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ABSTRACT. PsaE is a small peripheral subunit of
surrounding medium. It plays an essential role in
acceptors of PSI, ferredoxin and flavodoxin. The

photosystem | (PSI) that is very accessible to the
optimizing the interactions with the soluble electron
solution structure of PsaE from the cyanobacterium

Synechocystisp. PCC 6803 has been investigated by NMR with a special emphasis on its protein dynamic
properties. PsaE is characterized by a well-defined central core that consists of a five-sftatded

(+1,+1, +1, —4x). Four loops (designated the-/3, B—

C, C-D, and D-E loops) connect thegestrands,

the overall resulting structure being that of an SH3-like domain. As compared to previously determined
PsaE structures, conformational differences are observed in the first three loops. The flexibility of the
loops was investigated usii§N relaxation experiments. This flexibility is small in amplitude for the

A—B and B-C loops, but is large for the €D loop, particularly in the region corresponding to the
missing sequence dostocsp. PCC 8009. The plasticity of the connecting loops in the free subunit is
compared to that when bound to the PSI and discussed in relation to the insertion process and the function-

(s) of PsaE.

Photosystem | (PSl)s one of the two reaction centers of

the oxygenic photosynthetic apparatus in cyanobacteria,

(4). Many structural and functional studies suggest that Fd
interacts with PSI at a multiple-binding site domain that

green algae, and higher plants. PSI is a membrane-embeddegdrotrudes from the membrane surface and involves the three
protein complex composed of 11 subunits in cyanobacteria stromal subunits PsatPsaE $—9). PsaD and PsaE contain

(2), its main function being that of a light-driven oxidoreduc-
tase. Following photon absorption, a series of fast electron
transfer reactions occurs in the core of PBI This complex
process catalyzes the global reduction of ferredoxin (Fd) (or
flavodoxin) and oxidation of plastocyanin (or cytochrome
Cs) (3), using energy from light to drive a reaction that is

no cofactors. PsaC bears two 4HS centers (Fand k),

the terminal electron acceptors of PSI which transfer the
electron to Fd. Two of these subunits, PsaC and PsaE, are
mainly responsible for the high-affinity binding of FAQ

11), while PsaD seems to provide a complex electrostatic
network to facilitate the approach of the Ftl2¢14). A

energetically unfavorable. Reduced Fd then shuttles electrongnodel for the structural arrangement of these subunits, which
between PSI and many key enzymes in cellular metabolismwas first deduced from electron microsco@, fvas recently

T The 800 MHz spectrometer was purchased with the financial help
of the Conseil Regional d’lle de France and of the Association pour la
recherche contre le Cancer.

improved by X-ray crystallography studies of PSI from the
cyanobacteriunsynechococcus elongat{i, 16). The most
recent refinements of this model provide a precise description

#The coordinates of the structure of S 6803 PsaE are available asOf the position, orientation, and numerous contacts of these

PDB entry 1gxi.
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Purcel-Meiboom-Gill; CSA, chemical shift anisotropy; DSS, 2,2-
dimethyl-2-silapentane-5-sulfonic acid; DTT, dithiothreitol; EDTA,
ethylenediamidetetraacetic acid; Fd, ferredoxin; FID, free induction
decay; GSH, reduced glutathione; GST, glutathidghgansferase;
HMQC, heteronuclear multiple-quantum coherence; HSQC, hetero-
nuclear single-quantum coherence; IPTG, isopropyl thiogalactopyra-
noside; LB, Luria-Bertani; MD, molecular dynamics; N 8008stoc
sp. PCC 8009; NMR, nuclear magnetic resonance; NOE, nuclear
Overhauser effect; OD, optical density; PCR, polymerase chain reaction;
PsaX, polypeptide X of photosystem I; PSI, photosystem I; rmsd, root-
mean-square deviatioRy(N,), longitudinal®>N relaxation rate constant;
Ru(Nyy), transversé®N relaxation rate constan®(HN <= N,), cross-
relaxation rate between amide proton and nitrogen; S 6838
echocystisp. PCC 6803; S 7008ynechococcusp. PCC 7002; TFA,
trifluoroacetic acid; TOCSY, total correlated spectroscopy; WT, wild
type.
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subunits. However, little is known about the assembly of
these peripheral polypeptides, the factors controlling the
topological constraints required for efficient electron transfer
and the fine-tuning of Fd binding. Interestingly, mutated PSI
lacking either PsaD or PsaE can be reconstituted in vitro
with the isolate subunit from several speci#g{19). Using

a PsaE-less mutant &ynechocystisp. 6803, it was shown
the reconstitution resulted in a fully functional system in
terms of Fd interaction and reductioh4j. These results
suggest that enough intrinsic structural information is present
in the isolated polypeptides for their correct assembly in the
PSI complex.

In cyanobacteria, PsaE is a small (8 kDa), slightly basic,
and highly conserved protein. Three-dimensional (3D) solu-
tion structures have been determined by NMR for two PsaE
polypeptides fromSynechococcusp. 7002 (S 7002)20)
andNostocsp. 8009 (N 8009)31). A five-stranded3-sheet
(namedBA—pE), similar to an SH3 domair2(), was found
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Ficure 1: 1H—1N HSQC spectrum of°N-labeled S 6803 PsaE. The assignments are indicated.

as a common, well-defined structural motif. The general of S 7002 and N 8009 PsaE is observed and confirms the
features of the intervening loops are also conserved, with SH3-like fold. However, conformational variations were
the third one, betweeft-strands C and D, being either short found in the connecting AB, B—C, and C-D loops. As

(11 amino acids) or long (18 amino acids) depending on the already observed for S 7002 and N 8009 PsaE, the atomic
species, thus defining two main families of PsaE (Figure 2b). resolution of these three loops is significantly lower than in
From the X-ray datal(5, 16), this loop seems to be of special the protein core. We thus investigated the dynamic behavior
importance for the interaction with the core of PSI. Both N- of the protein backbone in S 6803 PsaE usfingrelaxation

and C-terminal ends of the protein are located close to oneexperiments to discriminate between a real flexibility of these
another in the structure, a feature also predicted for spinachloops and an insufficient number of experimental constraints.
PsaE based on immunochemical experime2®. (n addi- The flexibility of the various backbone regions of PsaE is
tion, the common acidic C-terminus contains sgI3elical compared to similar data obtained with few SH3 domains.
turn, most often followed by a short sequence that is rich in A potential general role for flexibility in protein recognition
Ala, Pro, and Lys. The PsaE subunit from S 7002 is in the mediated by these domains is highlighted. Finally, the
“long third loop” family and has no extra C-terminal functional implications of PsaE backbone plasticity are
sequence. In contrast, the PsaE from N 8009 is the “shortdiscussed specifically in the context of the Fd binding site
third loop” type but has an extra sequence of eight amino in PSI.

acids, including four lysines, at the C-terminus. In this

respect, PsaE from S 6803 appears to be like a chimericEXPEFu'vIENTAL PROCEDURES
protein, with a long C-D loop and a short C-terminal extra Overexpression and Purification of Wild Type (WT) PsaE.
sequence that includes a single lysine. Several mutants of SThe DNA sequence encoding WT PsaE was cloned into a
6803 PsakE that exhibit considerable modifications in ferre- pET15b plasmid (gift from U. Mhlenoff). For overexpres-
doxin binding have been describetll( 23). The structural sion, this plasmid was transformed inEscherichia coli
consequences of these mutations have yet to be studied. W8L21 (DE3)plysS. Labeling experiments were conducted in
report here detailed NMR structural analysis of S 6803 PsaEM9 minimal medium 24) with [*>NJammonium sulfate

in solution, with a special emphasis on its backbone dynamic (ISOTEC Inc., Matheson Co., Miamisburg, OH) and 10 mM
properties. A strong structural homology with the structures glucose. A small liquid culture in LB medium, made with
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56803 ALNRGOKVRIKRTESYWYGOVGTVASVEK SGILYH DRVNYNGFSGSASG RAENELELVQAAAK
87009 -IE--§--KL-K------q-----4 ID- ---I-4 NE-===-===a== G-L-}--- --H---V-G

S.elong MVQ--9--K-L-P----- NH------ -DQTP-VK-----|-- R---T-Y¥-ooconuooloo -LH-VQH-APPK-GK
S8009 MVQ--§--RHL-P----FQ------- -DQ ---K-- EK--- —eTef-- - -D-|-VE-E-PKAKPKK

FIGURE 2: (a) Ho. chemical shift index of S 6803 Psa®)(at pH 5.2 at 20°C. For comparison, values ofcHchemical shifts of the
previously determined PsaE structures are also reported [S )@ ¢ N 8009 M)]. The positions of the fivg-strands are indicated with
boxes at the top. (b) Sequence comparison of the PsaE proteins from S 7002, S 6803, N 8@0&lamghtusResidues identical to that
of S 6803 PsaE are indicated with a dash. The fivetrands are in boxes.

freshly plated transformed cells, was grown up to an OD of against water before lyophilization. The lyophilized PsaE was
2 and inoculated at a dilution of 1/500 in a large volume of dissolved in 60 mM phosphate buffer (pH 5.2) containing
15N-labeled M9 medium (%2 L). Incubation was carried 10% DO and 100% BRO for H,O and DO spectra,

out overnight at 28C; when the OD at 580 nm reached respectively. The PsaE subunit frdBynechocysti§ 6803
1.5-2, induction was initiated by adding 0.5 mM isopropyl has a tendency to aggregate at a concentration higher than 1
p-p-thiogalactoside and the culture kept at A8 for 6 h. mM. The NMR sample was thus prepared at a concentration
Harvested cells were resuspended in Tris-HCI buffer [50 mM of 0.5 mM. At this concentration, the protein is momomeric
Tris-HCI (pH 8.5), 0.1 M NaCl, 1 mM EDTA, 5 mM MgG) as shown by exclusion chromatography (data not shown).
and 0.1% mercaptoethanol] and broken in the presence of Overexpression and Purification of PsaE R39e PsaE
protease inhibitors (1 mM phenylmethanesulfonyl fluoride, gene was PCR mutated (R39Q) and fused to the gene

1 mM ber:lzgmidine, aznd l(jlrrl\é—aminonécaproic a(éd)li | encoding glutathion&transferaseb) using the pGex-kT
using a cell disrupter (Z model, Constant Systems). Cellular plasmid from Pharmacia. The thrombin site generated for

debris was sedimented at .9@. r 1.0 min at 4.°C’ and_ the ... the cleavage of the chimeric protein added an extra dipeptide
whole cell extract was precipitated in a stepwise fashion with (GS) at the N-terminus of PsaE. An overnight cultureEof

. o . .
ammonium squate_ (20, 35, ‘.12’ and_7.5A) :_saturatlon). The IaStcoIi BL21 cells transformed with the resulting plasmid was
precipitate containing PsaE is solubilized in denaturing buffer inoculated i 1 L of M9 medium. After incubation at 37C

[50 mM Tris (pH 8.5), 1 MM EDTA, 0.1 mM DTT, and 6 f . .
o . . : or 4 h, IPTG (0.5 mM) was added to induce the expression
M urea]. The solution is then dialyzed rapidly(2 h) against of the GST-PsaE chimera and the culture incubated for 3 h

renaturing buffer 20 mM Tris (pH 8)]. This procedure o ) .
allowed a fraction of the high-molecular weight contaminants at 22°C. Cell lysis Was_performeq using the PsaE WT
protocol. The soluble lysis extract is purified by one-step

to precipitate. The dialysis supernatant is injected onto an" - .
; : affinity chromatography on a glutathione (GSH) column. The
anion exchange column (DES2, Whatmann) which does nOtchimera is eluted with reduced GSH. The chimeric protein

retain PsaE and allows a fast separation of most remaining . .
contaminants, including nucleic acids. The excluded fraction was protgolyzed by thrombin fd. h 'at 10 C.’ and the GST
was retained on the same glutathione affinity column. In a

is precipitated at 75% ammonium sulfate saturation, and the .
precipitate is solubilized in denaturing buffer [L00 mM Tris 1nal step, thrombin and R39Q PsaE are separated by reverse

(pH 8.5), 1 mM EDTA, 0.5 mM DTT, ad 1 M urea] to phase chromatogra_lphy as previp_usly described for WT PsaE.
minimize the oligomerization of PsaE. This solution is loaded '€ mutated protein was solubilized under the same condi-
on a gel filtration column (Superdex 75, Pharmacia). PsaE ions as the WT protein.

is precipitated at 80% acetone or 75% ammonium sulfate NMR Spectroscopy for Structural DeterminatiddMR
saturation and resolubilized with a small volume of 6 M experiments were carried out on Bruker DRX spectrometers
guanidine chloride. This sample is further loaded onto a C18 operating at 500, 600, and 800 MHz and equipped with 5
reverse phase column equilibrated wittHand 0.1% TFA mm triple-resonance gradient probes with actively shielded
and eluted with a gradient of acetonitril22j. The fraction three-axis gradients. All experiments were performed at 293
containing pure PsakE is then extensively dialyzed overnight K and pH 5.3.
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Standard experiments were recorded to assigtatind misassignment, the remaining cross-peaks were assigned in
15N resonances (HSQC, HMQC-COSY, TOCSY, NOESY, the first step of the procedure using a low chemical shift
and NOESY-HSQC). Quadrature detection was achieved bytolerance (0.01 ppm) and a short distance cutoff. As the

either the TPPI or the TPPIStates method 2¢). N iteration procedure progressed, the values used for these
decoupling during acquisition was performed using a GARP parameters were progressively set to the standard vaQes (
sequence 7). Mixing times for NOESY and TOCSY Finally, 200 structures were calculated. A restrained

experiments were 100 and 80 ms, respectively. For thesemolecular dynamic at 600 K, a slow cooling, and a
two-dimensional (2D) experiments, the number of scans wasminimization were carried out with a standard energy
between 120 and 160 and the number of points was 2048 infunction [file topallh22x.pro and parallh22x.pro in X-PLOR
the direct dimension; 450 increments were used in the 3.1 (33), comprising an electrostatic term]. The 14 best
indirect dimension for homonuclear experiments. The recy- structures were selected to be analyzed. As shown i82ef
cling delay was 1 s. Both HSQC and HMQC-COSY this final set of structures should not be affected by the use
experiments were carried out at 600 MHz with 200 incre- of a model structure instead of a linear one as a starting point
ments in the indirect dimension and spectral widths of 3 and of the procedure.

2.4 kHz in thetH and*®N dimensions, respectively. The 3D Backbone!®>N Relaxation Measurement$he pulse se-
H—1N NOESY-HSQC spectrum was recorded at 600 MHz quences used to determithl Ry(N,), >N Ry(Nyy), and*H—

with 142 experiments and a spectral width of 7.2 kHz in the 15N NOEs were based on those previously descrit8l (
indirect *H dimension, 64 increments and a spectral width with minor modifications. All experiments were recorded
of 2.4 kHz in theN indirect dimension, and 512 points for  with the 15N sweep width set to 2430 Hz fdRy(N,) and

the directH dimension and a spectral width of 3 kHz. Thirty-  Ry(Nyy) and to 2030 Hz for the heteronucléat—°N NOEs

two scans were acquired per free induction decay. The and the'H sweep width to 3000 Hz with the carrier set at
mixing time was 100 ms. The 3tH—°N HNHA experiment the middle of the amide proton resonances. Each 2D data
(28) was performed with 100 increments and a spectral width set consisted of 1024 complex data pointstinand 60

of 6 kHz in the indirectH dimension, 60 increments and a complex points int; for Ry(N;) and Ry(Nx,) and and 200
spectral width of 2 kHz in thé>N indirect dimension, and  complex points int; for the heteronucleatH—15N NOEs.
2048 points in the direéH dimension with a spectral width  Twenty-four scans were acquired per free induction decay,
of 2 kHz. except for the NOE measurements, which used 352 scans

All spectra were processed with XWINNMR (Bruker). The due to the lack of an initial polarization transfer. A watergate
superposition of 3D slices necessary for the assignment ofon resonance sequence was used just prior to acquisition to
resonances was performed using TRIAD (TRIPOS). suppress the solvent resonandé)(

Experimental RestraintsThe protor-proton distance For the heteronucledH—'N NOEs, a carefully optimized
restraints were deduced from the analysis of the NOESY- water flip-back pulse was added before the last protch 90
HSQC spectrum obtained at 600 MHz and the homonuclearpulse in the experiment without saturatio®6). The two
NOESY spectra obtained at 800 MHz in®and DO. The experiments with and without proton saturation were carried
volumes of the NOESY cross-peaks were integrated and thenout in an interleaved manner, FID by FID. A relaxation delay
classified in several categories: very strong, strong, low of 10 s was used before the FID of the experiment without
strong, medium, low medium, weak, and very weak, for saturation. The power used for proton saturation was
which the corresponding distances were set to 2, 2.5, 2.7, 3,0ptimized in a one-dimensional (1D) experiment to minimize
3.5, 4, and 5 A, respectively. The error for these distances sample heating. A GARP sequence with proton pulses at a
value was set tat0.125° (29). When comparison of the  power of~1 W applied durig 4 s was sufficient to reach
distance deduced from peaks found on both sides of thethe 'H—1°N heteronuclear NOE steady state.
diagonal and in both experiments (or both solvents) showed For the other experiments, a recycle deldy4os was
an error larger than 25%, an error equal to twice the root- employed.Ry(N,) values were obtained at 600 MHz with
mean-square deviation was usé&d)( 12 delays of 12, 58, 96, 156, 180, 300, 396, 480, 540, 696,

The values of] coupling were obtained from the HNHA 1020, and 2004 msRy(Ny,) values were obtained at 600
3D experiment 28). ¢ angle restraints were derived from MHz with 10 delays of 8, 24, 64, 80, 144, 200, 280, 400,
the Jun—na coupling value on the basis of the empirical 496, and 640 ms. In all these experiments, the points

Karplus relation 81); they were set te-70 + 40° for Jyn—Ha corresponding to different relaxation delays were acquired
values lower than 6 Hz and t6120+ 40° for Jyn—pa Values in an interleaved manner to avoid any bias that could arise
higher than 8 Hz. from long-term instabilities.

Structure CalculationA semiautomated iterative assign- Data Processing and Determination of Relaxation Rates.

ment procedure was used to assign the NOE cross-peaks anbllIMR spectra were processed using GIRBK)( A pure cosine
built the 3D structure simultaneously. This procedure is bell and a pure squared cosine bell were applied atpng
described in detail in re32. Since the'H and**N chemical andty, respectively. The data were zero filled to 1024 points
shift assignments of S 6803 PsaE and S 7002 PsaE are similaalong t; and to 2048 points alongd, prior to Fourier
(see the Results), a predicted 3D structure of S 6803 PsaRransformation. Finally, a baseline correction was applied in
was first built by homology modeling on the basis of the both dimensions using the corresponding GIFA baseline
solution structure of S 7002 PsaH)j. A first set of NOESY routine 38). Cross-peak intensities were determined from
cross-peaks was assigned manually (80%). The assignmenpeak heights using the GIFA peak-picking routine. Relax-
of the remaining NOESY cross-peaks was carried out using ation rate determination and error estimation were performed
the semiautomated procedure on the basis of the protonas previously describe®9, 40). The fitting to a monoex-
chemical shift list and the predicted model. To avoid ponential decay was achieved using the nonlinear Leven-
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burg—Marquardt minimization algorithm4() implemented

. . . - Table 1: Experimental Restraints and Structural Statstics
in MATLAB. All the fitting procedures were written using

no. of experimental distance restraints

this software. The quality of the fits and error estimations ", .., 1119
were obtained using established Monte Carlo procedures, manually assigned 892
with an experimental Gaussian error set to 5% of the automatically assigned 157
experimental intensities and using a set of 500 synthetic data ambiguous constraints 70
rmsd from distance restraints, distances (A) (08.002

for eac.h N-H vector. NOI_E enhgncements were obtained 8S | 11od from distance restraints. dihedrals (deg) pa7
the ratio of the pe_ak heights in thg spectra reco_rded With no. of violation distance restraints higher than 0.75 A 0
and without saturation of protons during the relaxation delay. no. of violation dihedral restraints higher tharf11 0

The uncertainties of these NOEs were the sum of the rmsd from ideal values

uncertainties of the peak intensities in each experiment. The gggfjess(é)e 9 Oéoalt% 87'0004
rate of cross relaxation between the amide proton and impropers (deg) 2304
nitrogenRy(HN < N,) was then calculated according to the energy (kcal/mol)
following expression: bonds 59+ 40
angles 221 130
N, Vdwp 10+ 2
NOE = 1+EM 1 NOE° 137+ 14
- y Ry(N,) (1) electrostatic —1025+ 24
N Ramachandran analysis (%)
. . . residues in the most favored region 58
Spectral Density Calculatiorspectral densitie3(w) were residues in additional allowed regions 37.8
calculated using the reduced matrix approach proposed by residues in generously allowed regions 3.7
Peng and Wagne#@—46). This approach makes possible  residues in disallowed regions 0.5
; e - quality index, %, 95.8
the calculation of the spectral densities at frequencies 0 and . J i Jie precision (A)
wn and the evaluation of a spectral dendiljwy)Cat high rmsd on backbone atoms H30.9
frequencyL)(ww)Us close ta(wy + n) or J(0.85vw) (47— a All values are averaged on the 14 X-PLOR structubékhe van
50). der Waals energy is calculated with a repel function and the parallhpg

Lipari and Szabo AnalysisThe model-free approach parameters The values of the square-well NOE are calculated with
proposed by Lipari and Szabb 52) and its subsequently  force constants of 50 kcal mdlA~2. ¢ Calculated with Procheck-nmr
extended version proposed by Clore et &3, (54) were (76).
applied. The expression of the spectral density corresponding
to the initial model of Lipari and Szabo containing two Table 2: Parameters of the Various Lipari and Szabo Models Used

correlation times is given by To Fit the Experimental NMR Relaxation Parameters
model optimized parameters fixed parameters
2 SZTR (€ SZ)Ti 1 1,1 1 & TR, Ti
Jw) =I5 >+ ,2,;—1—4‘; ) 2 F "
1+ (wtg)” 1+ (w7)| T R T 3 2R, TR T
. . . . . . 4 &, 7i, Rex TR
wherert; is the effective correlation time for internal motions. 5 S2,S2 16 TR, Tt

The expression for the spectral density function in the
extended version of the model is the sum of three Lorentziansconformational exchange t&®y(Ny,), by the fit of an

and is given by additional termRe,. For each residue, the different models
92 9 ., o, were tested according to the increasing number of adjustable
() = 2 (§S) + S-Sz i (1-8)7 parameters (from model 1 to model 5, Table 2). A grid search
1 + (01R)? 1+ (wr)’ 1+ (07)? determination of the initial values for the adjustable param-

eters was followed by the fitting procedure itself. The validity

(3a) of the fit was checked according to the statistical criteria
with Kext < x29sm (S€e below). The simplest model leading to a
satisfactory fit was retained, and models including a higher

1_1 i 1 andl _1 n 1 (3b) number of adjustable parameters were not considered.

T, Tp s T TR T Quality of the Fits and Ekaluation of Uncertainties.

Motion parameters were optimized for each residue for which
The first term of the equation is related to the slowest the data could be collected from nonlinear least-squares
motion and is weighted by the square of a generalized orderminimization of the error functionyex:
parameter for internal motior® (=52S?), whereS? and

S2 provide a model-independent measurement of the spatial  ,  [Ru(Nyy)caic = Ru(Nyyexo|? n

restriction of all fast and slow time scale internal motions, Zexp — 5RN(ny)

respectively.§2 and S? are associated with two effective _ ur _ )

correlation timesz; andzs, respectively. Ru(NDcaic = Ru(Nexp n NOE, . — NOE, @)
In eqs 2 and 3, the highest correlation tinmg was ORy(N,) ONOE

considered as the overall tumbling correlation timeand

was estimated from the ratR\(Ny,)/Rv(N,) averaged over  where 6(X) [X being Ry(Nyy), Ru(Nz), or NOE] is the

the residues located in the most structured segments of theestimated experimental error of the relaxation parameters.
protein 65). Some models include the contribution of slow The subscripts exp and calc refer to experimental and back-
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calculated relaxation parameters, respectively. Initial values
for parameters were obtained from a grid search minimiza- ()
tion. The quality of the fits and the uncertainties were
obtained from statistical analysi8€9, 40). Five hundred
simulated data sets were selected from a Gaussian noise
distribution centered on the relaxation rates back-calculated
from the optimized parameters and corresponding to the
previously estimated errors in experimerRa(N,,), Ru(N,),

and NOEs. A model was considered satisfactory if the
optimizedyexs’ lay within the 95% confidence limit obtained
from the 500 Monte Carlo simulations, i.e. i < x50

The uncertainties in the values of the model-free parameters
were the standard deviation of the simulated parameters.

(b)

BC loop

Ficure 3: Structure of S 6803 PsaE. (a) Backbone superposition
of the final 14 structures calculated as described in Experimental
Procedures. The backbone heavy atoms offtiserand were used
RESULTS for the alignment. (b) Ribbon representation of the representative
structure of S 6803 PsaE, the closest structure to the mean structure.
Assignment of Resonanc&be assignment of the chemical The positions of the loops are indicated.

shifts of all protons of the S 6803 PsaE was performed using

the standard sequential protocol using the 2D and 3D homo-the backbone atoms (COgpCand N) of the 14 best structures
and heteronuclear spect&6]. All *H and*>N chemical shift is shown in Figure 3a. The secondary structural elements
assignments are available as Supporting Information. Figureare characterized by a well-defined backbone with an rmsd
1 shows an assignéfN HSQC spectrum. This spectrum is  value around the mean coordinate position equal to 8:48
comparable to that of the two previously resolved PsaE 0.10 A. The definition of the connecting loops is variable.
proteins, S 7002 PsaE and N 8009 PsaE. Figure 2a showsThe A—B loop which connects strand$, and fg is of

the Ho chemical shift indexes for S 6803, S 7002, and N medium resolution (rmse- 1.18+ 0.9 A). The B-C loop
8009 PsaE. The values are very similar for the three proteinspresents a similar resolution (rmsel 0.96 + 0.5 A). The

(A6 < 0.1 ppm), and this agrees with their high level of C—D loop, which is the largest (17 residues), is poorly
sequence identity (Figure 2b). This observation suggests thatdefined. Residues 481 exhibit an rmsd value larger than
the 3D structures of the three proteins are likely to be very 3 A. This is correlated with the low number of NOE restraints
similar. in this segment of the protein. The-E loop is short and

From the HSQC spectrum (Figure 1)’ several residues of well-defined (rde: 0.62+ 0.3 A) On the basis of SpeCifiC
S 6803 PsaE display two sets of NMR resonances with NOE contacts andp and y values, thregs-turns were
unequal (major and minor form) intensities. These residues identified: Ns—Ds, W17—Dzo (type Il f-turn), and $s—Kae
are mostly located in the region spanning residuess®  (type I 5-turn). The D-E loop forms a type Il 3/10-helical
and also include RGS, Y161 W17, and T23_ Doub”ng peaks turn from residue 5 to E65, inCIuding one hydrogen bond
were also reported previously for the N- and C-terminal between the amide proton ofgband the carbonyl of 4.
residues of N 8009 PsaE and were attributed to an incomp|eteThirteen residues are buried (relative accessible surface area
release of the N-terminal methionine and to the-¢tians ~ ©f <15%) Among these residues, two are polag fDd Se)
isomerization of the A78P71 linkage, respectively2(). and seven (¥, lio, Vs, Vs, Fao, Feo, and Les) constitute the
These explanations are not likely for S 6803 PsaE since themain hydrophobic core, surrounded by a limited hydrophobic
complete release of the N-terminal methionine was confirmed cluster (Lo, Vzs, and \o7,).
by mass spectroscopy (data not shown) and since no proline Structural Comparison of S 6803 PsaE with Other PsaE
residue is found close to any exchanging residues. TheStructures.Figure 4 shows the superposition of the mean
molecular basis of the conformation exchange observed instructures of S 6803 and of the two previously determined
S 6803 PsaE seems more likely to be due to the presence oPsaE structures, S 7002 and N 8009 PsaE (entries 1PSE and
two conformations in slow exchange (slower than the 1QP3, respectively). The secondary structural elements of
millisecond time scale) involving the rearrangement of S 6803 PsaE can be superimposed with those of S 7002 and
aromatic ring residues W17 and F40. The structure deter-N 8009 PsaE, with rmsds of 0.93 and 0.85 A, respectively.
mination and the dynamic study were performed on the major However, some significant variations are observed in the
form of the protein. loops connecting these secondary structural elements.

Conformational Constraints and Structural Determination. ~ The position of the A-B loop is relatively remote from
The assignment of the NOE constraints from S 6803 PsaEthe protein core in the structure of S 6803 as compared to
was performed using a combination of manual and semiau-the two other structures (rmsds of 2.28 and 1.95 A with S
tomated iterative assignment procedures (see Experimental002 and N 8009, respectively). Its position is mostly
Procedures). The summary of the constraints used for theinfluenced by contacts between the;Mside chain and
structure calculation together with statistical details of the residues located in the-€D loop and with ko located in
14 best structures is reported in Table 1. Figure 3b shows athe hydrophobic core. The proximity between some CH
ribbon representation of the mean structure of S 6803 PsaE groups observed in the previously determined PsaE structures

This solution structure comprises a five-stran@esheet 1, is not observed in the case of S 6803 PsaE. For example,
+1, +1, —4x) (57) with four connecting loops. The five  contacts between Wand V.3 observed in S 7002 PsaE and
strands are composed of residueslD (Ba), 21—26 ((s), between W; and Vs or Y6 and Y5 observed in the case of

36—39 (Bc), 5760 (Bp), and 65-67 (Be). Superposition of N 8009 PsaE are not present in our homonuclear NOESY
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as a function of the protein sequence. As expected, the
spectral density obtained for each residue decreases mono-
tonically as a function of the frequency. Four residues (9,
10, 40, and 61) show large values J§0) compared to the
other residues, most probably reflecting the presence of
conformational exchange on the microsecond to millisecond
time range for these residues. The general shapéwy) is

flat along the protein sequence, with a mean value of 0.298
=+ 0.04 ns. This value of the spectral density function reflects
the fraction of energy used by motions occurring in the
nanosecond range mainly due to the overall tumbling of the
molecule. In contrast, significant variations[dfwy)Calong

the sequence are observed, allowing the description of three
distinct behaviors. (i) In regions corresponding to the well-
definedS-sheets and the adjacent regions, i.e., the Ny,
segment, including the thrgkstrands3a— ¢ together with

the Vss—Qg9 Segment, includingp andfe, the mean value

of (wy)Ois 0.0052 &+ 0.0024 ns. (i) In the regions
corresponding to the loop betwegp andfp and the Ng—

FiGURE4: Superposition of the representative structures of S 6803 Gs4 segment, values dB(wy,)Liare S':qulcantly. higher with
PsaE in gray, S 7002 PsaE (PDB entry 1PSF) in magenta, and N& Mean value of 0.014 0.003 ns. (iii) For residues located
8009 PsaE (PDB entry 1QP2) in green. The backbone heavy atomsat the N- and C-termini of the protein (residues and
of the B-strand were used for the alignment. residues A, and Kzs, respectively), higher values @¥(ww)C
are also observed, with a mean value of 0.616.003 ns.

spectra obtained at 800 MHz. These missing NOE constraints Model-Free AnalysisThe overall tumbling correlation
may be due either to a significant distance increase betweenime 7z was estimated on the basis of the average value of
the corresponding residues or to the decrease of the signalthe Ry(Nx,)/Ru(N,) ratio. Residues showingd—!N hetero-
to-noise ratio resulting from the presence of two sets of peaksnuclear NOE values lower than 0.75 were not considered
for Wiz and Ro. since internal motions significantly contribute to their

Some minor variations in the conformation of the-8 relaxation data. Conversely, residues showing high values
loop are also observed between the structure of S 6803 Psabf Ry(Nyy), thus including a significant contribution of
and those of S 7002 and N 8009 PsaE, particularly for conformational exchange, were also discarded for the
residues &—Kyg. The conformation of this region is largely  calculation of the overall tumbling correlation timg. A
influenced by two sets of long-range NOE constraints. A value of 6.0 ns was obtained and was used to extract the
first set of constraints between hydrophobic residugsaxd Lipari and Szabo parameters. This value is consistent with
137 (N-terminus off5ic) and polar residues A S, Ezs, Ko, an 8 kDa monomeric protein at 293 K.
and G; (C-terminus offg and the B-C loop) tends to The experimental data were fitted using various models
maintain the B-C loop in a closed conformation, as also differing in the number of adjustable parameters they contain.
observed for S 7002 and N 8009 PsaE. A second set includesThe characteristics of these models are reported in Table 2.
several NOEs between ¥ and residues located in the Briefly, models -4 are based on the simplest version of
N-terminal tail (Lo, N3, and R). This second set of NOEs is  the Lipari and Szabo approach (equation 2 in Experimental
compatible with the formation of a hydrophobic clustes, (L Procedures), and models 3 and 4 include a term of confor-
V24, and \47) that tends to open the conformation of the 8 mational exchangBey. Model 5 corresponds to the extended
loop. Among these residues, bnd V,7 are not conserved  version of the model (eq 3 in Experimental Procedures) and
(Figure 2b). These sequence variations could explain thetakes into account a fast and a slow internal motion. This
differences observed in the conformation of the ® loop latter model is appropriate for residues showing high internal
between the structure of S 6803 PsaE and those of S 700Zexibility.
and N 8009. The conformation of the CD loop varies  Values of the order paramet§t; of the internal correlation
significantly from one structure to another. The number of time 7;, and of the exchange terR. obtained for S 6803
constraints per residue in this region is very low, and the PsaE are plotted on a per residue basis in Figureetc
high rmsd between the 14 structures of the model suggestsespectively. Residues located in the fisheets fa—fSe)
that this loop is highly flexible. Finally, the BE loops from exhibit high values of? (0.79+ 0.05) and low values of;
the three structures are superimposable. (0.042+ 0.005 ns) as expected for residues located in a well-

Backbone Dynamics. NMR Relaxation Parameters and defined tertiary structure. Values of conformational exchange
Spectral Densitiesd/Ve determined th&y(N,), Ru(Nyy), and are also low for these residues except in some cases (9, 10,
IH—15N heteronuclear NOE relaxation parameters of 60 of 40, and 61). This is fully consistent with the low atomic rmsd
the 73 amide nitrogen nuclei of the protein at 600 MHz (data (~1 A) obtained in this region (Figure 6b).
not shown). Following the reduced density matrix formalism  The loops and turns that join the fiyé-sheets show
(42—46), three values of the spectral density function have various behaviors. The AB loop appears to be quite rigid
been derived from the relaxation parametedf), J(wn), with motion parameter values similar to those observed in
and J(wn)0) where J(wy)Uis close toJ(wy + wn) O regularf-sheets except for one residugs,$hat exhibits an
J(0.85wy) (47—50). These values are reported in Figure 5 & value of 0.6. Unfortunately, it was not possible to




NMR Structure and Backbone Dynamics of PsaE Biochemistry, Vol. 41, No. 47, 20023909

[ || | N B

a 10
8 3
®
5 6
3 ¢
= 3
S or |' y e % o Seht =,
2__0“_'_%& ol a’ g
7‘ (.
0 |
0 10 20 30 40 50 60 70
b 0,45
0,40 ; 1
by Py
S S e
0,30 E—E—i T%—&r ? E%
0,25 + ¥ L J ﬂ* ﬁi ? ®
= e IR { ®
o 0,20 ]
g 0,15
2 0,10
= 0,05
0,00
0 10 20 30 40 50 60 70
c 0,030
0,025 3
0,020
% .
0015 3 ﬁ 7
s 0,010 ¢ ' + 56_
e & st
& oo i '
S .0,005
-0,010
0 10 20 30 40 50 60 70

résidue
Ficure 5: Values of the spectral density function (in nanoseconds per radian) determined for S 6803 PsaE at pH 5°Zd&nuh2&N
relaxation data acquired at 600 MHz as a function of the protein sequence: (a) at zero frequency, including the contribution of conformational
exchange, (b) at a frequency @f, (60 MHz), and (c) at a frequency of 0.85 (522 MHz). Bars represent the experimental error. Boxes
at the top delineate the fiyg-strands.

determine the relaxation data forsBnd B4 due to resonance  segment located in the sequence missing from all eukaryotes
overlaps. Nevertheless, the relatively large atomic rmsd and some prokaryotesl,(21) appears to be remarkably
observed in this region (1.2 A for residues119; see Figure  flexible, with a meart? value of 0.54+ 0.06 and an internal

6b) may not be entirely explained by the presence of local correlation time of 0.75+ 0.3 ns. This high internal
conformational flexibility around residue;$S The structure  flexibility is consistent with the near-zero chemical shift
in this region is mainly influenced by long-range NOEs with index values of these residues (Figure 2a) and explains the
the aromatic protons ofssand W7, and both residues show  low number of NOEs per residue and the high atomic rmsd
two sets of resonances. Some critical NOEs defining the (~4 A) in this loop. On the contrary, the motion parameters
major conformation of the protein may not have been for the D—E loop correspond to highly immobilized residues
detected due to the low signal-to-noise ratio for these (8 = 0.89 &+ 0.02), consistent with the good structural
residues, accounting also for the lower local resolution resolution in this region. Finally, residues located at the N-
(Figure 6a). The B C loop exhibits intermediate values of and C-termini (residues 2 and residues 72 and 73, respec-
< (0.71+ 0.07), showing the presence of a significant but tively) are highly flexible & = 0.37 4 0.18).

limited flexibility. These results are consistent with the

intermediate atomic rmsd found in this regior1( A). In DISCUSSION
contrast, the €D loop exhibits significantly low values of The structure and dynamic properties of S 6803 PsaE in
S (0.65 & 0.1) together with high values of the internal solution have been investigated in this work. The structure
correlation time (0.63t 0.4 ns). In particular, the 5—Ss3 is very similar to that already determined by NMR spec-
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Ficure 6: (a) Distribution of'H—H NOEs used as restraints in the calculation of S 6803 PsaE structure: black, intraresidue NOE; light
gray, sequential NOE; dark gray, medium-range NOK(2 — j| < 4); and white, long-range NOBHi(— j| < 5). (b) Average rmsd for

the backbone heavy atoms of the 14 structuresejcModel-free parameters derived frofiN relaxation measurements obtained for S
6803 PsaE at pH 5.2 and 2C as a function of the protein sequence. The overall tumbling correlationztimes fixed at 6 ns/rad for

all residues. Bars represent the standard deviation of simulated parameters: (c) generalized order [@rahetanrrelation timer;
corresponding to internal motions, and (e) contribution of the conformational exchange pardRggter the 15N transverse relaxation.
Boxes at the top delineate tiflestrands.

troscopy of PsaE from the two other speci2§, 21). The in the entire loop also results from an insufficiently low
overall topology of the protein is conserved, particularly the number of constraints due to the presence of two conforma-
well-defined fiveg-strand motif. Conformational variations  tions, especially for W, (see the Results). The-BC loop
were found in the connecting loops{A, B—C, and C-D). also exhibits a moderate internal flexibility, in full agreement
As already observed for PsaE from S 7002 and N 8009, thewith the resolution of the structure in this region. On the
atomic resolution of these three loops is significantly lower other hand, the €D loop clearly appears to be highly
than in the protein core. We investigated the dynamic flexible, particularly in the region of seven amino acids that
behavior of the S 6803 PsaE backbone udhhgrelaxation is missing in the PsaE polypeptides from some species (i.e.,
experiments to determine whether this lower resolution was the short third loop PsaE family).

due to the flexibility of these loops or to an insufficient PsaE belongs to the SH3-like superfold family which
number of experimental constraints. Flexibility in the-B includes many different members with no sequence homol-
loop was shown to be limited to the close environment of ogy (68, 59). SH3-like domains are often part of modular
residue . It is likely that the relatively high atomic rmsd  proteins showing a high functional versatility like kinases
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Ficure 7: Ribbon representation of different proteins or domains sharing the SH3-like fold. Thg-ftrands are in black: (a) S 6803
PsaE, (b) the C-terminal domain of the diphtheria toxin repressor protein (PDB entry 1BYM), (c) CcdB, a topoisomerase poigon from
coli (PDB entry 3VUB), (d) the Src SH3 domain (PDB entry 1SRL), (e) the Hck SH3 domain (PDB entry 5HCK), and (f) the Btk SH3
domain (PDB entry 1AWX).

involved in signal transduction, nucleic acid binding proteins,  PsaE appears to share some general features with SH3
and redox enzymes involved in cell metabolism. Their domains, its three main loops, and especially the most
topology is characterized by a fiyg&strand motif and four  flexible one (CD), interacting with protein partners (i.e., PSI
connecting loops. Figure 7 shows a structural alignment of subunits). An obvious difference with respect to the SH3
some SH3-like domains. The fiygstrands highlighted in  properties is that the interacting surfaces in PsaE have likely
black are well aligned among the entire superfamily. In evolved to strengthen its association rather than to interact
contrast, the lengths of the three-B, B—C, and C-D loops with multiple partners. PsaE behaves as a stable part of PSI,
are highly variable. Sequence insertions can be present: inits loops becoming poorly accessible for interactions with
the A—B loop as for the SH3-like domain of the diphtheria multiple partners once it is inserted in the complex. This
toxin repressor, DtxR (Figure 7bp@), and for the SH3  association, indeed, survives a long incubation time at low
domains of protein kinases (for example, from Src, Hck, and PSI concentrations (0/2M), as determined from absorption
Btk, panels &f of Figure 7, respectively)gl—63); in the spectroscopy experimentg(; 71). The fast light-induced
B—C loop as for theE. coli topoisoremase poison CcdB electron donation to ferredoxin, which requires a fine spatial
(Figure 7c) 64); and in the C-D loop as for CcdB and PsaE  tuning of many PSI residued 1), remains unaffected after
(panels a and c of Figure 7, respectively). several hours at room temperature. This excludes any
In contrast, the B-E loop is structurally very conserved. significant PsaE release, which otherwise induces a clearly
It has been suggested that the—310-helix—fe motif acts detectable 200-fold increase in the dissociation consiait (
as a lock for the barrel topology, thus playing a key role in Yet PsaE is one of the most accessible subunits of PSI, being
preserving the SH3 fold. Due to this folding constraint, a the first to be released upon the action of chaotropic salts
long variable loop in the BE region is probably not allowed and the last to be inserted during biogenegig).(In this
(65, 66). context, the high flexibility of the €D loop of PsaE may
SH3-like domains are generally found in multidomain be a way to facilitate its association with the preformed
proteins and contribute to the specific recognition of partners. photosystem by allowing its adaptation to a quite rigid
In the case of SH3 domains of protein kinases, a single macromolecular complex.
domain can participate successively in various activation or  The recent improvement to 2.5 A resolution of the
inhibition processes involving different partne6). Large structural model ofS. elongatus®SI (16) allows a detailed
variations in sequence, length, and flexibility of the loops structural comparison between the free and the PSI-bound
are responsible for the specificity of each SH3 domain. Some PsaE subunitS elongatusPsaE belongs to the long—<D
structural features of the loops have been determined fromloop family, and its sequence is highly similar to that of S
15N relaxation in two cases: the Hck and Btk SH3 domains 6803 PsaE (Figure 2b). From the high-resolution PSI
(63, 68). The highest flexibility was observed for the- & structure, it appears that PsaE establishes interatomic contacts
loop, the so-called Src loop, with &t of 0.5 for the Hck with the other subunits exclusively through its loops. These
SH3 domain. The flexibility of the other loops decreases in contacts can be grouped into three distinct regions as
the following order: A-B loop (RT loop), C-D loop (distal highlighted in Figure 8c. The major region of contacts
loop), and D-E loop. Interestingly, the flexible SH3-BC involves both the A-B and C-D loops, and these participate
loop is responsible for most of the interactions with the usual in a dense network of buried hydrogen bonds involving
polyproline motif recognized by the SH3 domain. This residues such as the two tyrosines,{dnd Ys,) that are
structural plasticity is usually thought to be a major advantage conserved in all cyanobacteria. Remarkably, these contacts
for promoting interactions with multiple partner67( 69). connect PsaE with the six PSI subunits-RA (region | of
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Ficure 8: Comparison of free and bound PsaE. (a) Ribbon representation of the closest structure to the mean structure of free S 6803
PsaE. The ribbon is colored according to the order parameter as indicated in the corresponding scale. (b) Ribbon repres8ntation of
elongatusPsaE bound to PSI (PDB entry 1C51) in the same orientation as free S 6803 PsaE. The ribbon is colored according to the
B-factor as indicated in the corresponding scale. (c) Close-up view of the struct@&eetdngatus®SI (PDB entry 1C51) centered on

bound PsaE with the same orientation as in panels a and b. The different PSI subunits are represented with a colored ribbon: PsaA in
yellow, PsaB in blue, PsaC in green, PsaD in red, PsaE in gray, and PsaF in magenta. Residues located on the contact surface between PsakE
and the other subunits are shown with CPK color. Hydrogen bounds are represented with magenta dotted lines. Three regions of interactions
noted HIII can be defined and are circled. The identities of the residues involved in the three regions of contact are indicated. Finally, the

position of residue R is also indicated.

Figure 8c). A second region of interaction (region Il of Figure
8) involves the C-D loop and both subunits PsaA and PsaB.
Upon integration of PsaE, the €D loop undergoes a
structural rearrangement, generating a sfiesheet structure
in contact with the region of PsaB that binds the ir@ulfur
center Fx. This region which is structurally constrained in
PSI has the lowedB factor values and is the best defined

PsaC mainly through residues#and Ys4 located close to
the iron—sulfur cluster FB (region Il of Figure 8c).

The regions of PsaE interacting with the other PSI subunits
(in particular in region | of Figure 8c) involve complex
networks of buried hydrogen bonds that are known to be
highly sensitive to the orientation of the partners. Such
interfaces are specific and structurally constrained. Moreover,

part of PsaE in the crystal structure (Figure 8b), whereas it PsaE is in close contact with the two cofactors of the PSI

is the most flexible region of the free PsaE (Figure 8a).

core which are involved in electron transfer to ferredoxin:

Finally, the most external region of contacts between PsaEFx (region Il in Figure 8c) and ~(region Il in Figure 8c).

and PSI is located in the-BC loop that interacts only with

The integration of PsaE into PSI could thus allow a fine-
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tuning of the distances between these cofactors and optimize
the efficiency of the electron transfer. In this context, the
high flexibility of the C—D loop of the free PsaE may be a
structural advantage for this region which has to accom- 119
modate the preformed architecture during the assembly of
this multimodular binding site.

The surface of PsaE buried3, 74) in the complex is 1154
estimated to be around 3502AThe loss of solvent acces-
sibility mostly affects the loops, especially the-B and
C—D loops. The high stability of integrated PsaE is surpris-  2°7
ing when one is simply considering the total buried surface
of 700 A2, which is significantly lower than the average value
of 1600+ 400 A? reported for other binding interfacess). 125
One must keep in mind that many other factors might
contribute to the energetics of this insertion. The complex
network of interactions among the-#D and F subunits is 130
possibly not fully optimized in the absence of PsaE. This is
suggested by the increased turnover rate of PsaD in PSI
deprived of the PsaE subunitg).

Since the interactions of PsaE with the other PSI subunits
involve exclusively residues located in PsaE’s loops, one 10.5 10.0 9.5 9.0 8.5 8.0 7.5 7.0 —

could postulate .that the' core OT the protein simply acts as aFIGURE 9: Superposition of the HSQC spectrum of wild-type S
scaffold supporting the interacting loops. However, a recent g3 psaE at pH 5.3 and 2 (black) and of the mutant R39Q

study (L1) has shown that one conserved arginine residue (red). In these experiments, both proteins have been overexpressed
of PsaE located in strangt at position 39 plays a crucial using the GST fusion system. An asterisk indicates the two

role in the optimization of the interactions of PSI and Supplementary residues at the N-terminus used to generate the
ferredoxin. The absence of positive charge at this position thfombin cleavage site (see Experimental Procedures).
was able to induce a 50-fold decrease in PSI affinity for
ferredoxin, an effect similar in amplitude to that observed
for the deletion of the full-length protein. The side chain of
the arginine at position 39 is accessible to the solvent in the
protein in solution and points to the stroma when in situ in
PSI (Figure 8c). The huge functional effect induced by the ACKNOWLEDGMENT
mutation at this position raises the question of a possible . ) o o
misfold of the mutant protein. Figure 9 shows the superposi- We thank Pierre S# for initiating the NMR project in
tion of the heteronuclear HSQC spectra recorded for the WT the lab a_nd fruitful discussions durmg_ this work. We glso
PsaE and the mutated protein R39Q. Both spectra are quasithank Ulrich Miehlenhoff for both the gift of the expression
identical, with just residues A and o showing a small ~ Vector for S 6803 PsaE and the gift of a nearly pure sample
change in their chemical shift values. A significant modifica- ©Of the protein that allowed the optimization of the NMR
tion of the general structure of the modified protein is thus Sample preparation. We also acknowledge Tony Mattioli and
excluded. These results are consistent with the accessibilityBill Rutherford for correcting the manuscript.
of the arginine side chain to the solvent and the absence of
NOE contacts between the side chain protons (other thanSUPPORTING INFORMATION AVAILABLE
Ha and H3) and protons belonging to other residues. This  Table of assignments of all proton and nitrogen resonances
structural control confirms that arginine 39 at the C-terminal of S 6803 PsaE in 80 mM phosphate buffer at pH 5.3 at 293
end of thefc strand is a key site for tuning the interactions K. This material is available free of charge via the Internet
with ferredoxin. at http://pubs.acs.org.
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