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ABSTRACT: The Fenna—Matthews—Olson light-harvesting antenna (FMO) protein has been a model system
for understanding pigment—protein interactions in the energy transfer process in photosynthesis. All previous
studies have utilized wild-type FMO proteins from several species. Here we report the purification and
characterization of the first FMO protein variant generated via replacement of the esterifying alcohol at the
C-17 propionate residue of bacteriochlorophyll (BChl) @, phytol, with geranylgeraniol, which possesses three
more double bonds. The FMO protein still assembles with the modified pigment, but both the whole cell
absorption and the biochemical purification indicate that the mutant cells contain a much less mature FMO
protein. The gene expression was checked using qRT-PCR, and none of the genes encoding BChl a-binding
proteins are strongly regulated at the transcriptional level. The smaller amount of the FMO protein in the
mutant cell is probably due to the degradation of the apo-FMO protein at different stages after it does not
bind the normal pigment. The absorption, fluorescence, and CD spectra of the purified FMO variant protein
are similar to those of the wild-type FMO protein except the conformations of most pigments are more
heterogeneous, which broadens the spectral bands. Interestingly, the lowest-energy pigment binding site
seems to be unchanged and is the only peak that can be well resolved in 77 K absorption spectra. The excited-
state lifetime of the variant FMO protein is unchanged from that of the wild type and shows a temperature-
dependent modulation similar to that of the wild type. The variant FMO protein is less thermally stable than
the wild type. The assembly of the FMO protein and also the implications of the decreased FMO/chlorosome
stoichiometry are discussed in terms of the topology of these two antennas on the cytoplasmic membrane.

In the photosynthetic green sulfur bacteria, light absorbed by
the large peripheral antenna complex called the chlorosome (/—4)
is transferred through the baseplate protein CsmA (5—7) and the
FMO' protein (8) to the reaction center (RC) where charge separa-
tion occurs (9). The FMO protein forms a bridge to connect the
chlorosome to the cytoplasmic membrane structurally and
functionally to direct the excitation energy collected from the
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chlorosome to the RC (10, 11). Ever since the FMO protein was
first discovered in the early 1960s (/2) and its atomic-resolution
structure was determined in the 1970s (13), the analysis of this
protein has been a major source of our understanding of how
pigments bind to photosynthetic proteins and the nature of
pigment—pigment interactions.

The FMO protein is a water-soluble protein that is remarkably
stable. This makes it a very attractive system for structural and
functional studies. The X-ray structures of the FMO protein have
been determined from two species of green sulfur bacteria,
Prosthecochloris aestuarii and Chlorobaculum tepidum (14—18),
and a third FMO protein structure from Pelodictyon phaeum in
which bacteriochlorophyll ¢ is the dominant chlorosomal pig-
ment has recently been completed in collaboration with J. Allen
and co-workers (unpublished data). The FMO protein forms a
compact trimer with 3-fold symmetry (Figure 1A). A large
portion of the protein scaffold is S-sheet secondary structure,
which forms a “taco shell” to create a highly hydrophobic cavity
to hold seven BChl ¢ molecules in each monomer. Three
monomers join together by both electrostatic and hydrophobic
interactions to form a stable structure (/6). The seven BChl «
molecules hold very specific conformations inside the protein
with their bacteriochlorin rings forming hydrogen bonds and
axial ligation with the surrounding protein and water. The tails of
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F1GURE 1: (A) Structure of the FMO protein from C. tepidum (PDB
entry 3ENI). (B) Bacteriochlorophyll ¢ (BChl @) with phytyl (P) and
geranylgeranyl (GG) tails.

the BChl ¢ also have unique orientations and may play important
structural roles, which have never been elucidated. Recentl}i,
the structure of FMO from P. aestuarii was determied at 1.3 A
resolution, under which almost every individual non-hydrogen
atom could be resolved (15). Surprisingly, an eighth BChl a was
discovered in the monomer connection region, although it had
long been known to crystallographers who determined the
structures that there was unresolved electron density between
the subunits (/4) and a preliminary report from Nelson and co-
workers had suggested that another pigment was in this posi-
tion (/7). A comparison of the binding region in the refined FMO
structures from C. tepidum and P. aestuarii allowed Tronrud
et al. (15) to recognize a specific binding motif and possible
structural change for binding the eighth pigment in the two
species. Site-directed mutations of the FMO protein will improve
our understanding of these issues, although such mutants have
not yet been produced.

The FMO protein is quite highly conserved, with levels of
amino acid sequence identity among the various green sulfur
bacteria typically on the order of 80%. It has been used as a
marker gene to classify green sulfur bacteria (19, 20). The known
structures are also very similar, but the optical properties, such as
77 K absorption, linear, and circular dichroism, show some
differences, the reasons for which are not well understood.

Recently, a sixth phylum of phototrophic bacteria has been
discovered in hot springs from Yellowstone National Park (21).
Remarkably, this organism, Candidatus Chloracidobacterium
thermophilum, which is a member of the acidobacteria, also
contains a clear homologue of the FMO protein. However, this
FMO protein is significantly diverged from the ones found in the
green sulfur bacteria and is only ~50% identical with the green
sulfur FMO proteins (22). This FMO protein also has somewhat
different spectral features (22), which provides an attractive
system for comparative studies.

Because of the relatively small number of pigments coupled in
the protein and especially the ability to partially resolve the
exciton peaks at low temperatures, the FMO protein has been
an interesting system for both theoretical and spectroscopic
studies in understanding the dynamics of the energy transfer
process (23—26). The prediction of the site energies of individual
pigments has been developed from the initial simple fitting of the
experimental spectra (27, 28) to direct quantum calculations
based on the detailed structures (117, 29). General optical features,
such as steady-state spectra and dynamic energy transfer, have
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been explained, and functions of specific amino acids have been
predicted (29), although these have not been experimentally
verified. All these achievements have on one hand deepened
our understanding of light harvesting process, while on the other
hand, they have raised interesting questions and provided targets
for future mutagenesis studies.

Recently, the FMO protein was used as a model system in the
development of the two-dimensional (2D) electronic spectro-
scopy pioneered in the Fleming group (30—32). The pathway of
energy flow within the molecule was determined by observing off-
diagonal peaks in the 2D spectrum, which directly reveal the
strength of the excitonic coupling of the pigments (30). Later, a
long-lived quantum coherence effect in the FMO protein was
observed (33—35) and also in another light-harvesting antenna
called PC645 (36). These findings have generated intense interest
in many areas of science, including discussions of possible
relevance to quantum computing (37—40). Interesting questions
include how nature manipulates the specific pigment—protein
architecture to preserve such long-lived coherence, and how we
can control it. The ability to produce specific FMO protein
mutants should provide insights into these issues.

The genome of C. tepidum has been sequenced (4/) and
analyzed in detail (42). The genetic system in C. tepidum, first
developed by Wahland and Madigan (43), has been developed
significantly by Bryant and co-workers (2, 42, 44). However, the
desirable FMO mutants have never been able to be generated,
probably because fimoA is an essential gene for photosynthesis
and the green sulfur bacteria are obligate photoautotrophs. The
previous fimoA knockout attempts led to cell death. Here we
report the first FMO complex mutant, which was generated by
replacement of the phytyl at the C-17 propionate residue of the
BChl @ (BChl ap) with geranylgeranyl (BChl agg) (Figure 1B) via
deletion of the geranylgeranyl reductase (bchP) gene (45, 46).
Properties of this FMO protein variant are the subject of this paper.

EXPERIMENTAL PROCEDURES

C. tepidum Mutagenesis, Culture Conditions, and FMO
Purification. The C. tepidum bchP deletion mutant conferring
resistance to gentamycin was generated using the method of
Harada et al. (45). Both the wild-type and mutant cells were
grown in sealed carboys at a light intensity of 150 uE m™*s~ ' at
35 °C for 2 days. For the bchP mutant, 5 uM gentamycin was
added to the growth medium. Thirty grams of wet cells of
C. tepidum wild type and bchP mutant were used for the FMO
purification following the method described by Wen et al. (10).
The cells were broken by ultrasonication, and the cytoplasmic
membranes were enriched by ultracentrifugation. Both mem-
branes were suspended into 150 mL of 20 mM Tris-HCI buffer
(pH 8.0), which gave an OD14s of ~150 cm ™", The FMO protein
was released from the resuspended membrane by incubation
with 0.2 M Na,COj; for 24 h and 0.4 M Na,CO; for an additional
24 h. The released FMO protein was collected in the supernatant
after ultracentrifugation. The ODggg values of the supernatant
from the wild-type and mutant cells were 1.6 and 0.3 cm ™",
respectively. The protein was further purified by a combina-
tion of ion exchange and gel filtration columns until OD,g7/
OD37; < 0.6.

Pigment Analysis by HPLC. The pigment from the purified
FMO protein was extracted by methanol and applied to an
Agilent series 1100C high-performance liquid chromatography
(HPLC) system with an XDB CI8 reversed-phase column
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(4.6 mm x 250 mm; pore size, 100 A; Agilent Technologies).
Pigments were eluted by 100% methanol with a flow rate of
I mL/min for 25 min. The photodiode array detector was set to
detect 770, 670, 490, and 280 nm. Pigments eluted by HPLC were
collected for further mass analysis.

Pigment Analysis by MALDI-TOF. The pigment fractions
collected after HPLC were dried with a speed vac (Millipore) and
resuspended into methanol to an OD77;7 of 5. One microliter of
pigment solution was mixed with 1 uL of matrix (10 mg/mL 2'4' .6/
trihydroxyacetophenone monohydrate in 50% CH;CN/H,0O
and 0.1% trifluoroacetic acid) by vortexing, and 0.3 uL was
spotted on an ABI-192-AB stainless steel plate. The samples were
analyzed using a MALDI-TOF (Applied Biosystems 4700 proteo-
mics analyzer) instrument under reflection positive acquisition and
processing modes. Each spectrum was averaged by summing 40
subspectra with 50 laser shots per subspectrum. The laser intensity
was 3800 arbitrary units (AU). For the MS/MS experiment, a
precursor ion was selected with a molecular weight 4 2 window, and
reflection positive MS/MS acquisition and processing modes were
used. The laser intensity was increased to 6700 AU. Collision-
induced dissociation was applied to fragment the precursor ions.
The expansion chamber pressure was maintained at 570 Torr
during the MS/MS experiment.

Steady-State Optical Spectra. Absorption spectra were
recorded with a Lambda 950 UV vis spectrophotometer (Perkin-
Elmer). Fluorescence emission spectra were recorded using a
Photon Technology International fluorometer at a 4 nm spectral
bandwidth with an avalanche photodiode detector (model 27,
Advanced Photonics Inc.). The excitation wavelength was 370 nm
with a 350—540 nm pass-through filter. A 1 cm path length cuvette
was used, and the absorption of the samples at 807 nm was
0.1. CD spectra were recorded on a Jasco J-815 CD spectrometer
using a 0.1 cm path length quartz cell and were averaged over
eight scans for each sample with a scan speed of 50 nm/min and a
bandwidth of 1 nm. The protein solution was diluted into 70%
glycerol and cooled to 77 K using a temperature-controlled
cryostat (OptistatDN, Oxford Instruments) for low-temperature
measurements.

Fluorescence Lifetimes. The excited-state lifetime of the
FMO protein was measured by time-correlated single-photon
counting (TCSPC). A mode-locked Ti:sapphire laser (Tsunami,
Spectra-Physics) pumped by a frequency-doubled Nd:YVO4
laser (Millenia Xs, Spectra Physics) was used to generate light
pulses at 740 nm. The Tiisapphire laser was operated at a
repetition rate of 81 MHz with a pulse width of <120 fs [full
width at half-maximum (fwhm)]. The repetition rate was con-
trolled using a pulse picker (3980, Spectra Physics). A frequency
doubler was used to generate excitation pulses at an excitation
wavelength of 370 nm with pulse durations of <250 fs. The
applied excitation power for all the measurements was 2.2 uW at
800 kHz, corresponding to excitation densities of 1 x 10%to 1 x
10° photons pulse”' ¢cm ™2 which was chosen after a range of
intensities was tested to make certain no excitation annihilation
effects were present (SI-Figure 3 of the Supporting Information).
This was checked by making certain that the fluorescence
intensity scales linearly with the excitation energy in the region
and no extra fast lifetime decay component exists. The fluore-
scence signal was collected in a 90° geometry after passing
through a monochromator, and arrival times were stored in
4096 channels of a multichannel photomultiplier analyzer. The
excitation light had a bandwidth of 12 nm, and the detection
monochromator was set for a bandwidth of 6 nm. The instrument
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Table 1: ACt and AACt Values of Selected Genes in qRT-PCR

gene ACt (wild type) ACr (bchP) AACt
16S rRNA 0 0 0
csmA 6.4+0.3 6.4£0.3 0£0.3
csmD 8.0+0.2 7.9+04 —0.1+04
pscA 8.6+0.5 7.3£0.3 -1.3£0.5
Jfmo 72402 6.3+0.3 —0.9+£0.3

response function of the entire TCSPC system (IRF, 35 ps fwhm)
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 instru-
ment response function. The quality of a fit was judged from the
%* 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.

Thermal Stability. The thermal stability of the wild-type
FMO protein and the variant was investigated by monitoring the
decrease in the magnitude of the Q,, peak after the temperature
had been increased. Temperature was controlled using the Peltier
1+1 temperature controlling accessory (PerkinElmer), which
controls and monitors two electronically thermostated cells
placed in the sample compartment of the spectrophotometer.
The temperature was increased from 5 to 90 °C in increments of
5 °C. The sample was equilibrated at the desired temperature
for 5 min before measurement. The temperature stability was
+0.2 °C. The protein was dissolved in 20 mM Tris buffer with
0.1 M NacCl and was gently stirred.

RNA Purification and gRT-PCR. C. tepidum wild-type
and mutant cells were harvested after growing for 2 days under
the same conditions. RNA purification and qRT-PCR were
conducted following the methods of Tang et al. (47). In brief,
RNA was isolated from the cell pellets using TRIzol reagent
(Invitrogen) and possible DNA contamination was further
removed by DNase treatment. Three independent RNA samples
were prepared with an OD,g0/ODsg ratio of >2. cDNA was
synthesized from 1 ug of RNA and 100 4M random 9-mer DNA
using Superscript III reverse transcriptase (Invitrogen). The
qRT-PCRs were performed via the ABI 7500 real-time PCR
system. The primers for gRT-PCRs (shown in SI-Table 1 of the
Supporting Information) were designed using Primer Express
version 2.0 (Applied Biosystems) and analyzed with Oligo-
Analyzer version 3.0 (Integrated DNA Technologies). An initial
denaturation step (15 min at 95 °C), followed by 40 amplification
cycles (15sat95°C, 30sat 60 °C, and 45sat 72 °C), and then one
dissociation cycle (15sat 95 °C, I min at 60 °C, and 15 s at 95 °C)
were applied for the PCR using Power SYBR green master mix
(Applied Biosystems). In the data analysis, the threshold cycle
(Ct) was calculated as the cycle number at which ARn (the
magnitude of the fluorescence intensity generated by the given set
of PCRs) crossed the baseline. Data were normalized by calculat-
ing ACt = Cr of the target gene — Cr of the housekeeping gene
(16S rRNA). Each experiment was repeated three times for
validation, and the mean value was reported (Table 1).

RESULTS

Cell Absorption and Biochemical Purification Indicate
Less FMO Protein Is Present in the Mutant Cells. Conver-
sion of the phytyl tail of the BChl « (also the primary electron
acceptor chlorophyll @ in the RC) to geranylgeranyl did not
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FIGURE 2: (A) Absorption of broken whole cells. Wild-type cells
show a shoulder in the 810 nm region that is the Q, peak of the FMO
protein. There is almost no shoulder in the bchP cells. (B) Second
derivative of the broken whole cell absorption showing the absence of
the 810 nm shoulder in the bchP cells.

induce a lethal defect in the cell growth. The mutant cells grew
well and could reach a cell density similar to that of the wild type
asreported by Harada et al. (45). Figure 2A shows the absorption
of the broken whole cells of the wild type and bchP mutant after
normalization at the chlorosome Q,, peak at 743 nm (also refer to
SI-Figure 1 of the Supporting Information for the whole cell
absorption). Compared to the wild-type cells, the hch P cells have
a higher carotenoid peak in the 400—500 nm region which
overlaps with the Soret band of chlorosomes. The FMO shoulder
at ~810 nm is almost invisible in the mutant cells. The difference
was also clearly shown in the corresponding second derivative of
the absorption of the broken whole cells. It is clear that if there is
any intact FMO complex in the bchP cells, the amount is small
compared to the amount of wild type, although there is another
possibility that the FMO protein in the b/ P mutant cellshasa Q,,
absorbance spectrum very different from that of the wild type,
such as blue-shifted and hidden by the dominant chlorosome
peak. This is shown below not to be the case.

An Na,COs; treatment of the hchP mutant membrane, per-
formed using the same procedure that was used for purifying the
wild-type FMO protein, indicates that there are FMO proteins in
the bchP cells (as characterized below). The same amounts of
C. tepidum wild-type and mutant membranes (normalized on the
chlorosome peaks) were treated with Na,COs. The supernatants
collected after ultracentrifugation from the mutant membrane
solution showed FMO-like absorption with an ODgy of 0.3,
while the supernatant of the wild-type cells has an ODggg of 1.6.
Approximately one-fifth of the FMO protein could be extracted
from the bchP mutant membranes compared to the wild-type
membranes. The FMO protein (FMO_BChlagg) in the super-
natant from the mutant membrane solution was purified until it
showed one band on SDS—PAGE and was characterized as
shown below.

Pigment Analysis of FMO_BChlagg. Although the pre-
vious whole cell pigment analysis by HPLC indicates little or no
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F1GURrE 3: (A) HPLC analysis shows the different elution times of
pigmentsin FMO_BChlap and FMO_BChlag. Both pigments have
a typical BChl a absorption as shown in the inset. (B and C) MALDI-
TOF mass spectral analysis of the pigments from FMO_BChlap and
FMO_BChlagg, respectively.

BChl g, in the hchP mutant cells (45, 46), we feel it is necessary to
check whether the FMO complexes purified from the mutant cells
quantitatively incorporated BChl agg or BChl ap as the binding
pigments. The HPLC analysis of pigments from the purified
FMO_BChlagg protein and also the wild-type FMO_BChlap
protein is shown in Figure 3. Under the elution conditions
described in Experimental Procedures, the pigment from wild-
type FMO_BChlap elutes at 11 min while that from the bchP
mutant elutes at 7 min, showing the same absorption as BChl ap
(inset of Figure 3A). Although other detection wavelengths were
also monitored, no other elution peaks were observed. Earlier
HPLC studies (45, 46, 48, 49) have indicated that BChl ag is less
hydrophobic than BChl ap because of the larger number of
double bonds in the tail. Clearly, FMO_BChlagg contains a type
of BChl a different from BChl ap, and we anticipate that the peak
that elutes at 7 min is BChl ag. Further identification of the pig-
ment was achieved by mass spectrometry using MALDI-TOF.
To acquire a good mass spectrum of the pigments using MALDI-
TOF, we found that 2’ 4’ ,6'-trihydroxyacetophenone monohydrate
was a good matrix. The BChl ap collected from the FMO_BChlap
protein shows four main peaks in the mass spectrum: 910.8, 888.9,
632.4, and 610.5 (Figure 3B). The 910.8 peak corresponds to the
monoisotopic peak of BChl ap ([CssH7sMgN,O¢] "), while the 888.9
peak is BChl ap with its central Mg replaced by two hydrogen atoms
(bacteriopheophytin a, BPhe ap, [CssH7¢N4Og]). The MS/MS
analysis of the 911.8 and 888.9 precursor ions indicate that the
loss of the phytyl tails from BChl ap and BPhe ap gives rise to the
632.4 (bacteriochlorophyllide @, [C3sH3sMgN4Og]") and 610.5
(bacteriopheophorbide a, [C3sH3sN4O¢] ™) peaks, respectively, as
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FiGure 4: (A) RT absorption spectra of FMO_BChlagg and FMO_BChlap normalized at the Soret bands. Peak positions and bandwidths
are shown in the inset. (B) Second derivatives of the absorption spectra of FMO_BChlagg and FMO_BChlap. (C) Q, and Q. regions of
the absorptions of FMO_BChlagg and FMO_BChlap normalized at the Q,, peak (inset). The Q, and Q, peaks in the FMO_BChlag spectrum
are blue-shifted and broadened in comparison to those in the FMO_BChlap spectrum. (D) Absorption spectra (77 K) of FMO_BChlagg and

FMO_BChlap. The Q, region is expanded in the inset.

shown in SI-Figure 2 of the Supporting Information by MS/MS
analysis of the 911.8 and 888.9 precursor ions. The pigment
collected from FMO_BChlagg shows a similar mass pattern with
four main peaks at 904.8, 882.8, 632.4, and 610.4 (Figure 3C). The
904.8 and 882.8 peaks are 6 units below the weights of BChl ap and
BPhe ap, respectively, and they match the predicted weight of BChl
agg and BPhe agg very well (49). The 6 unit shift arises from
the change of the tail since the 632.4 and 610.4 peaks of the macro-
cycle were also found in BChl ap (Figure 3B,C and SI-Figure 2
of the Supporting Information). It is consistent that three more
double bonds are in the tail of the pigment from FMO_BChlagg.
Thus, we conclude that the FMO protein purified from the bchP
cells assembled with BChl agg.

Steady-State Spectra of FMO_BChlagg. The RT absorp-
tion spectra of FMO_BChlagg and FMO_BChlap are included
in Figure 4. The spectra are normalized at the Soret band to
facilitate a comparison of the Q. and Q, features (Figure 4A).
The intensity of the Q, and Q, peaks of FMO_BChlagg are
weaker than those of the wild type. In addition, FMO_BChlap
shows more structure in the Q, region, as indicated in the second
derivative of absorption (Figure 4B). Three peaks were resolved
at 825.7, 813.5, and 805 nm. FMO_BChlagg can clearly resolve
the lowest-energy peak at 825.7 nm and a peak at 8§10 nm with a
shoulder on the high-energy side. Interestingly, the Q, peak of
FMO_BChlagg shows more spectral features than that of the
wild type, and two clear peaks at 594 and 608 nm were resolved.
FMO_BChlap shows only a single peak at 603 nm.

If the absorption spectra are normalized at the Q, peak
(Figure 4C), it is clear that the bandwidths of the Q, and Q.
peaks of FMO_BChlagg are larger than those of FMO_BChlap.
The measured values of the full width at half-maximum (fwhm)
of Q, and Q, peaks of FMO_BChlap are 28.3 and 30.0 nm,
respectively, while they are 31.4 and 34.8 nm for FMO_BChlagg,
respectively. The broader spectrum of FMO_BChlagg may

indicate more heterogeneous pigment conformations in FMO _
BChlagg, which inhomogeneously broaden the peaks. More-
over, the Q, and Q, peaks of FMO_BChlagg are also blue-
shifted by 1-2 nm compared to the FMO_BChlap peaks. A
similar spectral shift effect was also reported in the bhchP mutant
of RC(50), LH1 (48), and LH2 (51) complexes in purple bacteria.

At 77 K (Figure 4D), the absorption spectrum of the FMO_
BChlap protein contains three distinct peaks at 825, 8§14, and
804 nm. In contrast, the FMO_BChlagg spectrum has a broad
peak at 806 nm with shoulders on both the high- and low-energy
sides. Only the lowest-energy peak at 826 nm could be well-
resolved, which suggests that the conformation of the corre-
sponding pigment(s) is not affected much by a change in the tail.
However, the peak of the lowest-energy band of FMO_BChlagg
is shifted ~1 nm to the red (Figure 4D, inset), indicating a slightly
lower energy level compared to that of FMO_BChlap. It is also
noted that the Q, peak of FMO_BChlagg is also much broader
than that of the wild type. The 77 K absorption spectrum further
confirms a more heterogeneous conformational distribution of
all the other pigments, which gave inhomogeneous peak broad-
ening and thus could not be resolved at 77 K.

At RT, the fluorescence spectrum of FMO_BChlap has an
emission peak at 825 nm with a fwhm of 32 nm. The emission
peak of FMO_BChlagg is shifted slightly to a higher energy,
822 nm, and is sightly more broad, fwhm of 34 nm (Figure 5A).
The broader emission peak of FMO_BChlagg implies that there
are more heterogeneous pigment conformations in the variant
protein.

In contrast, the emission peak widths of FMO_BChlagg and
FMO_BChlap at 77 K are quite similar with fwhm values of
13.6 and 13.2 nm, respectively (Figure 5B), which is consistent
with the conclusion from 77 K absorption that the conformation
of the lowest-energy pigment(s) is more similar. However, the
emission peak of FMO_BChlagg is slightly red-shifted (1.6 nm)
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absorption.

compared to that of FMO_BChlap, which indicates a slightly
lower energy level of FMO_BChlagg that was previously
suggested in the 77 K absorption spectrum. The larger shift of
the FMO_BChlagg fluorescence peak (10.2 nm = 832.8 nm —
822 nm) observed when the temperature is decreased from RT to
77 K in comparison to that of the FMO_BChlap peak (6.2 nm =
831.2 nm — 825 nm) suggests the energy gap between the two
lowest excitonic states is smaller in FMO_BChlagg. Therefore,
the population of the second excitonic state is larger in FMO_
BChlagg than in wild-type FMO_BChlap at RT, explaining the
larger blue shift of the emission of FMO_BChlagg. At 77 K, the
thermal energy is not enough to populate the second excitonic
state, and hence, there is emission only from the low-energy state.

The CD spectrum of FMO_BChlagg is similar to that of
FMO_BChlap, except there is a slightly weaker CD signal in the
Q, region (Figure 6). This small difference suggests a weaker
excitonic coupling strength for FMO_BChlagg in comparison
with that for FMO_BChlap.

Overall, FMO_BChlagg has steady-state optical properties
quite similar to those of FMO_BChlap except more hetero-
geneous pigment conformations, which may affect the energy
transfer as suggested from the RT and 77 K fluorescence.
Interestingly, the lowest excitonic state seems not to be changed
significantly. The absence of the 810 nm shoulder in the whole cell
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FIGURE 7: RT and 77 K fluorescence decay profiles of FMO_
BChlagg. Three exponential decays fit the RT fluorescence kinetics
very well. The dominant lifetime components are 94 ps and 2.3 ns,
which account for 43 and 40% of the amplitude, respectively. Two
exponential decays give a reasonable fit of the 77 K fluorescence
decay. The lifetimes increase to 2.5 and 0.78 ns, which account for
45 and 55% of the amplitude, respectively. The bottom panel shows
the residuals between the fitting and the experimental data.

absorption spectrum clearly indicates that there is a smaller
number of FMO complexes in the mutant, which is consistent
with the biochemical purification that hchP cells have much less
FMO that can be extracted.

Fluorescence Dynamics. The fluorescence decay kinetics of
FMO_BChlagg was probed by excitation in the Soret band using
TCSPC. In Figure 7, the measured fluorescence decay curves at
RT and 77 K and the fitted decay curves, together with the
corresponding IRF, are shown. It is clear that the fluorescence
decay of FMO_BChlagg at RT (824 nm) is significantly faster
than the decay at 77 K. The former can be fitted very well with
three exponentials having lifetimes of 2.3 ns (40%), 0.75 ns (17%),
and 0.094 ns (43%). The 77 K fluorescence decay (832 nm) can be
best described by a biexponential decay with time constants of
2.5ns (45%) and 0.78 ns (55%). The lifetime of FMO_BChlap was
measured under the same conditions and gave virtually the same
results (SI-Figure 4 of the Supporting Information) in agreement
with previous reports (52). It has long been known that the life-
time of FMO depends on the redox condition of the solution (53)
and also the temperature (54); however, the molecular mechanism
of this excited-state modulation is still unclear. Here, a similar
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temperature-regulated fluorescence lifetime in FMO_BChlagg is
observed. The fast decay component, 0.094 ns, of FMO_BChlagg
at RT is not observed at 77 K, and the relative contribution of the
slow components increased.

Thermal Stability of FMO_BChlagg. The C. tepidum
bchP mutant is observed to grow photosynthetically, although
the growth rate decreases with an increase in temperature (45). It
is possible that the geranylgeranyl tail caused the BChl @ binding
proteins to be unstable at higher temperatures. Therefore, the
thermal stability of FMO_BChlagg was studied in comparison
with that of FMO_BChlap by monitoring the amplitude of the
Q, peak in the absorption spectra recorded as a function of
temperature. The thermally induced FMO unfolding process was
irreversible, so the change in free energy could not be quantified.
However, it is still clear that FMO_BChlagg is less thermally
stable and has a half-melting point at ~67 °C (Figure 8). FMO _
BChlap, instead, has a half-melting point at ~73 °C (Figure 8).
Below 60 °C, the slopes of the melting curves of FMO_BChlagg
and FMO_BChlap are similar. The pigments start to degrade,
and the protein forms strong aggregates above 80 °C, which
causes the continuous decrease in the absorption in the Q, region.

Gene Expression Profiles. The expression levels of genes
encoding the FMO protein and some other BChl & binding or
related proteins (CsmA, CsmD, and PscA) were checked by qRT-
PCR analysis of the mRNA at the transcriptional level. Normal-
ized ACt data using 16S rRNA as the housekeeping gene from
C. tepidum wild-type cells were compared to data from C. tepidum
behP cells, in which AACt = ACTEPL — ACE P14 1f 5
certain gene is downregulated in the mutant cells, the mRNA
level of this gene will be low. In the qRT-PCR, it will need more
amplification cycles for this gene to reach the threshold and, thus,
give a larger ACt and a positive AACt when compared with that
of the wild type. As shown in Table 1, the AACr values of all the
genes are around zero except that of the psc4 gene which has
a slightly negative value. It seems the mRNA levels of all the
proteins are not significantly changed except for a small upregu-
lation of the pscA4 gene in the bchP mutant. The smaller amount
of FMO holoprotein complexes in the hchP mutant might be a
result of less efficient assembly with the wrong pigment so that
the translated FMO apoprotein polypeptide is degraded quickly
by the cell. Actually, the ratio of the total FMO polypeptides in
the wild-type and bch P mutant cells depending on the cell growth
phase and the duration of protein processing could range from
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FiGure 9: Conformation of BChl g, in an FMO monomer with each
pigment highlighted in different colors and numbered. The eighth
pigment was omitted because the tail is invisible in the structure.

~2 to ~6 as seen by the Western blot using an anti-FMO anti-
body (data not shown).

DISCUSSION

FMO Assembly. The replacement of the phytyl tail in the
BChl a with geranylgeranyl (Figure 1B) will add more rigidness
because of the torsional restrictions from the double bonds.
However, the change from phytyl to geranylgeranyl does not
introduce a lethal defect with respect to cell growth. In
C. tepidum, BChl a is distributed in the CsmA protein, FMO
protein, and the RC. In the crystal structure of the wild-type
FMO protein (PDB entries IM50 and 3ENI), the tails of BChl
a are tightly packed and have well-defined conformations
(Figures 1A and 9). The torsion angles at one double and three
single bond positions in BChl ap from the structures of various
wild-type FMO proteins were measured and are listed in SI-Table
2 of the Supporting Information. On the basis of this known
information, the conformation of the tail of BChl ap #4 seems to
be less affected if changed from phytyl to geranylgeranyl. The
other BChls ap species seem to have to adopt new conformations
to release the torsion restriction if changed from phytyl to
geranylgeranyl. Nevertheless, only the torsion angles in regions
IT and IIT of certain BChl ap species will be affected more in the
bchP mutant since region IV is at the end of the tail which should
have more flexibility to adopt the double bond.

Both the whole cell absorption spectra and the biochemical
extraction of the FMO protein indicate fewer FMO protein
complexes in the hch P mutant. However, the expression level of
the fmoA gene seems to be unchanged on the basis of qRT-PCR
measurements. Thus, the smaller amount of native FMO in the
mutant probably results from the failure of assembling native
FMO complexes because of the unfavorable pigment composi-
tion. The lack of atomic-resolution structures for the CsmA and
RC makes it difficult to evaluate the BChl @ binding sites and the
assembly of these two proteins. Although at the gene expression
level, it seems the csmA gene is not regulated and the pscA gene is
slightly upregulated in the mutant, it will be important in the
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future to determine whether there is any regulation at the active
protein complex level as was observed in the FMO complex.

There have been several studies that also indicate that the type
of esterifying alcohol is an important component for the synthesis
of a fully functional photosystem (48, 50, 51, 55). For example, it
has been observed that the amounts of mature LH2, LH1, and
RC complexes in both Rhodobacter sphaeroides (48) and Rhodo-
bacter capsulatus (50) were severely reduced after replacement of
the phytyl tail of BChl ¢ with a geranylgeranyl tail. In an extreme
situation, if the tail esterifying step was blocked, no such com-
plexes were assembled and the cells lost the ability to conduct
photosynthesis (50). The biological significance of the ester groups
of the 17-propionate substituent has been recently reviewed by
Tamiaki et al. (595).

Optical Properties and Thermal Stability. When the
favorable BChl ap is not available, the FMO protein will
incorporate the more rigid BChl agg, albeit less efficiently. This
directly results in a partial failure of the protein assembly, as
discussed above. Additionally, the conformation of BChl agg in
the assembled FMO variant is more heterogeneously distributed,
which broadens the spectral peak inhomogeneously. This broad-
ening was observed in both the absorption and fluorescence
spectra recorded at RT and 77 K (Figures 4 and 5). Interestingly,
the only excitonic state that can be resolved at 77 K is the 826 nm
peak, which is the excitation trap. As discussed above, the con-
formation of BChl a #4, which partially contributed to the lowest
excitonic state (26, 27), seems to be unchanged. Lastly, although
there are some FMO proteins successfully assembled, they are
still slightly less thermally stable than the wild type (Figure §).

Because the tail is not part of the conjugated electron system of
the tetrapyrrole, it is commonly accepted to be neutral and opti-
cally silent (55, 56). The difference in the spectra of the wild-type and
mutant FMOs is probably due to an altered packing of the BChl to
release the torsion restriction, resulting in changes in the interactions
between BChl and other components of the FMO protein.

Membrane Topology. The smaller number of mature FMO
complexes in the beh P mutant cells results in a significant change in
the stoichiometry of the chlorosome to FMO, which might give us
some indication of the relative distribution of the chlorosome and
FMO on the membrane. The purified chlorosomes from both the
wild-type and mutant cells are similar in size as checked by sucrose
density gradients (data not shown). If all the FMO proteins are
covered by the chlorosomes in vivo, the FMO complexes on the
cytoplasmic membrane in the bchP cells should be more loosely
packed than those of the wild type. It will be interesting to compare
the binding affinity of the chlorosome to the cytoplasmic mem-
brane and the stoichiometry of CsmA to FMO in the C. tepidum
wild-type and bch P mutant cells. However, if the number of FMO
proteins under the chlorosome is the same, the smaller amount of
FMO protein in the mutant cells must mean that there are FMO
proteins that are not covered by the chlorosome, at least in the
wild-type cells. It has been widely discussed in terms of how many
FMO proteins per RC are present in the wild-type RC (57, 58),
with the numbers ranging from five to six to only one FMO tightly
bound to the RC. The hchP mutant may be a good comparison
system for reinvestigating this question in the future.

In conclusion, the success in generating an FMO variant by
replacing the phytyl tail of BChl a with geranylgeranyl allows us
to examine the assembly of the FMO protein. Although the FMO
protein could still be assembled, the amount seems to be much
smaller in the mutant cells, which raises interesting questions
about the distribution of FMO relative to the chlorosomes on the
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cell membrane. The assembled FMO variant shows optical
properties generally similar to those of the wild type, but the
conformations of the pigments are more heterogeneously distrib-
uted because of the rigidness of more double bonds, as seen in the
spectral broadening. An atomic-resolution structure of FMO_
BChlagg will be extremely helpful in understanding the structural
and functional differences compared to the wild-type FMO protein.
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