured (B) C. thermophilum FMO. Certain
charge states are labeled on the spectra. A simulated spectrum of a protein with mass
140,430 Da carrying +22, +23 and+24 charges is shown in red in panel A. A shoulder
for charge state +22 is indicated by the arrow. The deconvoluted mass (40325±2 Da)
of denatured C. thermophilum FMO is shown in the inset of panel B.

image of Fig.�2
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40,325±2 Da (Fig. 2B inset), which was nearly identical to that
deduced from the protein sequence when the N-terminal Met
(40,326.4 Da) was omitted.

If the C. thermophilum FMO complex is a trimer containing 21 BChl
a (average molecular mass 911.5 Da), the theoretical mass of the
protein complex would be 140,116.5 Da (40235×3+911.5×21),
which is nearly identical to the measured value. The larger measured
mass (+283.5 Da) likely arises from incomplete desolvation or buffer
adducts, which have been frequently observed and reported for native
electrospray mass spectrometry [33]. Thus, the dominant peaks of
each charge state indicate that each monomer has seven BChl a.
However, if there were to be an 8th BChl a in the C. thermophilum
FMO or if it were partially occupied, a trimer with 22, 23 and 24 BChl a
would shift each charge state to a higher m/z value. Such heteroge-
neity would broaden the high m/z side of each peak or generate
shoulders. We do see such shoulders, for example in the +22 charge
state (indicated by arrow), but it is hard to determine whether these
arise from solvent adducts or from extra BChl a, partially owing to the
low signal-to-noise ratio of the spectrum.

3.2. Homology structural modeling

We constructed a three-dimensional model of C. thermophilum
FMO by SwissModel using the available crystal structure of FMO from
C. tepidum (TFMO) as a template. The generated C. thermophilum
FMO model is generally similar to TFMO, as shown in the overlaid
structures of C. thermophilum FMO and TFMO in Fig. 3. All of the
magnesium binding sites for BChl a except #2 are conserved in the
sequence alignment [16,21], and are also perfectly overlapping in the
deduced structural model when mapped onto the TFMO structure.
BChl a #2 is ligated to a water molecule in TFMO, which cannot be
re-generated in the C. thermophilum FMO model.

There are, however, several regions that show structural differ-
ences for the backbone carbons. Almost all of the structural
differences are in the loops that connect neighboring β-strands
(Fig. 3). The structural differences are mainly due to insertions or
deletions in the C. thermophilum FMO sequence, as shown in the
alignment (SI-Fig. 2). The structurally different regions are labeled
Fig. 3. Proposed structure of C. thermophilum FMO (red) using homology modeling in comp
TFMO. (B) Side view of overlapped C. thermophilum FMO and TFMOwith the three fold symm
which is the side that faces the chlorosome. The pigments of TFMO in panels A–C are colored
labeled and colored in blue (regions 1–3 and 5–6) and in grey (region 4). The pigment con
respectively. BChl a 1–8 with the tails omitted for clarity are colored in red, blue, green, ye
from 1 to 6 along the sequence (SI-Fig. 2) and on the structure
(Fig. 3B). All of these regions are distant from the BChl a-binding sites;
instead, they are located on the side and surface of the FMO protein
(Fig. 3). Thus, these regions probably play structural roles instead of
modifying the electronic structure of the pigments.

Among the structural differences is the location of region 4 on the
BChl a #1 side of the FMO protein (Fig. 3B). This side of the protein
interacts with the baseplate of the chlorosome [34], but the detailed
binding site(s) is not yet known. In region 4, the protein sequence is
not highly conserved in the C. thermophilum FMO [16, 21, SI-Fig. 2].
Such sequence and structural differences of C. thermophilum FMO at
this region might be an indication for the baseplate binding sites. This
hypothesis requires that the corresponding C. thermophilum FMO
binding region on the baseplate is different from that on the GSB
baseplate.

To test the above proposal, a sequence comparison of the
baseplate-forming CsmA proteins from C. thermophilum, GSB and
Chloroflexus spp. was performed, as shown in Fig. 4A. Although the
CsmA proteins from GSB and Chloroflexus spp. are not as highly
conserved as the sequences within each family, two conserved
regions were previously identified [35]. The conserved histidine
residue (H25) was proposed to be the BChl a binding site [36,37], and
the other conserved INRNAY region was identified as the site of
interaction with FMO by surface plasmon resonance in GSB [38] and
was proposed to be the binding site for the light-harvesting complex
in Chloroflexus spp. [37]. The histidine residue is also conserved in the
C. thermophilum baseplate, but the proposed FMO interaction region
(INRNAY) is not conserved. These differences support the hypothesis
that region 4 on C. thermophilum FMO is the baseplate binding region.
The phylogenetic tree of the CsmA baseplate proteins (Fig. 4B) also
clearly illustrates that the C. thermophilum baseplate protein (CsmA)
is distantly related to the others. Recently, region 4 was confirmed as
the baseplate binding region on FMO by using hydrogen/deuterium
exchange coupled with MS [39].

Electron microscopic images of the FMO-RC complex from GSB
show that one side of the FMO trimer (viewed perpendicular to the C3
symmetry axis) interacts with the RC [40]. The identified structural
differences on C. thermophilum FMO show that regions 1–3 and 5–6
arison with TFMO (green). (A) Monomer view of overlapped C. thermophilum FMO and
etry axis (C3) labeled. (C) Top view of the trimer from the BChl a #1 side of the protein,

in cyan. The structurally different regions between C. thermophilum FMO and TFMO are
formations corresponding to the protein orientations in panels A–C are shown in D–F,
llow, magenta, orange, cyan and black, respectively.

image of Fig.�3


Fig. 4. Sequence alignment of CsmA (chlorosome baseplate BChl a-binding protein) (A) and phylogenetic tree (B). The conserved residues are shaded, and residues that are
conserved across all the sequences are highlighted in red. The INRNAY highlighted in green is the identified FMO binding region in GSB. Abbreviation: Cfx, Chloroflexus; Chl,
Chlorobium; Ptc, Prosthecochloris; Chp, Chloroherpeton; Cba, Chlorobaculum. (Chl. Clathratiforme was originally named Pelodictyon phaeoclathratiforme BU-1. Chl. phaeovibrioides was
originally named Ptc. vibrioformis 265. Ptc. sp. BS1 was originally named Chl. phaeobacteroides BS1).
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are located on the side of the protein following the same view angle
(Fig. 3). For example, the large insertion from residues 239 to 245
(VNQGGRV, labeled as region 5) can be clearly seen sticking out of the
protein surface (Fig. 3A, B). Thus, these regions may be the RC binding
sites on the C. thermophilum FMO and GSB FMOs. Again, these
structural differences require the binding sites of FMO on the RC to be
different in the C. thermophilum and GSB. Thus far, the only existing
information is the reported sequence alignments for the PscA and
PscB sequences [16] of C. thermophilum and GSB, which clearly
illustrate their differences and distant sequence relationships.

3.3. Temperature-dependent fluorescence and thermal analysis

In the previous report, the C. thermophilum FMO interestingly
showed two fluorescence emission maxima at RT but only a single
maximum at 77 K [21]. To understand better the electronic structure
of the C. thermophilum FMO, we recorded and analyzed steady-state
fluorescence emission spectra at different temperatures. As shown in
Fig. 5A, when the temperature of the sample was lowered from RT to
77 K, the higher-energy emission peak at 818 nm gradually disap-
peared as the temperature decreased while the intensity of the low-
energy 832 nm emission peak increased. The overall peakwidth of the
emission also decreased, and the higher energy, short wavelength side
of the peak shifted towards longer wavelengths with decreasing
temperature, while the low energy side of the emission peak was
much less affected by temperature. At 77 K, a single emission peak,
which had intensity about two times greater than that at RT, was
observed at 833 nm. The temperature modulation of the yield of the
two peaks suggests that two excited-state populations are connected
to one another and that the higher energy population is reached by
up-hill energy transfer through thermal dynamics at RT.

The emission profile at each temperature between 160 and 300 K
was fit by two peaks by using the Gaussian–Lorentzian Sum function
in the PeakFit software. The fittings of the emission spectra at 280, 220
and 160 K are included in the SI-Fig. 3. Below 140 K, the fitting
depends too much on the initial parameters, and, thus, these data
were not used. Between 160 and 300 K, one of the two deconvoluted
peak maxima was at ~834 nm, and the other ranged from 811 to
814 nm, with the longer wavelength corresponding to the lower
temperature. The fluorescence yields of the two populations (the
834 nm peak as population 1 and the other as population 2) were
compared by integrating the area under the individual, deconvoluted
peaks to afford a temperature-dependent ratio of the two emission
yields (Φ1, Φ2) (Fig. 5B). A linear relationship was obtained, when ln
(Φ1/Φ2) was plotted against the reciprocal of the temperature. This
means that the ratio of Φ1/Φ2 in the range of 300 to 160 K can be
described by an equation based on thermal equilibrium between the
two populations: Φ1/Φ2=N1/N2*exp(−ΔE12/kT), where N1/N2 is the
ratio of the number of molecules in the two populations, ΔE12 the
energy gap between the two populations and k is Boltzmann's
constant. Equal fluorescence rate constants were assumed for the two
populations.

From the linear fit of the data points, we calculated the value of
ΔE12 from the slope of the curve to be −0.044±0.005 eV

image of Fig.�4


Fig. 5. (A) Temperature-dependent fluorescence emission spectra recorded at 300 to
77 K. Arrows indicate the narrowing of the bandwidth and the increase of the intensity.
(B) A plot of the ratio of the fluorescence yields of the two emission peaks versus the
reciprocal of temperature from 160 to 300 K; the solid red line is a linear fit of the data.

Fig. 6. Fluorescence lifetime of C. thermophilum FMO at RT monitored at 815 and
830 nm, and fit by two exponential decays with lifetimes of 1.9 and 0.5 ns. The 77 K
fluorescence decay was monitored at 830 nm and fitted by one exponential decay
function with lifetime of 1.9 ns. The instrument response function (IRF) has a full width
at half maximum of 35 ps.

162 J. Wen et al. / Biochimica et Biophysica Acta 1807 (2011) 157–164
(ΔE=k*slope), matching the energy difference of the two popula-
tions, for which there is a theoretical energy difference between 834
and 810 nm of −0.044 eV. From the intercept, we found the ratio of
the two populations N1/N2 to be 0.3±0.1 (N1/N2=exp(intercept)). If
each C. thermophilum FMO monomer has seven or eight BChl a,
population 1 will have one or two strongly coupled BChl a molecules,
and population 2 will have five or six coupled BChl a molecules. Two
Gaussian functions were also used to fit the emission profiles. The
fitting matched the experimental data less well compared to the
Gaussian–Lorentzian function. One Gaussian fitting peak is located at
around 832 nm whereas the other peak shifts from 807 to 812 nm as
the temperature is decreased. A plot of ln(Φ1/Φ2) versus the
reciprocal of the temperature also gives a linear relationship with
the calculated ΔE12 and N1/N2 values falling in the same ranges.

3.4. Excited state lifetime

To gain more insight into the electronic structure of the C.
thermophilum FMO and its modulation by temperature, wemeasured
the lifetimes of excited states at RT and 77 K. At RT, we monitored the
fluorescence lifetime at four emission wavelengths: 800, 815, 830 and
845 nm. All the decays can be fit well by two exponential components
with time constants of 1.9 ns (amplitude ~73%) and 0.5 ns (amplitude
~27%). The fluorescence decays at 815 and 830 nm are shown in Fig. 6
with the fitting by two exponential functions. At 77 K, the fluores-
cence lifetime can be fit by a single exponential decay with a time
constant of 1.9 ns. Comparing C. thermophilum FMO to GSB FMOs, no
fast lifetime component (~50–70 ps) was observed; the fast compo-
nent is always present and sometimes dominant in the GSB FMOs
under normal conditions [29].
4. Discussion

4.1. FMO complex stoichiometry

Recently, protein crystallography showed that the FMO protein
contains eight BChl a pigments rather than seven as was previously
held [14], with the eighth pigment binding site not fully occupied.
Analyses of FMO protein sequences [21] indicate that all the BChl a
binding sites are conserved in C. thermophilum FMO, which suggests
that the protein should have a similar stoichiometry of BChl a as found
in GSB FMOs. However, the C. thermophilum FMO also has
significantly different spectroscopic properties from the GSB FMOs.
Thus, it was necessary to determine whether the predicted BChl a
binding sites were really occupied. Native electrospray mass spec-
trometry provided a measurement of the number of pigments (21–24
BChl a) per trimer. The spectra, however, have relatively low signal-
to-noise ratios, making it difficult to determine unambiguously
whether the 8th pigment is present in each monomer and the actual
occupancy per trimer. One reason for the low signal-to-noise ratio
may be the relatively longer time for ion transfer from the source to
the ICR trap and for detection in the FTICR instrument compared to
other mass spectrometers, which causes some loss of ions either
physically or by decomposition, the effect of which is especially
apparent when the sample amount is limited. Another reason may be
the intrinsic nature of the FMO protein, which forms a “taco shell”
compact structure that makes desolvation by electrospray difficult. In
addition, if the eighth binding site is not fully occupied owing to losses
during purification, sample heterogeneity (with 21–24 BChl a in each
trimer) will cause broadening of the peaks at each charge state.
Nevertheless, native electrospray MS does provide useful information
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on the stoichiometry of this and other proteins [41] and cofactors.
Future improvements in sample preparation and methodology will
help define the nature of the 8th pigment and its role in FMO function.

4.2. Structural modeling

Although homology structure modeling by SwissModel has been
widely used to predict protein structures [42], and 60% sequence
similarity is quite feasible for the construction of a reasonable 3D
model, we did further tests to validate the program and the model.
Firstly, we used other homology modeling programs, such as 3D-
JIGSAW [43], CPHmodels [44], ESyPred3D [45] and Geno3D [46], to
predict the C. thermophilum FMOmodel. All the programs tested gave
the same structurally different regions. Secondly, homology structure
modeling using the FMO sequences from Chlorobium limicola or
Chlorobium phaeobacteroides DSM266 predicted structures that
superimposed well onto the TFMO structure. The observed structur-
ally different regions on the C. thermophilum FMO model were not
observed for these structures. This is consistent with the fact that the
FMO and CsmA sequences from these two species are highly
conserved relative to the sequences from C. tepidum [21].

In the FMO phylogenetic tree built by Tsukatani et al. [21] using 16
FMO sequences from GSB, the FMO from Chloroherpeton (Chp.)
thalassium was evolutionarily most distant from other GSB FMOs.
The homology structure of this FMO protein predicted by SwissModel
shows only one structurally different region (SI-Fig. 4), which is
region 4 (the CsmA baseplate-binding region) on the C. thermophilum
FMO. From the sequence alignment of baseplate CsmA proteins
(Fig. 4A), the CsmA sequence of Chp. thalassium is also quite divergent
from those of other GSB, and the INRNAY conserved region is not
conserved in this organism. This finding further strengthens the
inferred structural connection between region 4 on the FMO protein
and the INRNAY region on CsmA.

There is much less information available about the interactions
between FMO and RCs. We propose that the other structurally
different regions on the side of the C. thermophilum FMO are the RC
binding regions, although more biochemical or structural studies
must be done to test this hypothesis. The previous three-dimensional
imaging analysis of the FMO-RC complex [40] suggested that PscB/
PscD subunits are in contact with the FMO and a C. tepidum mutant
lacking PscD subunit showed that the PscD subunit [47] of GSB RC is
important for the binding of FMO to RC. However, C. thermophilum
does not have a PscD subunit, which means that the structural
changes at regions 1–3 and 5–6 of C. thermophilum FMO might be
important for it to bind to PscB stably in the absence of PscD.
Interestingly and consistently, Chl. thalassium, the FMO from which
does not have these structural changes, does have the PscD subunit.

4.3. The thermal equilibration model

Wewere surprised that there are two fluorescence emission peaks
at RT but only a single peak at 77 K for the C. thermophilum FMO
protein. Usually, spectral peaks are more resolved by lowering the
temperature, but the situation is reversed in C. thermophilum FMO;
lowering the temperature caused the higher energy emission peak to
disappear. This suggests that the two emission peaks at RT are
temperature correlated and that the higher energy population comes
from thermally activated, up-hill energy transfer from the lower
energy population. For this to occur, the energy transfer rate from the
higher energy population to the lower energy population must be
very fast and vice versa. In addition, the energy gap between the two
populations should be similar to thermal energy.

When compared to the absorption spectrum of FMO from GSB, the
Qy band of C. thermophilum FMO is weaker and broader after spectral
normalization on the Qx peak, and it is blue shifted with clear spectral
features resolved even at room temperature [21]. The fine spectral
features of the Qy band resolved in the 77 K absorption spectra of C.
thermophilum FMO and GSB FMO are also quite different in terms of
peak position and intensity [21]. These differences indicate that the
site energies of individual pigments and possibly their oscillator
strengths are different between the two FMOs; together the thermal
up-hill energy equilibrium, which causes the two emission states, is
more apparent in C. thermophilum than in GSB FMO.

Following a similar analysis procedure using thermal dynamics to
study the emission profile of LH2 by van Grondelle et al. [48], we
estimated the number of pigments in the two populations of C.
thermophilum FMO to be 1–2 and 5–6, respectively. Compared to
LH2, in which the two populations (B800 and B850) are spectrally
well separated, the deconvolution of the emission spectra of C.
thermophilum FMO is much more complex and, therefore, less
accurate.

5. Conclusion

C. thermophilum is difficult to grow, and the amount of FMO
produced is much smaller compared to that of the GSB, which makes
detailed structural and functional study of this FMO protein
challenging. However, native electrospray MS, which generally takes
only several μL of micromolar concentration, gave the stoichiometry
of the protein subunits and the cofactors, whereas homology
modeling generated a structural model of the protein polypeptide.
Structural and sequence comparisons of FMO proteins revealed two
regions of the C. thermophilum FMO that might link the chlorosome
and RCs in cells. Although more experimental data are needed to
validate these predictions, especially the RC binding region, we are
able to propose a detailed model of the photosystems of GSB and C.
thermophilum; the model includes the interaction of FMO with the
chlorosome baseplate and FMO with the RCs. It is still difficult to
rationalize the origin of the weak excitonic coupling in the C.
thermophilum FMO as well as the structural basis of the two
thermally equilibrated, excited-state populations from the structural
information extracted thus far. More advanced spectroscopic techni-
ques, such as transient absorption or hole burning, are needed to gain
more information on the electronic structure of the C. thermophilum
FMO. An atomic resolution structure would also help to validate the
hypothetical model and provide more detailed information on the
function of specific residues.
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