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ABSTRACT: Thylakoid soluble phosphoprotein of 9 kDa (TSP9) has been identified as a plant-specific
protein in the photosynthetic thylakoid membrane (Carlberg et al. (2003)Proc. Natl. Acad. Sci. 100,
757-762). Nonphosphorylated TSP9 is associated with the membrane, whereas, after light-induced
phosphorylation, a fraction of the phosphorylated TSP9 is released into the aqueous stroma. By NMR
spectroscopy, we have determined the structural features of nonphosphorylated TSP9 both in aqueous
solution and in membrane mimetic micelles. The results show that both wild type nonphosphorylated
TSP9 and a triple-mutant (T46E+ T53E + T60E) mimic of the triphosphorylated form of TSP9 are
disordered under aqueous conditions, but adopt an ordered conformation in the presence of detergent
micelles. The micelle-induced structural features, which are similar in micelles either of SDS or
dodecylphosphocholine (DPC), consist of an N-terminalR-helix, which may represent the primary site of
interaction between TSP9 and binding partners, and a less structured helical turn near the C-terminus.
These structured elements contain mainly hydrophobic residues. NMR relaxation data for nonphosphorylated
TSP9 in SDS micelles indicated that the molecule is highly flexible with the highest order in the N-terminal
R-helix. Intermolecular NOE signals, as well as spin probe-induced broadening of NMR signals,
demonstrated that the SDS micelles contact both the structured and a portion of the unstructured regions
of TSP9, in particular, those containing the three phosphorylation sites (T46, T53, and T60). This interaction
may explain the selective dissociation of phosphorylated TSP9 from the membrane. Our study presents
a structural model for the role played by the structured and unstructured regions of TSP9 in its membrane
association and biological function.

The central player in plant photosynthesis is photosystem
II (PSII1) in the thylakoid membrane (1, 2), which absorbs
solar energy and catalyzes the splitting of water into dioxgen
and reducing equivalents. The light-harvesting complex II
(LHCII), peripheral to the PSII, helps to increase the effective

energy absorption by PSII (3). The photosynthetic process
in this PSII-LHCII multisubunit complex is regulated by a
unique light- and redox-controlled protein phosphorylation
system (4, 5). In response to light, the plastoquinol pool
becomes reduced (6, 7), leading to the activation of protein
kinases in the thylakoid membrane (8-11). These activated
protein kinases subsequently phosphorylate PSII, LHCII, and
other polypeptide substrates (5, 12-15). Phosphorylation of
PSII and LHCII further causes the redistribution of absorbed
light energy by state transition of LHCII (4, 16-20):
migration of LHCII from the PSII to the PSI, which decreases
absorption of light by PSII and increases absorption of light
by PSI. The cascade of phosphorylation is eventually
reversed by a phosphatase (21, 22), and the dephosphorylated
LHCII returns to PSII. Thus far, a number of phosphoproteins
in the PSII-LHCII supercomplex have been identified (15,
20, 21, 23-26). Characterization of the structural and
functional consequences of the phosphorylation of these
proteins is of obvious interest in further understanding the
process of the state transitions and regulation of photosyn-
thetic light harvesting.

The thylakoid soluble phosphoprotein of 9 kDa (here we
use the abbreviation TSP9 to refer to the nonphosphorylated
form of this protein) is one of the recently characterized
phosphoproteins in the thylakoid membrane (21, 27). In
contrast to the other identified thylakoid phosphoproteins that
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are integrated into the membrane, TSP9 is a peripheral
protein found partly in the soluble stroma fraction (27).
Cross-linking experiments have localized spinach TSP9 with
LHCII and at the interface between LHCII and PSII (28).
Although the molecular function of TSP9 remains unclear,
it has been observed that the phosphorylation of TSP9 and
its sensitivity to inhibitors were very similar to those for
LHCII (29-31). Furthermore, in response to the light-
induced phosphorylation of thylakoids, TSP9 can undergo
redox-controlled phosphorylation at three threonine sites
(T46, T53, and T60) (21, 27). As a consequence, a portion
of the phosphorylated TSP9 is released from the thylakoid
membrane to the chloroplast stroma (21, 27). It has been
demonstrated that the dissociation of TSP9 from the thyla-
koid membrane can also be driven by high salt and/or low
detergent (30).

Sequence analysis shows that TSP9 has a high isoelectric
point (pI ) 9.8) and low sequence complexity, predominantly
because of its high Gly (18%), Lys (18%), Ser (10%), and
Thr (10%) content (Supporting Information, Figure S1).
TSP9 is mostly disordered as predicted by PSIPRED (32),
DisEMBL (33), and PONDR (34) programs. The most
notable structural feature of TSP9, as predicted from the
PSIPRED server, is a short N-terminalR-helix (Supporting
Information, Figure S1).

The predicted intrinsic disorder of TSP9, its unique
membrane association property, and the proposed role of
phosphorylation in its function prompted the following
questions. Is the protein disordered in solution as predicted,
and does the structure of the protein change upon phospho-
rylation or association with the membrane? If so, can the
structural properties of TSP9 provide clues to the physi-
ological role? As an approach to these questions, we have
investigated the structural and dynamic features of TSP9 in
both aqueous solution and membrane environment.

In this study, we used NMR spectroscopy to identify the
structural features of spinach TSP9 and a mimic of its
triphosphorylated form TSP9(T43E+T53E+T60E) in aque-
ous solution and in micelles. Both TSP9 and the triple mutant
were found to be dynamically disordered in aqueous solution,
but TSP9 becomes partially structured in a membrane-
mimetic environment (either SDS or DPC micelles). We
determined the solution structure and backbone dynamics
of TSP9 in SDS micelles and deduced the position of TSP9
in SDS micelles from the combined analysis of the inter-
molecular NOEs between TSP9 and SDS molecules and spin-
probe induced NMR signal broadenings. On the basis of these
results, we present a model for the phosphorylation-
modulated membrane association of TSP9 that can be tested
by further experiments.

EXPERIMENTAL PROCEDURES

Protein Production and Labeling.The cDNA coding for
mature spinach TSP9 was obtained by PCR as described (21).
The gene for mature TSP9 was initially cloned into a pUNI
vector (35, 36) by in vivo recombination and subsequently
N-terminally fused to a construct containing maltose binding
protein (MBP), a His6- affinity tag, and a protease cleavage
site. The triple mutant, TSP9(T43E+T53E+T60E), was
constructed by site-directed mutagenesis. The numbering
system used here is that of the native, mature sequence of

TSP9. These constructs were transferred into the pVP13
vector (developed in house) and transformed into Rosetta2-
(DE3)/pLysS (Novagen) host cells. Stable-isotope-labeled
protein for NMR studies was produced from a15N- or 15N/
13C-enriched medium according to an established protocol
(37). The cells were harvested by centrifugation and stored
overnight at-20 °C. The cell pellet was suspended in 50
mL of buffer A (50 mM Na2HPO4, 300 mM NaCl, pH 7.5)
and sonicated on ice until a very low viscosity of the
suspension was achieved. After centrifugation, the superna-
tant was loaded onto a precharged nickel nitrilotriacetic acid
(Ni-NTA) affinity column (QIAGEN) with equilibrated resin.
After the column was washed with buffer B (50 mM Na2-
HPO4, 300 mM NaCl, 25 mM imidazole, pH 7.5), the protein
was eluted with buffer C (50 mM Na2HPO4, 300 mM NaCl,
250 mM imidazole, pH 7.5) and concentrated with an
Amicon ultrafiltration device (Amersham Pharmacia, Inc.).
The sample was then mixed with His6-tagged tobacco etch
virus (TEV) protease (prepared in house) (1/100, w/w, pro-
tease/fusion protein) and dialyzed at 25°C against the TEV
reaction buffer (50 mM Tris, 0.5 mM DTT, pH 8.0). After
cleavage, the protein mixture was exchanged into buffer A
prior to being applied to a Ni-NTA column. The target pro-
tein was collected from the column flow-through, and ultrafil-
tration was used to concentrate the protein and to exchange
it into the NMR buffer. The 84-residue protein product (wild
type TSP9 or the mutant) included a non-native N-terminal
serine left after TEV cleavage. The protein purity (>95%)
was determined by SDS-PAGE. The protein yields per liter
of culture generally were 1-2 mg of [U-13C,15N]-TSP9, 5
mg of [U-15N]-TSP9 (either wild type TSP9 or the mutant).

NMR Data Collection and Analysis.For the NMR studies
in the absence of detergent micelles, [U-15N]-TSP9 variants
were dissolved in the NMR buffer containing 90% H2O/
10% D2O, 10 mM HEPES, 100 mM NaCl, pH 7.0. For the
NMR structural studies in the presence of SDS, [U-15N]- or
[U-13C,15N]-TSP9 was dissolved in the NMR buffer contain-
ing 90% H2O/10% D2O, 10 mM HEPES, 100 mM NaCl,
and 75 mM SDS micelles, pH 7.0.

All NMR spectra were recorded at the National Magnetic
Resonance Facility at Madison (NMRFAM) on a Varian
Inova (600 MHz) spectrometer or on Bruker (600 and 750
MHz) spectrometers each equipped with a triple-resonance
CryoProbe. The temperature of each sample was regulated
at 25 °C. For chemical shift assignment and structure
determination, a series of 2D and 3D heteronuclear NMR
spectra were collected with a sample of 0.5 mM [U-13C,15N]-
TSP9 dissolved in buffer containing SDS: 2D1H-15N
HSQC, 2D 1H-13C HSQC, HNCACB, CBCA(CO)NH,
HNCO, HCCONH, CCONH, HCCH-COSY, 3D15N-edited
1H-1H NOESY (τmix ) 100 ms), and 3D13C-edited1H-1H
NOESY (τmix ) 120 ms). In addition,13C,15N-filtered/13N-
edited 1H-1H NOESY (τmix ) 100 ms) and 3D13C,15N-
filtered/13C-edited1H-1H NOESY (τmix ) 150 ms) data (38)
were also collected to observe intermolecular NOE signals
between TSP9 and SDS molecules. A sample of 0.5 mM
[U-15N]-TSP9 in the SDS buffer was used for the collection
of steady state{1H}-15N NOE and15N relaxation (R1, R2)
data by standard pulse sequences (39). To determine the15N
R1 values, NMR spectra were recorded with delays of 100,
300, 500, 700, 900, 1300, and 1700 ms. To determine15N
R2 values, NMR spectra were recorded with delays of 10,
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30, 50, 70, 90, 130, and 170 ms. The relaxation rates were
calculated by least-squares fitting of peak heights versus
relaxation delay to one single-exponential decay. The
reported error estimates are standard deviations derived from
fitting the data. Steady state{1H}-15N NOE values were
calculated from the ratio of peak heights in a pair of NMR
spectra acquired with and without proton saturation. The
signal-to-noise ratio in each spectrum was used to estimate
the experimental uncertainty. To determine the paramagnetic
relaxation effects of 5-doxylstearic acid (5-DSA) and 16-
doxylstearic acid (16-DSA) (Aldrich) on micelle-bound
TSP9, 2D1H-15N HSQC spectra were collected for 0.2-
0.3 mM TSP9 in the absence or presence of 2 mM 5-DSA
or 16-DSA. The relaxation enhancement effect for each probe
was evaluated by the remaining amplitudes of the peak
heights, defined by the ratios of the peak heights in a pair
of NMR spectra acquired before and after addition of the
paramagnetic probe. The experimental uncertainties were also
determined by evaluating the noise level in each spectrum.
For the SDS titration experiments, 2D1H-15N HSQC spectra
were collected of 0.2-0.3 mM [U-15N]-TSP9 variants mixed
with 0, 1, 2, 4, 8, 16, 50, 100, or 150 mM SDS. For the
DPC titration experiments, 2D1H-15N HSQC spectra were
also collected for 0.1-0.2 mM [U-15N]-TSP9 mixed with
0, 0.5, 1, 2, 4, 8, 16, 32, 53, or 100 mM DPC. The
translational diffusion coefficient of TSP9 in aqueous solution
was determined by a water-suppressed longitudinal encode-
decode (Water-SLED) experiment (40). The gradient was
calibrated by reference to data for 10 mg/mL lysozyme (14.4
kDa), which has a diffusion coefficient of 1.11× 10-6 cm2

s-1 (41).
Spectra were processed and analyzed, respectively, with

the NMRPipe (42) and Sparky (http://www.cgl.ucsf.edu/
home/sparky) software packages. The time-domain NMR
data and chemical shift assignments have been deposited in
the BioMagResBank database under BMRB accession
number 6926.

Distance constraints used in the structure determination
were derived from13C-edited1H-1H NOESY and15N-edited
1H-1H NOESY data, and dihedral angle constraints (φ and
ψ) were determined from assigned chemical shifts submitted
to the TALOS (43) program. The automated NOE assign-
ment module of Cyana (44) was used in generating initial
NOE assignments and the initial structural ensemble. The
NMR structure was refined further through corrections of
NOE assignments and additional Cyana calculations. In the
final round of structure calculation, a total of 767 NOE
distance constraints and 28 backboneφ and ψ constraints
were used. The three-dimensional coordinates for 20 struc-
tural models representing the structure of TSP9 have been
deposited in the Protein Data Bank (PDB) under the
accession number 2FFT.

RESULTS

SDS Micelle-Induced Folding of TSP9.Effects of solution
conditions on the conformations of TSP9 and TSP9-
(T43E+T53E+T60E) were followed by two-dimensional
1H-15N HSQC spectroscopy. As shown in Figure 1A, the
resonance peaks in the1H-15N HSQC spectrum of TSP9 in
the buffer without SDS is poorly dispersed with all the peaks
along the1H dimension within the 8.0-8.5 ppm range. A
narrow chemical shift dispersion of this type is diagnostic
for dynamic disorder. A similar NMR spectral feature was
observed for TSP9(T43E+T53E+T60E) (Figure 1B), sug-
gesting that introduction of the negative charges to the
phosphorylation sites of TSP9 has no effect on its conforma-
tion. The translational diffusion coefficient determined for
TSP9 in the buffer without SDS was 1.20× 10-6 cm2 s-1,
higher than that for the 14.4 kDa lysozyme (1.11× 10-6

cm2 s-1); this indicates that TSP9 is mostly monomeric under
these conditions. The monomeric state of TSP9 is further
supported by gel filtration chromatography results (data not
shown).

FIGURE 1: (A) 1H-15N HSQC spectra of TSP9 in aqueous solution (peaks in black) and in 75 mM SDS (peaks in red). (B)1H-15N HSQC
spectra of TSP9(T46E+T53E+T60E) in aqueous solution (peaks in black) and in 75 mM SDS (peaks in red). Residues exhibiting significant
chemical shift changes on addition of SDS are labeled with their sequence number. The numbering system used here is that of the native,
mature sequence of TSP9.
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Because the majority of TSP9 is associated with the
thylakoid membrane under the physiological condition, we
decided to investigate the conformation of TSP9 in a
membrane mimetic environment. We chose SDS micelles
on the basis of previous successful applications of this
membrane mimicking system to structural characterizations
of membrane proteins (45-48). As shown in Figure 1A,B,
extensive changes are observed in the1H-15N HSQC spectra
of both TSP9 and TSP9(T43E+T53E+T60E) in the presence
of 75 mM SDS micelles. Compared to those of free TSP9
variants, the NMR spectra of TSP9 variants in SDS micelles
display much broader chemical shift dispersion; this suggests
that the TSP9 variants undergo a folding transition in the
presence of SDS micelles. A number of peaks, including that
from the Nε1 group of W17, are shifted significantly either
to lower or higher frequencies in the1H dimension. The
improved spectral resolution made it possible to determine
sequence-specific chemical shift assignments for TSP9 in
SDS micelles. The assigned chemical shifts reveal that the
residues subject to micelle-induced folding are mainly located
in four regions of the sequence: F14-K24 (near the
N-terminus), Y29-R36, T60-V61, and G73-A80 (near the
C-terminus) (Figure 1A). For example, the chemical shifts
of 0.6 ppm for the signals assigned to K21 Hγ2 and to V74
Hγ2 suggest that the environments of these residues become
ordered in the presence of SDS.

Although no long-range NOEs indicative of a stable
tertiary fold were observed, it was possible to determine
regions of secondary structure in TSP9 in SDS micelles
(Figure 2). As shown in Figure 3, the most distinct structural
feature of TSP9 is theR-helix formed by residues F14-
T23 (R1), with a backbone r.m.s.d. of 0.33 Å. Detailed
analysis of theR1-helix further revealed that it does not show
distinct amphipathic characteristics: hydrophobic side chains
are located on almost every face of the helix (Figure 3B). A
second prominent structural feature is the less convergent
R-helical turn formed by C-terminal residues F75-F79 (R2),

with a backbone r.m.s.d. of 1.0 Å. This short helical turn
contains two adjacent glycines (G76 and G77). As a result,
nearly all the bulky hydrophobic chains are clustered on one
face of the helix (Figure 3B). In addition to theR1-helix and
R2-helical turn, a few dRN(i,i+2) and dRN(i,i+3) NOE
connectivities observed for residues F28-D32 and G59-
S62 (Figure 2) suggested that these residues become ordered
in the presence of SDS micelles. These structural elements
are dominated by hydrophobic residues (Figure 4A) that
appear to favor the hydrophobic environment of the micelles.

Interaction between TSP9 and SDS Micelles.1H-1H
NOEs between [13C,15N]-TSP9 and unlabeled SDS molecules
were identified from analysis of13C,15N-filtered/13C-edited
1H-1H NOESY and 13C,15N-filtered/15N-edited 1H-1H
NOESY experiments. The intense1H NMR signals from the
aliphatic chains of SDS were assigned as follows:δC1-H

(4.0 ppm),δC2-H (1.67 ppm),δC3-11H (1.22-1.37 ppm), and
δC12-H (0.88 ppm). The NOEs identified residues of TSP9

FIGURE 2: Sequential NOE connectivities used in calculating the structure of TSP9.

FIGURE 3: Solution structure of TSP9 in SDS micelles. (A) Ribbon
representation of the whole TSP9 molecule. TheR1, R2, and residues
F28-D32 and G59-S62, which show the dRN(i,i+2) NOE con-
nectivities, are green. The structurally disordered regions are shown
in light gray. (B) Representation of the two helical structural
elements. The figure was made with MOLMOL (75).
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that are spatially close to the micelles (Figure 4B,C). When
mapped to the structure of TSP9, these residues are located
in both the structured regions (R1- and R2-helices) and
unstructured regions (Figure 4C), including the segment
(L35-K68) where the three phosphorylation sites are located.
Regions lacking appreciable NOEs with SDS also are spread
over the primary sequence of TSP9.

To determine the nature of the interaction between TSP9
and SDS, 2D1H-15N HSQC spectra were collected for
[U-15N]-TSP9 mixed with 0, 1, 2, 4, 8, 16, 50, 100, and 150
mM SDS. Whereas the NMR signal of the Nε1 group of
Trp17 shifted upfield continuously with addition of SDS,
folding transition was observed between 8 and 16 mM SDS
(data not shown). This concentration of SDS is beyond the
critical micelle concentration (CMC) of SDS and is equiva-
lent to 0.1-0.2 mM SDS micelles (49). Increasing the SDS
concentration from 16 mM to 150 mM SDS did not lead to
appreciable additional spectral changes. These observations
suggest that TSP9 interacts with individual SDS molecules,
but the folding of TSP9 is only induced by the SDS micelles.
The effect was confirmed by titrating TSP9 with 0, 0.5, 1,
2, 4, 8, 16, 32, 53, or 100 mM DPC; TSP9 in DPC micelles
was found to adopt a folded conformation similar to that in
SDS micelles (Supporting Information, Figure S2). Further

evaluation of the NMR signals (e.g., that of the Nε1 group
of W17) reveals that binding of TSP9 to DPC only occurred
when DPC reached 2 mM or higher, beyond the CMC of
DPC (49); and the folded conformation of TSP9 was finally
stabilized at 8 mM DPC (data not shown). Together, these
results suggest that the folding of TSP9 can be induced in
both SDS and DPC micelles. In addition, the cationic
property of TSP9 also allows it to associate with individual
SDS molecules in a noncooperative manner, as observed for
other cationic peptides (47).

Positioning of TSP9 in SDS Micelles.The insertion of
TSP9 in SDS micelles was investigated by the paramagnetic
effect of two spin-labeled stearates, 5-DSA and 16-DSA.
These two compounds, through the unpaired electron in the
nitroxide, can accelerate the relaxation of neighboring nuclear
spins via dipole-dipole interactions. They also have high
tendency to penetrate into the micelles, with 5-DSA localized
at the interfacial regions and 16-DSA at the interior sites
respectively (51). Thus, the paramagnetic effect from these
two spin-labels has been widely used to probe the insertion
depth of proteins or peptides in micelles (52-56).

2D 1H-15N HSQC spectra were collected for TSP9 before
and after addition of either 5-DSA or 16-DSA, and the
remaining amplitudes of NMR signals were computed as

FIGURE 4: (A) Kyte-Doolittle hydropathy plot (76) of TSP9. (B) Selected region of the15N,13C-filtered/13C-edited1H,1H-NOESY of TSP9
in SDS micelles, highlighting the NOE signals between the Hγ atoms (QG1) of Val15 (top) and the atoms of SDS molecules (right, C-1H).
(C) Residues of TSP9 that show NOEs with SDS micelles are highlighted in dark in the amino acid sequence.
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ratios of peak heights between two spectra. As shown in
Figure 5A, the presence of 5-DSA results in significant
reductions in peak intensities for the majority of residues in
TSP9, supporting extensive contact between TSP9 and the
micelle. These affected residues are spread over both the
structured region (R1-helix) and the disordered regions,
including the regions containing the potential phosphorylation
sites and the N- and C-termini (A1-K3, A80-K82).
However, the C terminal D83 is unaffected. Furthermore,
the effect of 5-DSA on theR1-helix decreases gradually along
the chain from F14 to L19 and then increases again from
G20 to T23. The gradual change of sensitivity to the
paramagnetic probe implicates the progressive immersion of
the residues of F14-L19 in the micelle, but the turning point
at position 20 may also suggest the existence of a curvature
in that part of the helix. In addition, the signal reductions of
the shortR2-helical turn also show a gradual increment from
F75 to L78. The paramagnetic effect of 16-DSA is similar
to that of 5-DSA (Figure 5B). The regions affected by the
two paramagnetic probes are nearly the same, suggesting that
the insertion of the TSP9 segments in the micelle may be
shallow. In particular, the site-dependent signal reductions
observed for residues inR1 andR2 in the presence of 5-DSA
are also observed in the presence of 16-DSA.

Although the NMR signal of the backbone amide group
of W17 is only slightly affected by the paramagnetic probes,
its side-chain Nε1 group shows a remarkable signal reduc-
tion: 0.36 in the presence of 5-DSA and 0.49 in the presence
of 16-DSA. Thus, the indole ring of W17 very likely is
anchored in the micelle.

Backbone Dynamics of TSP9 in SDS Micelles.The
backbone dynamics of TSP9 in SDS micelles was investi-
gated by measuring the15N relaxation ratesR1 and R2 as
well as the steady state{1H}-15N NOE at the field strength
of 14.1 T (600 MHz1H). These parameters are influenced
by the molecular tumbling time and by local motions on the
pico- to nanosecond time scale. In addition,R2 is also

sensitive to slow chemical exchange on the micro- to
millisecond time scale.

The R1, R2, and{1H}-15N NOE values for TSP9 in the
SDS micelles are reported in Figure 6. From the average
heteronuclear NOE value of 0.32, it is evident that TSP9 in
SDS micelles retains high flexibility. Nevertheless, different
regions of the molecule exhibit distinct dynamic behavior.
The regions with the greatest mobility are the N-terminus,
up to approximately residue Q10, and the C-terminus (A80-
D83). These two regions have comparatively lowerR2 and
NOE values but relatively higherR1 values. Three residues
in these terminal regions (A1, K82, and D83) exhibited
negative{1H}-15N NOE values. The region with the second
highest mobility, K24-F79, includes theR2-helical turn. This
region has an average NOE value of 0.19, indicative of high
dynamic disorder. TheR1 values of residues in theR2-helical
turn are similar to those in the termini, but theR2 values are
higher. Note that, although the residues in theR2-helical turn
are structured, their NOE values are only slightly higher than
the average. The most structured region is theR1-helix with
NOE values (0.58-0.67) well above the average. Consistent
with the NOE observations, theR2 values for these helical
residues are significantly higher than those for the rest of
TSP9, while theR1 values are lower. Interestingly, even the
residues within theR1-helix exhibit variation in backbone
dynamics. For example, residues at the two ends of theR1-
helix show appreciably higherR2 and NOE values and lower
R1 values than central residues D16 and L18 (peak overlap
prevented relaxation measurements for W17). The origin of
the greater dynamics of the central residues of theR1-helix
remains to be investigated.

The high internal mobility of TSP9 prevented the deter-
mination of its overall molecular tumbling time (τm) from
R2/R1 ratios. However, the averageR2/R1 ratio of 15.8
determined for residues in theR1-helix is in good agreement
with values found by others for small peptides in SDS
micelles at this field strength (52, 57-58).

FIGURE 5: Paramagnetic relaxation of TSP9 induced by nitroxide radicals. (A) Remaining amplitude of the amide peaks of TSP9 after the
addition of 5-DSA. (B) Remaining amplitude of the amide peaks of TSP9 after the addition of 16-DSA.
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DISCUSSION

Micelle-Induced Ordering of TSP9.The NMR spectro-
scopic studies reported here revealed that TSP9 is unstruc-
tured in aqueous solution but becomes partially ordered when
bound to an SDS or DPC micelle, a mimic of a membrane
surface. The presence of either detergent micelle (SDS or
DPC) induced a similar conformation in TSP9. The major
structural features of TSP9 in SDS micelles include an
N-terminalR-helix and a C-terminal helical turn. In addition,
secondary chemical shifts and sequentialdRN(i,i+2) anddRN-
(i,i+3) NOE connectivities observed for residues F28-D32
and G59-S62 suggest that these regions are at least partially
ordered. The structured elements of TSP9 contain mainly
hydrophobic residues. Thus their structures in SDS micelles
are likely induced by the hydrophobic environment inside
the micelles. Residues in other regions are disordered and
remain so even in the presence of SDS micelles. Because
SDS and DPC micelles have been serving as good membrane
mimics, the disorder-to-order conformational transition of
TSP9 upon association with micelles may have significant
physiological relevance.

Over the years, the unique structure-function paradigm
displayed by intrinsically disordered proteins has started to
gain more attention. Despite their lack of a globular structure,
intrinsically disordered proteins play key roles in signal
transduction and other critical cellular processes (59-61).
Biochemical and biophysical characterizations of these
unstructured proteins have revealed that residual structure,
including permanent or transient secondary structural ele-
ments, can be present in these proteins and function as protein
recognition motifs (62). Stabilization of the residual structure
is often coupled with other activities: some unstructured
proteins and peptides become folded upon binding to their
biological targets (60, 63, 64); others are unfolded under
aqueous conditions but fold in the presence of lipids or model
membranes (65-67). Thermodynamically, the induced-

folding process is always accompanied by significant entropy-
enthalpy compensation. It is believed that the physiological
importance of the residual structure is to facilitate molecular
recognition during protein-protein interaction (62), and the
induced folding allows fine control over binding affinity (63).
For TSP9, it is also possible that the micelle-induced folding
controls its functional specificity in the thylakoid membrane.

Position of TSP9 in SDS Micelles.On the basis of NOE
signals between the SDS micelles and TSP9, the spin probe-
induced broadening of NMR signals, and the observed
distribution of backbone dynamics, we have determined
protein-micelle contacts on a per residue basis and further
inferred the positioning of each residue of TSP9 in SDS
micelles. Our NOE observations indicate that the contact
between TSP9 and SDS micelles is extensive, in that both
the structured regions (R1- andR2-helices) and the unstruc-
tured regions (including the three phosphorylation sites) show
intermolecular NOEs with SDS micelles (Figure 4C). In
agreement with this, the addition of paramagnetic probes to
the micelle reduced the intensities of NMR signals from
residues both in structured and unstructured regions of the
protein. As was observed for helical residues 85-99 of
membrane associatedR-synuclein (52), the paramagnetic
effects were progressive. InR1-helix of TSP9, the broadening
decreased in the stretch F14-19 and then increased over
G20-T23. These results suggest that a kink in the helix may
occur at G20 that causes the center of the helix to extend
out of the micelle. TheR2-helix also showed progressive
broadening effects indicating that the N-terminal part is
inserted in the micelle whereas the C-terminal part is
anchored at the surface. To confirm this topology, it would
be useful to have information from side chains as well as
the backbone. For the one residue with side chain information
(W17) the results showed much larger intensity reduction
for the side chain than for the backbone. The N-terminus
(A1-K3) exhibits high sensitivity to micelle-bound spin

FIGURE 6: Backbone15N R1, R2 relaxation parameters and1H-15N NOEs of TSP9 in SDS micelles.
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probes as well as high local mobility, leading to a conclusion
that it may be free to move inside the micelle. On the other
hand, the highly mobile C-terminal D83 is not affected by
the paramagnetic agents, indicating its exposure to the bulk
solvent.

Functional Implications of the Interaction between TSP9
and SDS Micelles.The present study has identified several
structural elements present in TSP9 in SDS micelles. Of
these, the most prominent is theR1-helix. The idea of a
functional role for theR1-helix is reinforced by examination
of the sequence alignment of TSP9 proteins from 44 species
(Supporting Information, Figure S3). Although TSP9 se-
quences from various species are quite divergent, theR1-
helix is one of the most conserved regions in the protein.
When TSP9 was first identified, because it was the only
soluble protein undergoing light-induced phosphorylation in
the thylakoid membrane, it was considered as a candidate
signaling factor for regulating redox-controlled gene expres-
sion (21, 27). However, the structural features of TSP9 do
not resemble those of any identified transcription factor.
Although the protein has a region enriched with basic
residues, this part of the molecule is disordered. Therefore,
we suggest that the physiological function of TSP9 is not
directly related to the regulation of gene expression.

The observation of interactions between the unstructured
regions of TSP9 and SDS micelles suggests that these
disordered regions may play a role in modulating the
membrane association of TSP9. Conceivably, the large
number of lysines in these regions may facilitate the
attachment of TSP9 to the negatively charged membrane.
Furthermore, the three phosphorylation sites (T46, T53, and
T60) are also located in the unstructured region and make
contacts with SDS micelles. Thus, it is reasonable to assume
that phosphorylation of these sites will lower the membrane
association affinity of TSP9. Indeed, it has been shown that
phosphorylation of TSP9 can cause 15% to 25% of the

protein to dissociate from thylakoid membrane (21). Ad-
ditionally, when binding to individual SDS molecules,
significant exchange broadening of NMR signals was
observed for TSP9(T43E+T53E+T60E), but not wild type
TSP9 (data not shown), consistent with the observation that
introduction of negative charges to TSP lowered its mem-
brane association affinity.

Localization of TSP9 in the protein complexes from
thylakoid membrane and analysis of TSP9 cross-linking with
the proteins of spinach thylakoids provide several lines of
experimental evidence for association of TSP9 with LHCII
and its localization at the interface between PSII and LHCII
(Hansson, M., Vener, A.V., Carlberg, I., unpublished data).
The structure of TSP9 is related to its membrane association
and could be important for its interaction with the PSII-
LHCII supercomplex. Thus far, a structure of PSII-LHCII
supercomplex is only available at low resolution (68, 69).
Nevertheless, a few of the minor Lhcb (light harvesting
chlorophylla/b-binding proteins of photosystem II) polypep-
tides, particularly CP29, have been shown to stabilize the
supercomplex of PSII and LHCII (70), probably through
helical contacts (71). In response to light- and redox-regulated
phosphorylation, a fraction of LHCII migrates from PSII to
PSI. The molecular mechanism for this step called the state
transition remains unclear (18). However, the recent structural
and biochemical studies of state transitions in green alga
Chlamydomonas reinhardtiirevealed that multiple dif-
ferential phosphorylation of CP29, the linker protein coupling
LHCII to the PSII core, is an essential part of state transitions
(71-73). In reducing conditions CP29 becomes phospho-
rylated at four distinct residues in its N-terminus and together
with LHCII migrates from PSII to PSI (72, 74). The multiple
light and redox dependent phosphorylation of CP29 is
specific for green alga (74) because in plants CP29 was found
only singly phosphorylated (15). Thus, the multiple light-
dependent phosphorylation of plant-specific TSP9, which is

FIGURE 7: Model for the phosphorylation-modulated reversible membrane association of TSP9. The thylakoid membrane is shown by the
blue rectangle, and the border in dark blue represents the polar groups of the lipids. The multisubunit PSII complex is represented by the
gray (core) and purple blocks, and LHCII is represented by yellow blocks. Phosphorylated threonines are represented by the letter “P” in
a red circle.
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like CP29 localized at the interface between the the PSII
core and LHCII, could be involved in regulation of light
harvesting in plants. Our current study on the structure of
TSP9 in SDS micelles may provide additional insight into
the process of TSP9 binding to the thylakoid membrane.
Because TSP9, as implied by its mapped location in the
thylakoid membrane, may interact with both PSII and LHCII
through its helical structure, it is an intriguing possibility
that the phosphorylation-dependent dissociation of TSP9
from the membrane contributes to the state transitions and
the association of LHCII with the photosystems.

On the basis of our knowledge of the micelle-induced
folding of TSP9 and the close relation between TSP9 and
the PSII-LHCII supercomplex, as well as the assumption
of the phosphorylation-modulated membrane association, we
propose a structural model for the phosphorylation-modulated
association of TSP9 with thylakoid membrane (Figure 7).
In this model, nonphosphorylated TSP9 is anchored to the
membrane through both its structured and unstructured
regions. TheR1-helix, the most notable structural element
in TSP9, is the potential primary functional site of interaction
between TSP9 and the neighboring PSII and LHCII in the
thylakoid membrane. Upon phosphorylation of the three
threonines in the unstructured region of TSP9, the interaction
between TSP9 and the membrane becomes weakened by
electrostatic repulsion. Consequently, a fraction of TSP9
molecules migrate to the aqueous stroma solution. Because
the state transitions occur coincidently, it can be imagined
that the dissociation of TSP9 from the membrane may also
contribute to the disruption of the PSII-LHCII supercom-
plex. In stroma, TSP9 becomes completely unstructured, with
its phosphorylated sites exposed. The phosphate groups of
TSP9 are eventually removed by the phosphatase in solution,
leading to the return of TSP9 to the membrane. This model
presents a novel role for the unstructured segments and their
phosphorylation in regulating the biological function of the
proteins. However, because the relationship between TSP9
and PSII-LHCII supercomplex is not well established, and
the fate of the TSP9 in stroma solution is unknown, our
proposed model requires additional experimental validation.
The proposed structural model of TSP9 can be tested by
further study of the interaction between TSP9 and PSII or
LHCII, as well as by investigating the physiological conse-
quences of TSP9 mutants.
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