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We used a class of designed peptide detergents to stabilize photosystem I (PS-I) upon extended drying under N2 on a
gold-coated-Ni-NTA glass surface. PS-I is a chlorophyll-containing membrane protein complex that is the primary
reducer of ferredoxin and the electron acceptor of plastocyanin. We isolated the complex from the thylakoids of
spinach chloroplasts using a chemical detergent. The chlorophyll molecules associated with the PS-I complex provide
an intrinsic steady-state emission spectrum between 650 and 800 nm at!196.15 8C that reflects the organization of the
pigment-protein interactions. In the absence of detergents, a large blue shift of the fluorescence maxima from
approximately 735 nm to approximately 685 nm indicates a disruption in light-harvesting subunit organization, thus
revealing chlorophyll!protein interactions. The commonly used membrane protein-stabilizing detergents, N-dodecyl-
b-D-maltoside and N-octyl-b-D-glucoside, only partially stabilized the approximately 735-nm complex with
approximately 685-nm spectroscopic shift. However, prior to drying, addition of the peptide detergent acetyl-
AAAAAAK at increasing concentration significantly stabilized the PS-I complex. Moreover, in the presence of acetyl-
AAAAAAK, the PS-I complex is stable in a dried form at room temperature for at least 3 wk. Another peptide detergent,
acetyl-VVVVVVD, also stabilized the complex but to a lesser extent. These observations suggest that the peptide
detergents may effectively stabilize membrane proteins in the solid-state. These designed peptide detergents may
facilitate the study of diverse types of membrane proteins.
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Introduction

The bioinformatics and computational analyses of a large
number of completely sequenced genomes suggest that over
30% of all genes encode membrane proteins [1–4]. These
predicted membrane proteins, identified to contain at least
one trans-membrane domain, participate in a plethora of vital
cellular activities, including cell signaling, cell–cell interac-
tions, cell adhesion, cell migration and movement, cytoske-
leton organization, protein trafficking, viral fusion, secretory
and synaptic activities, ion and metabolite transport, and
respiratory and photosynthetic electron transport. However,
many detailed structures of diverse membrane proteins
remain elusive. Thus the discovery and design of new
detergents are acutely needed to facilitate membrane protein
crystallization and structural studies [4,5].

Photosystem I (PS-I) is a membrane protein complex that is
associated with electron transport and exists as a large,
multisubunit complex with dozens of transmembrane-span-
ning domains [6,7]. The composition and organization of PS-I
complexes have presented a great challenge in the develop-
ment of experimental conditions for efficient isolation, while
maintaining the native organization of the proteins, associ-
ated cofactors, prosthetic groups, and their biological
functions. The largest membrane complex isolated and
crystallized to date is the plant photosynthetic reaction
center, PS-I [7]. This plant PS-I complex has 16 subunits,
containing 45 transmembrane domains and 167 chlorophyll

molecules. Because of its antennae size, the production of a
low potential reductant, and its nanoscale structure, PS-I has
recently been shown to be an attractive choice for integration
into solid-state biophotovoltaic devices [8].
In order to fabricate protein-based devices, it is crucial to

immobilize and stabilize the selected proteins and enzymes
for an extended time. Although some progress has been made
[9–11], little has been reported on the successful immobiliza-
tion of membrane proteins on surfaces [12–15]. Several
investigators have reported that bacteriorhodopsin can be
immobilized by entrapment in dried xerogel glass and retains
partial activity for extended periods [16,17].
The difficulties associated with solubilization and stabiliza-

tion of membrane proteins are largely due to exposure of
their hydrophobic domains, which are normally buried
within the lipid bilayer. These hydrophobic transmembrane
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segments render the protein particularly difficult to stabilize
after removal from the membrane. In particular, they are
extremely susceptible to aggregation in aqueous media. In
previous decades, a wealth of chemical detergents was
synthesized for the study of membrane proteins (http://
www.anatrace.com/). In some cases these detergents have
partly facilitated selective solubilization of membrane pro-
teins from their native environments. Recent evidence
suggests, for example, that detergents with short alkyl chains
are more effective at solubilization than those with long alkyl
chains that often lead to protein denaturation [18,19]. These
new chemical detergents have advanced the study of
membrane proteins.

Some efforts have been made to design helical peptide- and
protein-based detergents [20,21]. Stroud and colleagues
designed the first a-helix peptide detergent, called a
peptitergent, which has a hydrophilic face and a hydrophobic
face [20]. The peptide formed a four-helical bundle in
solution when not interacting with membrane proteins. They
showed that this peptitergent can solubilize 85% bacterio-
rhodopsin and approximately 60% rhodopsin for over 2 d
[20]. Privé and colleagues also designed a monomeric a-helix
coupled with two alkyl chains at both N- and C-termini. This
hybrid molecule has two faces, one hydrophilic face from the
charged residues on one side of the helix that interacts with
water and a hydrophobic face on the other that interacts with
transmembrane domains of membrane proteins. They
showed that this type of hybrid peptide–alkyl detergent
solubilized and stabilized several membrane proteins [21].
Several other designed helical peptide detergents have been
shown to solubilize membrane proteins as well [22–24].
However, these peptides require efficient folding, are not
easily accessible, are expensive to produce, and are difficult to
make for large-scale productions and widespread studies.

We have designed and studied a new class of short self-
assembling peptide detergents, which are six to eight residues
long, for their ability to maintain solubility of membrane
proteins. The behavior of these peptide detergents in the
absence of proteins has been previously described [25–28]. In
the absence of proteins, these detergent peptides form stable
nanotubes, nanovesicles, and micelles when they are above
their critical aggregation concentration (CAC). The behavior
of these peptide detergents is similar to that of lipids and
other chemical detergents. It is plausible that the protein–
peptide detergent interactions may have enhanced stabilizing
capability over short-chain alkane compounds since these
peptide detergents share similar chemical properties. This
increased stability has recently proven useful in the incorpo-
ration of spinach PS-I into a solid-state photovoltaic device
[8].

We here report the stabilization of spinach PS-I complex
following chemical detergent isolation. We studied the ability
of these peptide detergents to interact with and stabilize
isolated spinach PS-I complexes that have been dried under
N2 on glass slides. The complex stability and organization of
the chlorophyll was monitored via the!196.15 8C steady-state
emission spectrum of PS-I. We showed that the PS-I complex
alone became unstable during the drying process or in the
presence of chemical detergents. However, we further
demonstrate that one of the designed peptide detergents,
acetyl-AAAAAAK (A6K), is not only able to preserve the
original spectral properties of the PS-I complex, but also

stabilizes PS-I in the dry form for a period of at least 3 wk. In
light of the recently reported pea PS-I crystal structure [7], we
also discuss how the chlorophyll pigment–protein complexes
may be influenced during dehydration.

Results

Isolation of Spinach PS-I
To evaluate the effect of the peptide detergents for

stabilizing membrane proteins, we isolated the chlorophyll
pigment protein from spinach chloroplast thylakoids. PS-I
was isolated from spinach using a modified procedure of
Mullet and Arntzen [29]. The typical results of the continuous
sucrose gradient used for isolation are shown in Figure 1. The
large green band on the bottom 2.2-M sucrose cushion is
collected using a needle syringe (Figure 1A). The additional
chlorophyll at the top of the gradient is from LHCPII and PS-
II. This preparation has a typical chlorophyll/P700 ratio of
approximately 200 and a chlorophyll a/b ratio of 4.75 (data
not shown). The SDS-PAGE gel analysis (Figure 1B) of the
preparation showed that the sample is in agreement with
literature. The chlorophyll is associated with the PsaA and
PsaB polypeptides that run as a diffuse band at greater than
65 kDa and the set of LHCI polypeptides shown with
molecular weight in the range of 20–26 kDa. The minor
band at approximately 30 kDa is due to the LHCPII antennae
from PS-II.

PS-I Stability in Various Conditions
For PS-I complex dried in the absence of peptide

detergent, a significant change in the fluorescence spectrum
was observed. This change consisted of a decrease in the
overall intensity of the far-red fluorescing chlorophyll in the
approximately 735-nm region and an associated blueshift of
this peak. In addition, the fluorescence peak at approximately

Figure 1. Isolation of PS-I by Detergent Solubilization and Density-
Gradient Centrifugation

(A) The final centrifugation step of the isolation protocol, the linear 0.1–
1M sucrose gradients contain 0.02% Triton X-100. The detergent-
solubilized (at 0.8% v/v Triton X-100) PS-I particles selectively aggregate
upon entering the low Triton X-100 concentration of the gradient and
sediment quickly relative to the other thylakoid proteins that remain at
the top of the gradient.
(B) SDS-PAGE 18% slab gel lane containing the PS-I harvested from the
1M/2M interface as seen in (A). The region containing the LHCI is
indicated.
DOI: 10.1371/journal.pbio.0030230.g001
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680 nm demonstrated an overall increase in intensity after
the drying process. In some cases, a blueshift of this peak was
also observed. The emission spectra of dried and solution
state samples in the present chemical detergents are shown in
Figure 2.

We used four widely known membrane protein-stabilizing
detergents, Triton X-100, N, N-dimethyldodecylamine N-
oxide, N-dodecyl-b-D-maltoside (DM), and N-octyl-b-D-glu-
coside (OG) for the PS-I complex. Triton X-100 and N, N-
dimethyldodecylamine N-oxide did not demonstrate a stabi-
lizing effect based on the emission spectrum of PS-I, but in
most cases caused increased degradation of the complex (data
not shown). On the other hand, OG and DM showed modest
stabilizing effect at low concentrations. The spectra for OG
and DM are shown in Figure 2. At low concentration, both
OG and DM resulted in a blueshift from the approximately
735-nm region, but at higher concentration, both reduced the
fluorescent emission at approximately the 735-nm region,
with an increasing emission at 680 nm, implying they reduced
PS-I stability. Thus, these results suggest that although OG
and DM are good detergents for solubilization and stabiliza-
tion of some membrane proteins, they are not ideal
stabilizing detergents for PS-I under our conditions.

Stabilizing the PS-I Complex Using Peptide Detergents
We carried out systematic experiments to determine if the

peptide detergents A6K (molecular weight " 615 Da, CAC "
1.6 mM in water, approximately 0.23 mM in phosphate-
buffered saline [PBS]) and acetyl-VVVVVVD (V6D) (molec-
ular weight" 783 Da, CAC" 0.7 mM in water, approximately
0.1 mM in PBS) could stabilize PS-I complex during the
drying process. Samples were prepared by addition of A6K or
V6D at concentrations of 0.016%, 0.031%, 0.062%, 0.125%,
0.25%, and 0.5% (A6K: 0.5% " 8 mM, or 34X CAC in PBS;
V6D: 0.5% " 6.4 mM, or 64X CAC in PBS). The results are
shown in Figure 3. Under these conditions at lower
concentrations of A6K or V6D, PS-I not only showed blueshift
but also showed a reduced fluorescent emission after drying.
On the other hand, at higher concentration, the PS-I complex
appeared to be stabilized during and after drying. In

particular, samples containing 0.5% A6K demonstrated
essentially negligible change in their emission spectra in the
approximately 735-nm region. V6D was less effective at
stabilizing PS-I as shown in Figure 3B, even at the highest
concentration of 0.5%.

The Peptide Detergent A6K Stabilizes the PS-I Complex for
an Extended Time
We asked how long the peptide detergent A6K could

stabilize the PS-I complex on a dry surface. The stability of
dried PS-I with 0.5% A6K (34X CAC in PBS) on a glass slide
was measured at days 1, 7, 14, and 21. The results are shown in
Figure 4. A noticeable blueshift in the approximately 735-nm
region coupled with a decrease in the intensity is apparent. At
the same time, a slight increase of intensity in the
approximately 680-nm region is visible. Despite this shift,
the overall change in shape in the spectrum is negligible in
contrast to other drastic changes observed with other
detergents. Our observations suggest that the A6K peptide
detergent is able to stabilize the PS-I complex under the
conditions used.
This observation is consistent with a separate experiment

of another membrane protein, rhodopsin, using other
peptide detergents. In these experiments, rhodopsin was
stabilized for an extended time when high concentrations of
peptide detergents were used (X. Zhao et al., unpublished
data).

Discussion

PS-I Spectroscopy Features
Study of the low-temperature chlorophyll fluorescence in

the approximately 735-nm region was originated over 25 y
ago [30]. It was initially presumed to be due to a chlorophyll
species C-705 that was only observable at low temperatures
because of its ability to undergo rapid energy transfer to P700
at elevated temperatures. However, a careful analysis of PS-I,
with its full antennae complement, has demonstrated the
presence of at least three far-red chlorophyll spectral forms
with emission maxima of 720 nm, 730 nm, and 742 nm [31].

Figure 2. The !196.15 8C Steady-State Emission Spectra of PS-I

(A) The solution spectrum of PS-I shows characteristic far-red fluorescence at the approximately 735-nm region, while dried PS-I shows a peak at
approximately 683 nm.
(B) Emission spectra of samples containing DM retained partially their far-red fluorescence, but still showed a significant increase in fluorescence at
approximately 683 nm. Additionally, the far-red fluorescence demonstrated a significant blueshift.
(C) Comparable changes are evident in the spectra of samples containing OG as seen in DM (B).
DOI: 10.1371/journal.pbio.0030230.g002
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Recently, the longest wavelength fluorescence band has been
observed even at room temperature using selective excita-
tion, and has been shown to be associated with the lowest-
energy spectral form of LHCI antenna complex [32].

The ability to monitor the reversible dissociation of
pigment–protein complexes and the consequent cessation
of intercomplex energy transfer by the relative intensities of
!196.15 8C fluorescence at 685 nm and 735 nm has long been
realized [33]. Monitoring of the F685/F735 chlorophyll
fluorescence ratio has been used to study many in vivo and
in vitro biological processes, including (1) the effect of leaf
temperature [34], (2) seasonally induced chlorophyll break-
down in trees [35], (3) herbicide phytotoxicity in algae [36], (4)
high-light-induced photoinhibition [37], (5) iron deficiency in
algae [38], and (6) PS-I stability and disassembly [39].

Studies have also been carried out on the !196.15 8C
emission spectrum of the PS-I core. Based on these studies, in

which there is significant fluorescence at approximately 715
nm, it is presumable that damage could be done to the PS-I
during drying as well. It is interesting to note that similar
results have been reported from adverse interactions with
detergent [31]. In these studies, it is argued that the
fluorescence change observed is the result of uncoupled
chlorophyll molecules.

Analyses of PS-I Structure and Function
Much progress has been made in the study of PS-I, mostly

through the combination of membrane fractionation studies,
various types of quantitative spectroscopy, protein crystallog-
raphy and structural analyses. The chlorophyll pigment
proteins responsible for these various spectrally distinct
species are finally being resolved [6,7]. The!196.15 8C steady
state emission spectrum of plant PS-I has been attributed to
the fluorescence of the LHCI proteins [40] associated with the
core complex, which themselves demonstrate an extremely
redshifted chlorophyll fluorescence [41–43].
The spectral changes presented here could therefore be the

result of changes in the LHCI peptides, or in their association
with the PS-I core complex. Several experiments on LHCI
peptides have given similar results to those presented here.
For example, it was shown that heterodimerization was an
essential feature of LHC-730 [44]. The fluorescence at 730 nm
occurred only for the dimeric state. Furthermore, site-
directed mutagenesis studies of lhca1–4 genes showed that
the approximately 730-nm emission could be abolished with a
commensurate increase in the fluorescence at approximately
680 nm [45] by altering the specific interaction between
protein and chlorophyll. It has been suggested that the LHC-
680 peptides show an emission maximum at approximately
680 nm only in the monomeric form [46,47]. These studies
further indicate that such spectral changes are the result of a
disruption of how the LHCI peptides and their associated
chlorophyll are ‘‘connected’’ to the PS-I core complex.
The current understanding for chlorophyll distribution in

native PS-I including the antennae LHCI is that the core
complex has approximately 110 chlorophyll molecules
associated with PsaA/B. The peripheral antennae contain
approximately 84 chlorophyll molecules composed of four
distinct subunits, LhcA1–4, that exist in the form of
heterodimers. These heterodimers are isolated as two
fractions: LHCI-A (composed of LhcA1 and LhcA4) and

Figure 3. Emission Spectra of the Dried PS-I Complex Containing Various Concentrations of the Peptide Detergents A6K and V6D

(A) A6K showed significantly enhanced ability to stabilize PS-I at a concentration of 0.5% (w/v) and showed reduced ability to stabilize PS-I complex at
decreasing concentration.
(B) V6D showed lesser ability to stabilize PS-I complex at the same concentration.
DOI: 10.1371/journal.pbio.0030230.g003

Figure 4. Extended Time of PS-I Stability on Dried Surface

Fluorescence spectrum of a PS-I film containing 0.5% A6K was monitored
for 3 wk. Negligible increase in fluorescence was observed at
approximately 683 nm. A blueshift from approximately 735 nm to
approximately 727 nm fluorescence was observed. Thus, it suggests that
the PS-I complex retained most of its structural integrity under
conditions examined. Such shifts have been noted under other
conditions.
DOI: 10.1371/journal.pbio.0030230.g004
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LHCI-B (composed of LhcA2 and LhcA3). From analysis of
chlorophyll content of isolated complexes and reconstituted
complexes, each LHCI monomer subunit appears to bind
approximately 10 chlorophyll molecules. This would then
suggest that the native complex with approximately 195
chlorophyll molecules must have four heterodimers associ-
ated with each core complex. Undoubtedly, the precise
number of antenna LHCI subunits will vary with plant
species, plant age, and environmental conditions. In fact,
analysis of the recently solved crystal structure of pea PS-I,
which contains only 167 chlorophyll molecules, reveals that
there are only two heterodimers. These four LHCI subunits
that are asymmetrically positioned on one side of the PS-I
core complex form an ‘‘LHCI belt’’ (Figure 5).

The large Mg2#–Mg2# distances between the core complex
chlorophyll molecules and the primary LHCI chlorophyll
molecules would suggest that energy transfer between the
LHCI belt and core complex is directed through specialized
‘‘gap’’ chlorophyll molecules at the junction of LhcA1 and
subunit G (Figure 5A). It is believed that this region in the
native protein may coordinate several LHCI subunits.
Apparently, the optimization of energy transfer between
LHCI complexes and the core complex has been facilitated
through the evolution of a select number of strategically
placed chlorophyll-binding sites that permit coordination of
‘‘gap’’ chlorophyll molecules [7].

These ‘‘gap’’ chlorophyll molecules in orange are shown in
Figure 5C. Interestingly, these ‘‘gap’’ chlorophyll molecules
are positioned in a relatively open part of the structure,
which may be highly vulnerable to the conformational
changes of the complex following either dehydration or
excessive detergent solubilization. The stabilizing properties
of the detergent peptides may stem from their appropriate
dimensions, allowing insertion into the complex so that they
favorably stabilize these ‘‘gap’’ chlorophyll molecules, thus
maintaining their low-temperature fluorescence properties.
In this work, the PS-I complex that was dried with 0.5% A6K
demonstrated minimal changes in its emission spectra,
suggesting that there has been minimal change in the
chlorophyll associated with PS-I. The most noticeable differ-
ence was a slight blueshift in the emission from approx-
imately 735 nm to approximately 727 nm, associated with the
far-red fluorescing chlorophyll, and a negligible increase in
the approximately 680-nm region fluorescence. This change
has also been reported before, and it is considered the result
of a slight decoupling of the LHCI peptides from the PS-I
complex. We therefore propose that the stabilizing effect of
A6K and V6D on PS-I can be determined by the ratio of the
fluorescence at approximately 730 nm to the fluorescence at
approximately 680 nm.

Designed Peptide Detergents for the Study of Membrane
Proteins
PS-I is one of the first examples that clearly demonstrate

how designed peptide detergents can stabilize membrane
proteins. In collaboration with others, we have also stabilized
bovine rhodopsin with the peptide detergents A6D and V6D
for an extended time at elevated temperatures (X. Zhao et al.,
unpublished data). In collaboration with another investigator,
using the peptide detergent V6D, a crystal of the integral
membrane protein glycerol 3-phosphate dehydrogenase with
its cofactor was obtained and was diffracted to approximately
7 Å using an in-house X-ray diffraction instrument (J. Yeh et
al., unpublished data).
It is plausible that peptide detergents, similar to other

detergents, may directly interact with the hydrophobic
domains of membrane proteins. It is likely that numerous
peptide detergent molecules, approximately 2 nm in size, like
lipids, can effectively surround the hydrophobic trans-
membrane domains of membrane proteins, thus sequestering
them from directly interacting with water molecules and
preventing them from undergoing self-aggregation. In the
PS-I complex, the peptide detergents not only sequestered
the protein and filled the ‘‘gaps’’ but also maintained its
overall structural integrity, thus retaining its biological
function [8].
The applications of designed peptide detergents are still in

an early stage of development. The peptide detergents
presented here represent a new class of bioengineered
material because they can be designed at the molecular level,
using a combinatorial approach characteristic of peptide
chemistry. However, we have yet to introduce the variability
inherent in amino acids. For example, so far, we have
concentrated on peptides containing one kind of hydro-
phobic tail. It is likely that as we explore combinations of
short and long tails, as well as different head groups, the
molecules will become more specialized, and we may find
specific sequences that work best for stabilizing specific

Figure 5. Crystal Structure of PS-I as Determined by Ben-Shem et al.
[7,53], Visualized in VMD [52], and Rendered with POV-Ray 3.6

The color scheme is adapted from Ben-Shem et al. [7,53] and is
interpreted as follows. Portions shown in gray are common subunits
found in both PS-I reaction centers in cyanobacteria and higher plants,
while the red subunits are unique to higher plants. The two LHCI
heterodimers are shown in green. The two different orientations of
selected PS-I complex are shown top-down (A) and in a side view (B). In
(C) and (D) the chlorophyll molecules are colored by a putative function:
the P700 core antennae are tan, the special pair (P700) and voyeur
chlorophyll molecules are cyan, the linker chlorophyll between the LHCI
heterodimers is in yellow, the antennae chlorophyll molecules com-
plexed within an LHCI subunit are in blue, and the ‘‘gap’’ chlorophyll
molecules are shown in orange. (A), (C), and (D) are views looking down
on the stromal hump highlighting protein, chlorophyll, and composite,
respectively. (B) faces the LHC belt from inside the plane of the thylakoid
membrane; only protein is shown in the upper portion and only
chlorophyll below.
DOI: 10.1371/journal.pbio.0030230.g005
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membrane proteins. Equally useful is the exploration of
mixing several different detergents together as a cocktail. In
essence, this could let the protein select the most appropriate
mixture for stabilization and crystallization.

Materials and Methods

PS-I isolation and electrophoresis. PS-I was obtained from spinach
leaves by homogenization in 400 mM sorbitol and 50 mM tricine-
KOH (pH 7.8). The resulting homogenate was then passed through
Miracloth (approximately 30 lm; CalBiochem, San Diego, California,
United States), supported by a double layer of cheesecloth, and
centrifuged at 1,000 3 g for 5 min. The pellet, consisting mostly of
chloroplasts and broken plastids, was resuspended and forced
through five passes in a Dounce homogenizer in 50 mM sorbitol, 5
mM EDTA-NaOH, and 50 mM tricine-KOH (pH 7.8), which lysed any
unbroken plastids. It was centrifuged again at 10,000 3 g for 5 min;
this step was repeated once. The resulting pellet was highly enriched
in thylakoids, which were completely nonappressed after treatment
with the chelator; this pellet was resuspended in a small volume of
water, and the chlorophyll content was determined. The thylakoid
suspension was then brought to a final concentration of 0.8 mg/ml
chlorophyll and 0.8% (w/v) Anatrace (http://www.anatrace.com/)
Anapoe Triton X-100. Gentle stirring began immediately at room
temperature for 30 min. Following the incubation, the solution was
spun at 42,000 3 g for 30 min, and the pellet was discarded.
Approximately 8 ml of the supernatant was loaded onto approx-
imately 25 ml linear 0.1–1 M sucrose gradients containing 0.02%
Triton X-100 with 2 ml of 2M sucrose (no Triton) as a cushion and
spun at 100,0003 g in a Beckman SW-28 rotor overnight (15 h). The
dark green band at the 1M–2M interface was harvested with a long
needle and passed through a Dounce homogenizer, pooled, and
frozen at !80 8C. The protocol was adapted from Mullet et al. [48].

Peptide synthesis and preparation. Peptides were obtained from
the MIT Biopolymers Laboratory and Synpep Corporation (www.syn-
pep.com). The peptide detergent stock solutions were made by
dissolving these peptides at a concentration of 1% (w/v) in 50 mM
Tris (pH 7.8); 25 mM NaCl; 0.02% Triton X-100, and then sonicating
in a water bath sonicator for 20 min. Stock solutions of peptides were
stored at room temperature for the duration of the experiment.

PS-I treatment with detergents and peptides. This was carried out
by diluting 25 ll of PS-I with 25 ll of serial dilutions of the peptide
stock solutions in buffer. This resulted in a chlorophyll concentration

of 50 lg/ml in all samples and peptide concentrations of 0.5%, 0.25%,
0.125%, 0.063%, 0.032%, and 0.016%. For most experiments, the
peptide detergent was used at final 0.5% concentration.

PS-I dehydration. All samples were flash frozen in liquid nitrogen
until use. These samples were then thawed and dried on 1-cm2 glass
slides for at least 15 h under N2.

Low-temperature fluorescence measurements. Their steady-state
emission spectra at !196.15 8C [31,49–51] were then determined to
investigate the stability of the PS-I in each sample. Each slide was
cooled under liquid nitrogen in a cryostat, and fluorescence was
excited optically using a 408-nm laser. Steady-state emission spectra
were recorded using a CCD spectrometer with an optical fiber input
oriented 908 from the laser and a slit width of 20 lm. The
fluorescence intensity of each sample was normalized to the integral
over the wavelength shown.

Modeling of pea PS-I. The structure of pea PS-I was determined at
4.4 Å [7]. We highlighted in Figure 5 the components of this structure
that may add to our understanding of the fluorescence phenomena
reported in this work. Manipulations of the molecular coordinates
were made with VMD 1.8.2 [52], and the images were rendered in
POV-Ray 3.6 (http://www.povray.org /download/).

Supporting Information
Accession Number

The Protein Data Bank (http://www.rcsb.org/pdb/) accession num-
ber for the crystal structure of pea PS-I is 1QZV.

Acknowledgments

We thank Steve Yang, Alexander Rich, and members of Zhang’s
laboratory for helpful and stimulating discussions. This work is
supported in part by grants from the Defense Advanced Research
Projects Agency–Air Force Office of Scientific Research (AFOSR), the
Multidisciplinary University Research Initiative–AFOSR, and the
National Science Foundation–Center for Bits and Atoms at the
Massachusetts Institute of Technology.

Competing interests. The authors have declared that no competing
interests exist.

Author contributions. SZ conceived and designed the experiments.
PK and MV performed the experiments. PK, XZ, MV, MAB, BDB, and
SZ analyzed the data. XZ, MAB, and BDB contributed reagents/
materials/analysis tools. PK, MV, BDB, and SZ wrote the paper. &

References
1. Wallin E, von Heijne G (1998) Genome-wide analysis of integral membrane

proteins from eubacterial, archaean, and eukaryotic organisms. Protein Sci
7: 1029–1038.

2. Kall L, Sonnhammer EL (2002) Reliability of transmembrane predictions in
whole-genome data. FEBS Lett 532: 415–418.

3. Liu Y, Engelman DM, Gerstein M (2002) Genomic analysis of membrane
protein families: Abundance and conserved motifs. Genome Biol 3:
research0054.

4. Loll PJ (2003) Membrane protein structural biology: The high throughput
challenge. J Struct Biol 142: 144–153.

5. Ostermeier C, Michel H (1997) Crystallization of membrane proteins. Curr
Opin Struct Biol 7: 697–701.

6. Jordan P, Fromme P, Witt HT, Klukas O, Saenger W, et al. (2001) Three-
dimensional structure of cyanobacterial photosystem I at 2.5 A resolution.
Nature 411: 909–917.

7. Ben-Shem A, Frolow F, Nelson N (2003) Crystal structure of plant
photosystem I. Nature 426: 630–635.

8. Das R, Kiley PJ, Segal M, Norville J, Yu AA, et al. (2004) Integration of
photosynthetic protein molecular complexes in solid-state electronic
devices. Nano Lett 4: 1079–1083.

9. Kindermann M, George N, Johnsson N, Johnsson K (2003) Covalent and
selective immobilization of fusion proteins. J Am Chem Soc 125: 7810–
7811.

10. Yim TJ, Kim DY, Karajanagi SS, Lu TM, Kane R, et al. (2003) Si
nanocolumns as novel nanostructured supports for enzyme immobiliza-
tion. J Nanosci Nanotechnol 3: 479–482.

11. Robertson DE, Steer BA (2004) Recent progress in biocatalyst discovery and
optimization. Curr Opin Chem Biol 8: 141–149.

12. Bieri C, Ernst OP, Heyse S, Hofmann KP, Vogel H. (1999) Micropatterned
immobilization of a G protein-coupled receptor and direct detection of G
protein activation. Nat Biotechnol 17: 1105–1108.

13. Hong Q, Terrettaz S, Ulrich WP, Vogel H, Lakey JH. (2001) Assembly of
pore proteins on gold electrodes. Biochem Soc Trans 29: 578–582.

14. Fang Y, Frutos AG, Webb B, Hong Y, Ferrie A, et al. (2002) Membrane
biochips. Biotechniques Dec. (Suppl): 62–65.

15. Fang Y, Webb B, Hong Y, Ferrie A, Lai F, et al. (2004) Fabrication and
application of G protein-coupled receptor microarrays. Methods Mol Biol
264: 233–243.

16. Weetall HH (1996) Retention of bacteriorhodopsin activity in dried sol-gel
glass. Biosens Bioelectron 11: 327–333.

17. Shamansky LM, Luong KM, Han D, Chronister EL (2002) Photoinduced
kinetics of bacteriorhodopsin in a dried xerogel glass. Biosens Bioelectron
17: 227–231.

18. Hauser H (2000) Short-chain phospholipids as detergents. Biochim Biophys
Acta 1508: 164–181.

19. Garavito RM, Ferguson-Miller S (2001) Detergents as tools in membrane
biochemistry. J Biol Chem 276: 32403–32406.

20. Schafmeister CE, Miercke LJ, Stroud RM (1993) Structure at 2.5 A of a
designed peptide that maintains solubility of membrane proteins. Science
262: 734–738.

21. McGregor CL, Chen L, Pomroy NC, Hwang P, Go S, et al. (2003)
Lipopeptide detergents designed for the structural study of membrane
proteins. Nat Biotechnol 21: 171–176.

22. Soomets U, Kairane C, Zilmer M, Langel U (1997) Attempt to solubilize
Na#/K#-exchanging ATPase with amphiphilic peptide PD1. Acta Chem
Scand 51: 403–406.

23. Bavec A, Jureus A, Cigic B, Langel U, Zorko M (1999) Peptitergent PD1
affects the GTPase activity of rat brain cortical membranes. Peptides 20:
177–184.

24. Schoch GA, Attias R, Belghazi M, Dansette PM, Werck-Reichhart D (2003)
Engineering of a water-soluble plant cytochrome P450, CYP73A1, and
NMR-based orientation of natural and alternate substrates in the active
site. Plant Physiol 133: 1198–1208.

25. Vauthey S, Santoso S, Gong H, Watson N, Zhang S (2002) Molecular self-
assembly of surfactant-like peptides to form nanotubes and nanovesicles.
Proc Natl Acad Sci U S A 99: 5355–5360.

26. Santoso S, Hwang W, Hartman H, Zhang S (2002) Self-assembly of

PLoS Biology | www.plosbiology.org July 2005 | Volume 3 | Issue 7 | e2301185

Designed Peptide Detergents Stabilize PS-I



surfactant-like peptides with variable glycine tails to form nanotubes and
nanovesicles. Nano Lett 2: 687–691.

27. von Maltzahn G, Vauthey S, Santoso S, Zhang S (2003) Positively charged
surfactant-like peptides self-assemble into nanostructures. Langmuir 19:
4332–4337.

28. Zhang S (2003) Fabrication of novel materials through molecular self-
assembly. Nat Biotechnol 21: 1171–1178.

29. Bruce BD, Malkin R (1988) Subunit stoichiometry of the chloroplast
photosystem I complex. J Biol Chem 263: 7302–7308.

30. Butler WL, Tredwell CJ, Malkin R, Barber J (1979) The relationship between
the lifetime and yield of the 735 nm fluorescence of chloroplasts at low
temperatures. Biochim Biophys Acta 545: 309–315.

31. Croce R, Zucchelli G, Garlaschi FM, Bassi R, Jennings RC (1996) Excited
state equilibration in the photosystem I-light-harvesting I complex: P700 is
almost isoenergetic with its antenna. Biochemistry 35: 8572–8579.

32. Jennings RC, Garlaschi FM, Engelmann E, Zucchelli G (2003) The room
temperature emission band shape of the lowest energy chlorophyll spectral
form of LHCI. FEBS Lett 547: 107–110.

33. Murphy DJ, Woodrow IE (1984) The effects of Triton X-100 and N-octyl
beta-D-glucopyranoside on energy transfer in photosynthetic membranes.
Biochem J 224: 989–993.

34. Agati G, Cerovic ZG, Moya I (2000) The effect of decreasing temperature up
to chilling values on the in vivo F685/F735 chlorophyll fluorescence ratio in
Phaseolus vulgaris and Pisum sativum: The role of the photosystem I
contribution to the 735 nm fluorescence band. Photochem Photobiol 72:
75–84.

35. D’Ambrosio N, Szabo K, Lichtenthaler HK. (1992) Increase of the
chlorophyll fluorescence ratio F690/F735 during the autumnal chlorophyll
breakdown. Radiat Environ Biophys 31: 51–62.

36. Eullaffroy P, Vernet G (2003) The F684/F735 chlorophyll fluorescence ratio:
A potential tool for rapid detection and determination of herbicide
phytotoxicity in algae. Water Res 37: 1983–1990.

37. Rajagopal S, Bukhov NG, Carpentier R (2002) Changes in the structure of
chlorophyll-protein complexes and excitation energy transfer during
photoinhibitory treatment of isolated photosystem I submembrane
particles. J Photochem Photobiol B 67: 194–200.

38. Doan JM, Schoefs B, Ruban AV, Etienne AL (2003) Changes in the LHCI
aggregation state during iron repletion in the unicellular red alga Rhodella
violacea. FEBS Lett 533: 59–62.

39. Henderson JN, Zhang J, Evans BW, Redding K (2003) Disassembly and
degradation of photosystem I in an in vitro system are multievent, metal-
dependent processes. J Biol Chem 278: 39978–39986.

40. Scheller HV, Jensen PE, Haldrup A, Lunde C, Knoetzel J (2001) Role of
subunits in eukaryotic Photosystem I. Biochim Biophys Acta 1507: 41–60.

41. Croce R, Zucchelli G, Garlaschi FM, Jennings RC (1998) A thermal
broadening study of the antenna chlorophylls in PSI-200, LHCI, and PSI
core. Biochemistry 37: 17355–17360.

42. Melkozernov AN (2001) Excitation energy transfer in Photosystem I from
oxygenic organisms. Photosynth Res 70: 129–153.

43. Kargul J, Nield J, Barber J (2003) Three-dimensional reconstruction of a
light-harvesting complex I-photosystem I (LHCI-PSI) supercomplex from
the green alga Chlamydomonas reinhardtii: Insights into light harvesting for
PSI. J Biol Chem 278: 16135–16141.

44. Schmid VH, Cammarata KV, Bruns BU, Schmidt GW (1997) In vitro
reconstitution of the photosystem I light-harvesting complex LHCI-730:
Heterodimerization is required for antenna pigment organization. Proc
Natl Acad Sci U S A 94: 7667–7672.

45. Morosinotto T, Breton J, Bassi R, Croce R (2003) The nature of a
chlorophyll ligand in Lhca proteins determines the far red fluorescence
emission typical of photosystem I. J Biol Chem 278: 49223–49229.

46. Ganeteg U, Strand A, Gustafsson P, Jansson S (2001) The properties of the
chlorophyll a/b-binding proteins Lhca2 and Lhca3 studied in vivo using
antisense inhibition. Plant Physiol 127: 150–158.

47. Castelletti S, Morosinotto T, Robert B, Caffarri S, Bassi R, et al. (2003)
Recombinant Lhca2 and Lhca3 subunits of the photosystem I antenna
system. Biochemistry 42: 4226–4234.

48. Mullet JE, Burke JJ, Arntzen CJ (1980) Chlorophyll proteins of photosystem-
I. Plant Physiol 65: 814–822.

49. Murata N, Nishimura M, Takamiya A. (1966) Fluorescence of chlorophyll in
photosynthetic systems. 3. Emission and action spectra of fluorescence—
Three emission bands of chlorophyll a and the energy transfer between two
pigment systems. Biochim Biophys Acta 126: 234–243.

50. Butler WI, Tredwell CJ, Malkin R, Barber J (1979) Relationship between the
lifetime and yield of the 735 nm fluorescence of chloroplasts at low-
temperatures. Biochim Biophys Acta 545: 309–315.

51. Nechushtai R, Schuster G, Nelson N, Ohad I. (1986) Photosystem I reaction
centers from maize bundle-sheath and mesophyll chloroplasts lack subunit
III. Eur J Biochem 159: 157–161.

52. Humphrey W, Dalke A, Schulten K (1996) VMD: Visual molecular dynamics.
J Mol Graph 14: 27–38.

53. Ben-Shem A, Frolow F, Nelson N (2004) Evolution of photosystem I—From
symmetry through pseudo-symmetry to asymmetry. FEBS Lett 564: 274–
280.

PLoS Biology | www.plosbiology.org July 2005 | Volume 3 | Issue 7 | e2301186

Designed Peptide Detergents Stabilize PS-I


