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ABSTRACT: In green-sulfur bacterial photosynthesis, ex-
citation energy absorbed by a peripheral antenna structure
known as the chlorosome is sequentially transferred through a
baseplate protein to the Fenna−Matthews−Olson (FMO)
antenna protein and into the reaction center, which is
embedded in the cytoplasmic membrane. The molecular
details of the optimized photosystem architecture required for
efficient energy transfer are only partially understood. We
address here the question of how the baseplate interacts with
the FMO protein by applying hydrogen/deuterium exchange
coupled with enzymatic digestion and mass spectrometry
analysis to reveal the binding interface of the FMO antenna
protein and the CsmA baseplate protein. Several regions on the FMO protein, represented by peptides consisting of 123−129,
140−149, 150−162, 191−208, and 224−232, show significant decreases of deuterium uptake after CsmA binding. The results
indicate that the CsmA protein interacts with the Bchl a #1 side of the FMO protein. A global picture including peptide-level
details for the architecture of the photosystem from green-sulfur bacteria can now be drawn.

Billions of years of evolution allowed photosynthetic species
to achieve not only an optimized structure for an

individual light-harvesting complex but also an appropriate
architecture for the overall photosystem to facilitate efficient
energy transfer and regulation.1 Investigations of the structure
and function of the antenna components and their optimized
overall architecture are needed to understand their energy-
transfer mechanism and to provide a sound basis for the design
of artificial and biohybrid solar devices. Advances in
biochemical and biophysical approaches (e.g., X-ray crystallog-
raphy, cryo-EM, and ultrafast spectroscopy) have greatly
enhanced our understanding of the workings of individual
antenna complexes. The exploration of the overall architecture
of the photosystem, however, lags behind, owing to their
complex architecture and the lack of a more complete suite of
approaches than is now available to study proteins in complex
milieu.
In photosynthetic green-sulfur bacteria, photons are

absorbed by the large peripheral chlorosome antenna complex,2

which is located on the cytoplasmic side of the membrane.
Chlorosomes are attached to the cytoplasmic membrane
through a pigment−protein complex known as a baseplate.3

The baseplate and the Fenna−Matthews−Olson (FMO)
antenna protein4 form a bridge to transfer sequentially the
energy collected by chlorosomes to the reaction center (RC).
The baseplate consists of the CsmA protein with Bchl a
pigments embedded within. The structure of the refolded
CsmA protein was determined by NMR, demonstrating that it

contains only two small alpha helices connected by a small
turn.3

The chlorosome is one of the largest antenna systems
known; it contains hundreds of thousands of Bchl c, d, or e per
chlorosome and is enclosed by a lipid monolayer.5 The
architecture of chlorosomes has evolved to enable certain
organisms to live at extraordinary low light intensities under
which no other phototrophic organism can grow.6 Unlike other
light-harvesting antennae, efficient energy transfer is achieved
by self-assembly of the Bchl c/d/e pigments in the chlorosome
to yield stable structures without the requirement of a scaffold
protein.6 Understanding this arrangement is important because
it can guide the design of artificial light-harvesting systems.
Progress in understanding the chlorosome can occur by taking
advantage of recent biochemical and biophysical approaches.7,8

These recent approaches show that the light energy collected
by the Bchl aggregates is funneled to the baseplate protein,
which is located at the side of chlorosome closest to the
cytoplasmic membrane.9 The baseplate protein is a 2D
paracrystalline structure that is believed to consist of CsmA
(chlorosome protein A) and Bchl a. Chemical cross-linking
revealed that CsmA forms oligomers in chlorosomes.10 The
NMR structure of apo-CsmA (without bound Bchl a) from
Chlorobaculum tepidum (59 amino acids) shows a large extent
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of alpha helical content. The N-terminal helix (6−36), which
has the putative Bchl a binding site, is thought to be immersed
in the lipid monolayer of the chlorosome, whereas the C-
terminal helix (41−49) sticks out of the membrane and may
interact with the FMO protein at that point. The existence of
the baseplate is predicted to enhance significantly the energy-
transfer rate from the chlorosome Bchl aggregates to the RC2

(Figure 1).

The FMO protein, which is located between the baseplate
and the cytoplasmic membrane,11 exists as a trimer, with a 3-
fold symmetry axis perpendicular to the membrane. This water-
soluble protein has been a model system for studies aimed at
understanding the structural and functional relationships of
pigment-binding photosynthetic antenna complexes.12−15 The
number of pigments embedded in FMO is important for its
function, and recently an eighth Bchl a was identified in each
monomer.16,17 Several lines of evidence suggest that the side of
the protein where this eighth Bchl is located faces the
baseplate/chlorosome.11,18,19

The connection between the baseplate, the FMO protein,
and the RC is likely to be optimized so that excitation energy
can be efficiently transferred at high quantum yield. Previous
results from SPR studies20 suggest that the C-terminal region of
CsmA, especially the conserved INRNAY residues, interact
with the FMO protein. The molecular details of their
interactions, however, remain unclear. The interaction region
between the FMO and the RC is also unknown, although
homology modeling with a divergent FMO protein has
suggested a possible binding site.18

In this paper, we describe the use of hydrogen/deuterium
exchange (H/DX) coupled with mass spectrometry (MS)21−24

to study the interaction interface and dynamics between FMO
and CsmA. With H/DX, we followed the relative rates of
exchange of amide hydrogens, which are measured on the basis
of m/z, not abundance. Experimental outcomes are a measure
of changes in the stability of the hydrogen bonding and the
surrounding relative solvent accessibilities of the amides. To
achieve resolution at the peptide level of FMO and the
complex, we coupled H/DX with enzymatic digestion. The
FMO/CsmA binding information obtained through H/DX not
only provides novel insights into the interaction interfaces
between the proteins but also confirms the orientation of FMO
in the photosystem.

■ MATERIALS AND METHODS
Materials. The FMO protein from Chlorobaculum tepidum

was purified following a previously described protocol.17 The
CsmA C-terminal peptide containing 19 amino acids
(MRINRNAYGSMGGGSLRGS) was purchased from Bioma-
tik LLC (Wilmington, DE).
Potassium chloride, calcium chloride, and HEPES hemi-

sodium salt [N-(2-hydroxyethyl)piperazine-N′-(2-ethanesul-
fonic acid) hemisodium salt] were purchased from Sigma-
Aldrich (St. Louis, MO). Deuterium oxide was purchased from
Cambridge Isotope Laboratories Inc. (Andover, MA). Immo-
bilized pepsin on agarose was purchased from Pierce (Rock-
ford, IL).

H/DX Protocol. To achieve good signal-to-noise ratios for
the protein signal of FMO, the final concentration of FMO was
optimized to 6 μM, and the FMO:CsmA ratio was 1:20 to
ensure the interaction was saturated.
For global H/DX measurements, 6 μL of protein was mixed

with 74 μL of D2O buffer (92.5% D2O) (10 mM HEPES, pD =
7.0, 150 mM KCl) and held for various times at 25 °C before
quenching by adding 2 μL of 1 M HCl to lower the pH to 2.5.
To generate the FMO complex with CsmA, a modified
condition was employed as that used by Miller and co-
workers;20 the FMO and the CsmA peptide were incubated 4 h
at room temperature in the dark (in 20 mM Tris/HCl, pH =
8.0, with 150 mM KCl) and then kept at 4 °C overnight before
conducting the H/DX.
For the peptide-level H/DX, the quenched solution was

added with 15 μL of immobilized pepsin on agarose. The
digestion was conducted on ice for 3 min. After digestion, the
beads were quickly centrifuged (2−3 s) to pellet the pepsin
beads, and the supernatant was analyzed by LC/MS.

LC-ESI/MS Analysis with a Q-TOF Mass Spectrom-
eter. The quenched protein solution from global-protein and
peptide-level H/DX experiments was loaded onto a C18 guard
column (1 mm × 15 mm, Optimize Technologies, Oregon
City, OR), pre-equilibrated with 100 μL of 0.2% formic acid in
water (0 °C), and washed with 300 μL of 0.2% formic acid in
water (0 °C) to back-exchange the labile side-chain functional
groups of the protein and the peptides. The peptides and any
remaining protein were eluted with a fast gradient in 8 min
starting from 0% solvent B to 90% solvent B at 40 uL/min
(Waters nanoACQUITY UPLC, Manchester, U.K; solvent A,
95% water and 5% acetonitrile containing 0.3% formic acid;
solvent B, 5% water and 95% acetonitrile containing 0.3%
formic acid). To minimize back-exchange, all LC connection
lines, injection valve, and sample loop were immersed in
water−ice slush (0 °C).

Figure 1. Structure model of the photosystem (A), the FMO trimer
(B), and the CsmA from baseplate (C). The synthetic peptide of the
C-terminal region of CsmA (MRINRNAYGSMGGGSLRGS) used in
this study is shown in red.
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All ESI mass spectra were acquired in the positive-ion mode
on a Maxis (Bruker, Billerica, MS) Q-TOF spectrometer
equipped with a standard ESI source. The capillary voltage was
3.6 kV, the end-plate offset −500 V, and the dry gas flow rate
and temperature at 4 L/min and 180 °C, respectively. The MS
profiles used for transmission were as follows: funnel RF, 400
Vpp; multipole RF, 400 Vpp; collision cell voltage, 10 V; collision
RF, 3000 Vpp; transfer time, 140 μs; ion cooler RF, 800 Vpp;
prepulse storage, 25 μs.
LC-ESI-MS/MS Analysis of Protein Digest. Peptides

produced by pepsin cleavage of FMO were identified by their
accurate masses and product-ion sequencing on a LTQ-FTMS
instrument (Thermo, San Jose, CA). The peptide solution from
pepsin digestion of 100 pmol of FMO was loaded onto a C18
column, 75 μm diameter, which was prepared with a laser-based
column puller (Sutter Instruments, Novato, CA) and packed
with 12 cm of Magic C18AQ reverse phase media (Michrom
Bioresources, Auburn, CA). The peptides were separated over
70 min by using an Eksigent (Dublin, CA) NanoLC-1D
column with an LC gradient from 3 to 97% acetonitrile
containing 0.1% formic acid at 260 nL/min. The solution was
sprayed into the mass spectrometer by using a PicoView PV-
500 nanospray source (New Objective, Woburn, MA) attached
to the LTQ-FTMS instrument. One full mass spectral
acquisition in the FT mode, operating at a mass resolving
power of 100 000 at m/z 400, triggered six scans of MS/MS
whereby the most abundant precursor ions were activated for
sequencing. The MS/MS experiments carried out in the LTQ
instrument utilized wide-band activation and dynamic ex-
clusion. The product-ion spectra (MS/MS) data were
centroided during the acquisition.
Mascot Database Search. Thermo RAW files were

processed by using extract_msn (2007 version 4.0, Thermo
Fisher, San Jose, CA) with a grouping tolerance of 0.8 Da, an
intermediate scan setting of 1, and a minimum of 1 scan per
group. The NCBI nonredundant database (version 20090623,
restricted to Other Bacteria) was searched by using MASCOT
2.2.06 (Matrix Science, Oxford, U.K.) with the following
settings: enzyme, none; MS tolerance, 10 ppm; MS/MS
tolerance, 0.8 Da; maximum number of missed cleavages, 3;
peptide charge of 1+, 2+, and 3+; oxidation of methionine was
included as a variable modification.
Data Analysis. For global-protein H/DX experiments, the

mass spectrum at each H/D exchange time point was
deconvoluted by using MagTran 1.03 (Amgen, Thousand
Oaks, CA). The deuterium uptake levels at each time point
were taken as the average differences of the centroided masses
of the undeuterated protein and the deuterated protein. The
protein deuterium uptake was not corrected for back-exchange
because the time from quench to observation in the mass
spectrometer was less than 6 min, and only relative deuterium
levels needed to be compared in all experiments. All of the
experiments were conducted in triplicate.
For peptide-level H/DX experiments, each mass list from

three experimental trials was extracted from their individual
spectra as an x,y file (x: mass-to-charge ratio; y: intensity). The
centroid and width of the deuterium-containing isotopic
distribution for each peptide were analyzed using HX-Express
software.25

Kinetic Modeling. The global protein kinetic data were fit
with a fixed-rate-constant binning model by using MathCAD
(Math-Soft. Inc. Cambridge, MA) in which the root-mean-
square (rms) was minimized.26,27 Four rate constants (k = 10,

1, 0.1, and 0.01 min−1) were selected because the kinetic data
span 0.5−60 min, hence the brackets of 10 min−1 (fast
exchangers, half-life ∼0.07 min) and 0.01 min−1 (slow
exchangers, half-life ∼69 min). Three trials were fit separately,
and the results were averaged and reported with standard
deviations.

■ RESULTS
H/DX Kinetics of FMO and FMO/CsmA. Previous SPR

studies20 suggest that the interaction between the FMO protein
and the chlorosome CsmA protein is primarily on the C-
terminal helix of CsmA, especially with the conserved INRNAY
residues.28 The interaction regions on FMO, however, remain
unclear. Given that the protein conformation and the relative
solvent accessibilities of FMO will change upon the binding of
CsmA, we chose measurements of the H/DX kinetics of FMO
alone and as the FMO/CsmA complex to examine globally
their interaction and dynamics (Figure 2). Given the highly

hydrophobic nature of CsmA, we utilized for interaction a
peptide representing the C-terminal region of CsmA, which
contains 19 amino acids (MRINRNAYGSMGGGSLRGS) and
the highly conserved INRNAY motif.
Each FMO monomer has 348 exchangeable amide protons

(excluding 19 prolines). Because the percentage of D2O in the
experiment was 92.5%, the maximum number of observable
exchange events was 322. After 10 min of H/DX, the mass of
FMO shifted by 89 ± 1 Da, indicating that ∼27% of the amides
exchanged at this time point. Even after 60 min of H/DX, the
extent of exchange had only increased to ∼30% (96 ± 1
amides) at a time when the exchange had leveled off and
became relatively constant. The small difference is consistent
with a compact and stable FMO trimer in solution.
Approximately 2/3 of the amides of each monomer are
protected because they form hydrogen bonds, or exist inside
each monomer, or they are involved in forming a compact
trimer. The remaining 1/3 of the amides are solvent-exposed
and highly dynamic.
In the presence of CsmA peptide, the number of amides

undergoing H/DX decreased to 80 ± 2 after 10 min of
exchange, indicating that ∼9 amides now exchange more slowly
as a consequence of CsmA binding. The number of amides
affected by the CsmA binding is relatively small, consistent with

Figure 2. H/DX kinetics for FMO from Chlorobaculum tepidum. Apo-
FMO (diamonds, dark red) shows more extensive D uptake than does
holo FMO (CsmA:FMO, 20:1) (squares, black). The fitted curves are
shown as solid lines.
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the small size of the CsmA peptide and its limited effect on (i)
overall FMO stability, (ii) the extent of hydrogen bonding, and
(iii) the solvent accessibility of FMO.
To understand better how CsmA binding affects the

exchange rate in a quantitative way, we fit the kinetic curve
with four exchange rate constant bins (k = 10, 1, 0.1, and 0.01
min−1) (Table 1). The results show that apo FMO (native

FMO trimer without the binding of CsmA) has 25 ± 3 sites
that exchange with a rate constant of 10 min−1, whereas after
binding with the CsmA peptide (holo FMO), FMO has 29 ± 2
amides that exchange with the same rate constant. Although the
number of amides exchanging at this rate constant are similar
for the apo and holo states, there are significant differences for
those amides that exchange with smaller exchange rate
constants. For those exchanging with rate constants of 1 and
0.1 min−1, the numbers of exchangeable amides for holo FMO
are lower than for apo by ∼10. Some of these sites exchanged
with the smallest rate constant of 0.01 min−1 as can be seen for
the holo state, for which 15 ± 1 sites exchanged. For the apo
state, only 4 ± 1 amides exchanged with this smallest rate
constant. These results indicate that CsmA binding slows down
the exchange at some sites of the FMO protein with medium
exchange rate constants and causes FMO either to form a more
rigid secondary structure or to lose solvent accessibility at
certain amide sites.
The FMO/CsmA Binding Interface. Global H/DX of the

FMO/CsmA complex shows clear uptake differences compared
to apo FMO. To locate the interaction regions, we conducted
H/DX at the peptide level by using pepsin digestion and LC/
MS analysis. We expect that changes of the peptide-level

deuterium uptake of FMO in the presence of CsmA can locate
regions implicated in CsmA binding.
We used the same experimental conditions for H/DX as for

the global protein measurements. After 10 min of exchange, the
H/DX at the protein level had become relatively constant;
further, there is a significant difference in D uptake between
apo and holo FMO at this time. We were able to identify FMO
peptic peptides, as confirmed by accurate mass measurement
and tandem-MS sequencing that show sequence coverage of
80% (Figure 3). This high coverage ensures that we can localize
regional (peptide-level) changes associated with CsmA binding.
There are ∼10 amides on the FMO protein that are affected

by CsmA binding. We found five peptic FMO peptides (123−
129, 140−149, 150−162, 191−208, and 224−232) that show
decreased deuterium uptake upon the CsmA binding. The level
of deuterium uptake difference for each of these five peptides is
generally small (∼2D), which is consistent with the total
difference in H/DX measured on the global level. To examine
these differences in a comparable way, we converted them to
the relative deuterium uptake based on eq 1 and plotted them
as a function of peptic peptides (Figure 4).

=
# − − #N

%D
deuterium uptake

( aa’s Pro)term (1)

Figure 3. Sequence coverage (∼80%) of peptic peptides from FMO achieved in a peptide-level H/DX study.

Table 1. Numbers of Amide Hydrogen Undergoing
Deuterium Exchange for Apo and Holo FMOa

no. of of H’s per fixed-rate-constant bin for k (min−1) =

kinetic fit 10 1 0.1 0.01

apo 25 ± 3 29 ± 4 39 ± 3 4 ± 1
holo 29 ± 2 20 ± 2 29 ± 1 15 ± 1

aThe kinetic modeling used four fixed exchange rate constants and
“binned” the number of amides with respect to the rate constants.

Figure 4. Relative deuterium uptakes for peptic peptides from N- to
C-terminus of FMO after 10 min of H/DX. Peptide regions showing
significant differences in D uptake (>5% difference; a value of p < 0.05
was considered significant by Student’s t-test) in the presence of CsmA
are labeled in red font and marked with red stars.
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In the equation, %D is the relative deuterium uptake for each
peptide, #aa’s is the total exchangable hydrogens on each
peptide, and Nterm is the number of hydrogens on the N-
terminus of the peptide.
Figure 4 shows that three regions of the FMO represented by

peptides 140−149, 150−162, and 224−232 undergo decreased
H/DX in the presence of CsmA by at least 10% with respect to
the apo state. Two other regions (represented by peptides
123−129 and 191−208) show smaller changes, ∼5% differ-
ences. All the other detected peptic peptides show virtually no
difference with and without CsmA binding. Although we did
not examine the extent of exchange on the CsmA, given that
the CsmA peptide utilized in this study is short and specific, our
results conclude that the C-terminal region of CsmA indeed
interacts with FMO.
FMO Structural Mapping. To locate the regions on FMO

that are implicated in binding with CsmA, we mapped the five
peptic peptides onto the X-ray crystal structure of FMO from
Chlorobaculum tepidum (PDB: 3ENI)16 (Figure 5). Interest-
ingly, all sites that exchange differently are located on one side

of the FMO protein, which is referred to as the Bchl a #1 side
of the protein (shown in red).11 This finding agrees well with
results from a previous study on the membrane orientation of
FMO in green-sulfur bacteria;11 those results also show the
Bchl a #1 side of the FMO interacts with the chlorosome. This
study of the peptide-level H/DX further confirms and refines
the spatial resolution to a region extending over five peptides of
FMO.
On the basis of the relative peptide-level deuterium uptakes,

we can identify three categories of deuterium uptake for FMO:
(1) regions showing large extents of deuterium uptake (>30%)
and significant differences when CsmA binds, (2) regions
showing small extents of deuterium uptake (<10%) and no
significant differences in the presence and absence of CsmA,
and (3) regions showing large extents of deuterium uptake
(>30%) but no significant differences in the absence or
presence of CsmA. These results, when mapped onto the
structure of FMO (Figure 6), show that category #3 regions
include, for example, peptide 2−17 (shown in black in Figures
5 and 6), which is located at or near flexible helices or loops

Figure 5. FMO monomer structure mapping (PDB: 3ENI) with the deuterium uptake patterns. Peptide regions of FMO undergoing significant D
uptake differences between apo and holo states are in red. Peptide 233−239 located in the center of the trimer underwent low D uptake (blue),
whereas peptide 2−17 located on the outer shell of the protein underwent relatively extensive D uptake (black).

Figure 6. Map of H/DX on the FMO trimer structure (PDB: 3ENI). Peptide regions showing relatively extensive H/DX (>30%) and significant
differences on D uptake when CsmA was bound are in red. Peptide regions showing relatively low D uptake (<10%) are in blue. Peptide regions
undergoing relatively extensive H/DX (>30%) are in black.
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mainly on the outer surface of FMO. Those category #2 regions
(e.g., peptide 233−239) are located at or near the interface of
the FMO trimer (shown in blue in Figures 5 and 6).

■ DISCUSSION

One important link in the green-sulfur bacterial photosystem is
a light-harvesting chlorosome that absorbs light and transports
the energy through a baseplate protein and the FMO protein to
the reaction center where energy conversion takes place. A gap
existed is our understanding of the interaction between the
baseplate and FMO and motivated this study.
CsmA, a major component in the baseplate, contains the

putative Bchl a binding site in its N-terminal region and may be
immersed in the lipid monolayer of the chlorosome, whereas a
region near its C-terminal helix protrudes from the membrane
and may interact with the FMO protein. A previous SPR
study20 shows that the conserved residues (INRNAY) of the C-
terminal region of CsmA interact with the FMO protein.
To investigate this interaction, we chose H/DX because it is

a general approach, “marking” all the amino acids except
proline and covering nearly the entire protein backbone. H/DX
is sensitive to the solution environment surrounding the
protein, enabling one to capture even minor changes in protein
conformation and solvent accessibility caused by the changes in
hydrogen bonding occurring when peptides bind to proteins. In
this study, we used a model synthetic peptide of 19 amino acids
(MRINRNAYGSMGGGSLRGS) from the C-terminal region
of CsmA to probe the FMO/CsmA interaction. The peptide,
which contains the conserved INRNAY region, forms a small α
helix, as does CsmA itself, and interacts with the FMO protein.3

Global-level H/DX shows that only ∼10 amides of FMO are
affected by the CsmA binding. Although the stoichiometry and
the binding affinity between FMO and CsmA are unknown,
this small extent of exchange in a large protein makes difficult a
determination of the binding affinity by PLIMSTEX (protein
ligand interaction by mass spectrometry, titration, and H/D
exchange) at the protein level.26,27 Nevertheless, their
interaction should be strong in vivo possibly because CsmA
forms oligomers in the baseplate,10 and the oligomeric CsmA
interacts more strongly with FMO than does the monomer. In
addition, the tail of the eighth Bchl a in the FMO protein may
play a role in vivo by interacting with the carotenoid/Bchl a in
the CsmA or with hydrophobic regions of CsmA.17 The
involvement of oligomeric states further complicates determin-
ing a relevant affinity by PLIMSTEX or other methods.
Peptide-level H/DX affords further refinement of the binding

interfaces between FMO and CsmA. Five regions of FMO,
represented by peptides 123−129, 140−149, 150−162, 191−
208, and 224−232, show clear decreases of relative deuterium

uptake in the presence of CsmA. Interestingly, these regions are
all located on the Bchl a #1 side of the FMO, and the outcome
agrees well with the previous finding that the baseplate interacts
with the Bchl a #1 side of the FMO.11,18 Moreover, our results
also localize the C-terminal region of CsmA that play an
important role in FMO/CsmA interaction.
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