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ABSTRACT. PsaE is a small basic subunit located on the stromal (cytoplasmic) side of photosystem I. In
cyanobacteria, this subunit participates in cyclic electron transport and modulates the interactions of the
complex with soluble ferredoxin. The PsaE protein isolated from the cyanobact8sinethococcusp.

strain PCC 7002 adopts thetopology of an SH3 domain, with fivg strands A throughSE) and a

turn of 3o helix between strand8D and SE [Falzone, C. J., Kao, Y.-H., Zhao, J., Bryant, D. A., and
Lecomte, J. T. J. (1994Biochemistry 336052-6062]. The primary structure of the PsaE protein is
strongly conserved across all oxygen-evolving photosynthetic organisms. However, variability in loop
lengths, as well as N- or C-terminal extensions, suggests that the structure of a second representative
PsaE subunit would be useful to characterize the interactions among photosystem | polypeptides. In this
work, the solution structure of PsaE from the cyanobactefilastocsp. strain PCC 8009 was determined

by NMR methods. Compared to PsaE fr@&ynechococcusp. strain PCC 7002, this PsaE has a seven-
residue deletion in the loop connecting stragds andSD, and an eight-residue C-terminal extension.
Angular and distance restraints derived from homonuclear and heteronuclear NMR experiments were
used to calculate structures by a distance-geometry/simulated-annealing protocol. A family of 20 structures
(rmsd of 0.24 A in the regular secondary structure) is presented. Differences between the two cyanobacterial
proteins are mostly confined to the CD loop region; the C-terminal extension is disordered. The
thermodynamic stability oNostocsp. strain PCC 8009 PsaE toward urea denaturation was measured by
circular dichroism and fluorescence spectroscopy, and thermal denaturation was monitored by UV
absorption spectroscopy. Chemical and thermal denaturation curves are modeled satisfactorily with two-
state processes. The5° of unfolding at room temperature is 12440.3 kJ mot? (pH 5), and the thermal
transition midpoint is 59 1 °C (pH 7). Interactions with other proteins in the photosystem | complex
may aid in maintaining PsaE in its native state under physiological conditions.

PsaE is 1 of 11 polypeptides that comprise a monomeric (denoted k), and most of the 100 chlorophyd, 10—20
unit of cyanobacterial photosystem | (PS 1). The core of this carotenoid, and 2 phylloquinone molecules of the monomeric
complex is a heterodimer of the PsaA and PsaB proteins,unit (1). The functional complex is found along with
containing the P700 reaction center, a 4Fe-4S clusterphotosystem Il in all oxygen-evolving photosynthetic organ-
isms, including higher plants, algae, and cyanobacteria.
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PsaC, before ending with the 2Fe-2S cluster of ferredoxin.  The crystal structure of the PS | complex®yfnechococcus
Electrons can also travel from ferredoxin back to P700 elongatusvas determined to a resolutioh®A a fewyears
a process known as cyclic electron transport. Cyclic electron ago @, 4). A number of transmembrane helices from PsaA
transport additionally requires the participation of the cyto- and PsaB could be distinguished, and the general arrangement
chromebs f complex, plastocyanin, or cytochronog and of the subunits established, but many details, including the
possibly other components [e.g., a type 1 NADH dehydro- position and orientation of PsaE on the membrane, remained
genase §)]. When this path is taken, NADPH cannot be unknown. An improved model was recently constructed with
produced, but the electron transport can be utilized to the aid of the S7002 PsaE NMR structu2d)( In this model,
generate a protonmotive force usable for ATP synthesis. the relative position and orientation of all three stromal
PsaC, PsaD, and PsaE are extrinsic proteins found on theproteins are visible. Th&. elongatu®saE protein makes
stromal (cytoplasmic) surface of PS7, 8). PsaD stabilizes ~ contact with the membrane surface through the AB loop,
the binding of PsaC onto the complex and provides a docking and the large CD loop is embedded under PsaC, nearthe F
site for ferredoxin @). The role of PsaE has been elucidated cluster. Stran@B is perpendicular to and extends away from
with PS | complexes from which the subunit has been the surface, whereas strafi€ is directed toward it. Both
removed {0—13). These PsaE-less complexes revealed that strandspA and SE are nearly parallel to the membrane
the PsaE subunit is not essential to the organism’s survival surface and point the N- and C-termini into the stroma. This
under normal growth conditiond 4, 15). However, PsaE-  positioning is consistent with previous biophysical and
less cells grow slowly under stress conditions such as low structural studies of the stromal proteins, including cross-
light intensity or low carbon dioxide concentrations, or both linking data.
(13). It was found that in those cells, the kinetics of P700 The existence of two classes of PsaE proteins requires the
reduction are significantly slower, an indication that the PsaE determination of a second representative structure in order
subunit is required for cyclic electron transport around PS | to anticipate the fold of related proteins and explore their
(16). interactions with PS | subunits. The consequences of the
PsaE is also involved in the interaction of PS | with deletion in the CD loop and the C-terminal extension in the
ferredoxin or flavodoxin17, 18). Flavodoxin is a ferredoxin  isolated PsaE subunit were examined in this work with the
substitute that is typically synthesized by cyanobacteria underPsaE protein from PS | ifNostoc sp. strain PCC 8009
conditions of iron limitation 19, 20). Cross-linking between  (“N8009 PsaE"). Its three-dimensional structure offers insight
the PS | complex and either one of these two electron into the functional significance of the sequence changes and
acceptors is possible in the wild-type complex, but cross- allows for modeling of PsaE proteins from other sources
linking is reduced and altered in PS | complexes that do not including higher plants.
contain PsaE1@®). In addition, once cross-linking has been
established in the wild-type complex, PsaE can be removed'Vl'A‘TERI'A‘LS AND METHODS
without further disruption18). The PsaE subunit therefore Protein Purification and PreparationAll reagents were
appears necessary for proper association of ferredoxin orpurchased from Sigma (St. Louis, MO) unless otherwise
flavodoxin with PS I. A recent comparison of the wild-type indicated. E. coli strain BL21(DE3) cells were made
and PsaE-less PS | complexesSgnechocystisp. strain competent according to the calcium chloride meth28) (
PCC 6803 also suggests that PsaE modulates the lifetime ofand transformed with pET3d plasmid containing fieakE
the PS l/ferredoxin complex2(). gene fromNostocsp. strain PCC 8009 (GenBank Accession
PsaE proteins are small{81 kDa) and highly basic. To  Number AF148219) according to the Hanahan mett&&] (
date, complete PsaE sequences from 18 sources are availab6). Plasmid stocks were prepared using either the Wizard
in the Swiss-Prot database. The solution structure of one ofminiprep (Promega, Madison, WI) or the Jetstar midiprep
these (PsakE subunit froBynechococcusp. strain PCC 7002, (Genomed, Research Triangle Park, NC).
henceforth “S7002 PsaE”) has been determined by NMR  Protein overexpression in M9 minimal media was achieved
methods; it consists of a five-stranded antipargfledheet utilizing the T7 promoter Z7) as described foSynechoc-
with the topology of an SH3 domair2®). There is a high  occus sp. strain PCC 700218). Inclusion bodies were
level of sequence similarity within the PsaE family, and the solubilized by thorough resuspension in 4 mL ofx5TS
cyanobacterial PsaE proteins display nearly 70% identity buffer (20 mM Tris-HCI, 10 mM NacCl, pH 7.8), and addition
(23). Two groups of PsaE proteins can be defined according of 16 mL of 10 M urea. The solution was stirred at room
to the length of the loop connecting the thjfdstrand (or temperature for 30 min, and insoluble material was removed
AC) and fourthp strand (orgD). The PsaE proteins of all by centrifugation at 480@p for 60 min at 4 °C. The
eukaryotes, as well as those from the filamentous, heterocystsupernatant, containing the solubilized denatured protein, was
forming cyanobacteridlostocsp. PCC 8009Calothrix sp. decanted and loaded directly onto a Sephadex G-75 gel
PCC 7601 Mastigocladus laminosusind Anabaenavari- filtration column equilibrated with TS buffer. The protein
abilis strain ATCC 29413, have a seven-residue deletion refolded on the column, and native PsaE eluted at a flow
within this CD loop that is not observed in other prokaryotic rate of ca. 0.35 mL mint.
PsaE proteins. PsaE proteins from higher plants, such as those Fractions containing PsaE [as ascertained by—Wig
from spinach and barley, also contain an N-terminal exten- spectroscopy and SDFAGE analysis 48)] were pooled
sion of about 20 residues relative to the cyanobacterial and subjected to treatment with streptomycin sulfate to
proteins. All PsaE proteins except that fr@ynechococcus  precipitate nucleic acid impurities. The supernatant was
sp. PCC 7002 have a sequence of residues close to eithepassed through the Sephadex G-75 column a second time.
the N- or the C-terminus that is rich in alanine, proline, and Purity was estimated at better than 95% according to-SDS
lysine residues. PAGE analysis and Coomassie blue stainig).(
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Uniformly labeled >N and '5N/*3C N8009 PsakE was for 120 s with sampling at a rate of 1's The first 5 points
produced by growth oE. coli cells in M9 media supple-  were discarded, and the average of the remaining 115 points

mented with [°NJammonium chloride (1 g t%) or [*N]- was used.

ammonium chloride andiC]glucose (2 g L?) (Isotec, Fluorescence data were collected on either a Spex fluo-
Miamisburg, OH). Overepression and purification of the rolog 1.81m spectrophotometer or an Aviv model ATF 105

protein were carried out as described above. automated titrating differential/ratio spectrophotometer. The

To determine the extent of cleavage of the N-terminal excitation wavelength was 295 nm, and emission was
methionine, a small sample of the PsaE protein was purified monitored from 305 to 460 nm. The unfolding curve was
by reverse-phase HPLC on a Waters system (Milford, MA). generated by extracting the intensity of the fluorescence at
The column (hydrophobic, C8) was loaded with 90% (v/v) 352 nm from each spectrum and plotting it as a function of
acetonitrile and 0.1% trifluoroacetic acid (v/v) as solvent denaturant concentration. Data were also collected with
mixture; a gradient of 1875% (v/v) trifluoroacetic acid was  excitation at 276 nm to observe tyrosine emission.
used for elution. The protein was lyophilized and redissolved = Thermal denaturation was carried out by following the
in water to a final concentration of 100 pM. The protein change in the UV spectrum as a function of temperature.
was subjected to five rounds of Edman degradation (per- The 30uM protein sample was prepared in 20 mM phosphate
formed at the Hershey Medical Center, Hershey, PA). The buffer at pH 7.0. Data were collected on an Aviv 14-DS
N-terminal Met was found in~24% of the molecules. This  spectrophotometer equipped with a thermoelectric device.
result was confirmed by MALDI mass spectrometry (per- The temperature was raised in steps of@ data were
formed at the Wistar Institute Mass Spectrometry Facility), collected at 5 min intervals. Returning the sample to room
which identified two protein components (MH)™ = 7961, temperature and comparing the spectra before and after
corresponding to PsaE starting at Met 1 (expected mass 795&ooling allowed for an assessment of the reversibility of
Da), and (M-H)" = 7829, corresponding to PsaE starting folding, which was routinely better than 95%. The wave-
at Val 2 (expected mass 7827 Da)]. length (295 nm) of maximal change was used to obtain

The extinction coefficient of the PsaE protein was denaturation curves, which were analyzed with the equations
determined by the method of Gill and von Hipp&0). Stock for a two-state unfolding proces82%, 33). The equations
solutions of phosphate buffer @8 M guanidine hydrochlo-  describing the chemical and thermal denaturations are
ride in phosphate buffer were prepared, as well as protein provided in the Supporting Information.
stock solutions at concentrations on the order 646 mg NMR Spectroscopy.yophilized protein was dissolved in
mL~L. The protein was added to each of the buffer and 0.56 mL of HO or?H,0 to obtain a final protein concentra-
guanidine hydrochloride solutions and allowed to equilibrate tion of 1—2 mM. The pH or pH* (the pH uncorrected for
for at least 1 h. Three samples were prepared at each proteirisotope effects) of the sample was adjusted to 6.1 (i@
concentration to determine reproducibility. Absorbance or NaCH, to give a final’H,O concentration of 510% of
spectra were collected on an Aviv 14-DS spectrophotometerthe total HO sample volume.

(Aviv Associates, Lakewood, NJ). The calculated value at Data were collected on a Bruker AMX2 spectrometer at
280 nm for the unfolded protein is 9.5 miicm™*. The value 500.13 MHz {H), 125.76 MHz {3C), and 50.68 MHztN).
determined experimentally as used in this work for the folded Sample temperature was 298 K (used for structure determi-
protein is 7.1 mM! cm. nation) or 290 K to resolve accidental chemical shift

Protein DenaturationSolutions with varying concentra-  degeneracies. One-dimensional data were also collected up
tions of urea were prepared by combining appropriate to 323 K. Solvent suppression was achieved viaa 1.2 s low-
volumes é a 9 M urea stock solution (20 mM phosphate, power presaturation pulse, by utilizing pulsed field gradients
pH 5.0) with phosphate buffer. A protein solution (20 mM (34), or through the use of a water flip-back-WATERGATE
phosphate buffer, pH 5) was added to each of the4® scheme. The'H spectra were referenced to the water
samples so as to obtain a protein concentration of either 5resonance at 4.76 ppnC signals and®N signals were
uM or 20 uM. The samples were left to equilibrate at room indirectly referenced to the proton frequen@py;
temperature for at lead h before data collection. The same Homonuclear proton spectra (2QF-COSY, 2Q, TOCSY,
samples were used for CD and fluorescence analyses. Afterand NOESY experiments) were collected with standard 2D
measurement, the index of refraction of each sample waspulse sequences as described previously in both 9524 H
determined on an Abbe Mark Il digital refractometer 5% 2H,O and 99.96%2H,O (36). NOESY data were
(Cambridge Instruments, Buffalo, NY) to determine the exact collected with mixing times of 100 and 70 ms; the latter
urea concentratiorB(). Reversibility was assessed by mixing was used for cross-peak volume measurements in the
0 and 9 M samples together to create intermediate concentrastructure calculations.
tions, which were then compared to the original samples. A series of'H—'N HSQC data sets3{) were collected
By this method, reversibility was better than 95%. Revers- to determine the rate of exchange of backbone amide protons
ibility was inferior at pH 7.0. against deuterons. A sample of lyophilized protein was

CD data were collected on an Aviv model 62DS circular dissolved ir'H,O (pH 6.1), and data acquisition was initiated
dichroism spectrophotometer (Aviv Associates). To obtain within 1.5 min of dissolution. After 24 h of exchange, all
a native-state spectrum, data points were collected at 1 nmsignals were lost. The intensity of 27 amide cross-peaks could
intervals from 320 to 220 nm wita 2 saveraging time at  be followed with time and fit to a simple exponential decay
each wavelength. The wavelength (226 nm) at which the function to obtain first-order exchange rate constakig,
signal intensity was maximal in the native spectrum was Intrinsic exchange rate constants,j were calculated for
chosen to monitor unfolding as a function of denaturant each of these amides by taking into account the primary
concentration. The signal at this wavelength was averagedstructure of the protein, temperature, and pH as described
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by Bai and co-workers3g). If a cross-peak remained after 57002 ;\mnésml:ommlssywy ;;vcw;\ssm:;socnyyv .
3 hin the'H—"N HSQC spectra, a hydrogen bonding partner Ngopg MVQRGSKVRILRPESYWFQDVGTVASVDQSGIKYPVI

was sought in the structure. H-bonds recognized in a majority kex(s) *oEER * oK kwks >

of early structures were implemented as restraints. S0 em  we ® 4 m amm memems sirem
A series of nineJ-modulatedH—"*N HSQC spectra3y,
QC spectral i I B N e .

40) were collected to determirdyu—nn coupling constants
and from these, backbong dihedral angles, as described dun ol B, o LA . 5
for S7002 PsaE3p). Stereospecific assignments fdmeth- % el el e e
ylenes, valine, and leucine methyls, and glyainbydrogens —BA— —pB— -
were made as discussed previous2@)(

The following 3D experiments were run with their

indicated spectral widths and complex data points (*) g7002  VRFNKVNYNGFSGSAGOLNTNNFAEHELEVVG
acquired for dimensions, t,, andts, respectively:'H—°N N8009 VRFEKVNYSG-—-—--- INTNNFAEDELVEVEAPKAKPRK
TOCSY-HSQC {H: 6024 Hz, 64*15N: 1700 Hz, 32% kex(®) % A
1H: 6024 Hz, 1024*) (modified from ref1); *H—°N sifo; .w Aiim = amE EEAGARNEONA® i0a
a . *-15N] - * -
o ol Ly G R B P
HCCH-TOCSY and COSYH: 4000 Hz, 64*13C: 8000 -~
Hz, 32*;H: 4000 Hz, 512*) 42); 'H—%C NOESY-HSQC o . e e = B=
(*H: 6024 Hz, 64*13C: 7575 Hz, 32*1H: 6024 Hz, 512%) —BC- —BD— 3y —PE-
(43); HNCA (**N: 1700 Hz, 36*;13C: 2500 Hz, 48*;'H: FiIGURe 1: Primary structures for the N8009 and S7002 PsakE

6024 Hz, 512*%) 44, 45); CBCANH (13C: 7142 Hz, 50%; proteins. The numbering of the N8009 PsaE protein is Y45-S46-
15N- 1700 Hz. 36%*H: 7024 Hz 512*) 46); and CBCA.- G47-155 for consistency with the S7002 PsaE numbering scheme

: AEnT . and in accordance with structural arguments (see text). The lines
(CO)NH (C: 7142 Hz, 50**N: 1700 Hz, 36*'H: 7024 marked kex (S) and kex (N) indicate the slowly exchanging

Hz, 512*) (modified from ref47). In all these experiments,  backbone amide protons in S7002 and N8009 PsaE, respectively.
quadrature detection in the indirect dimensions was achievedThe exchange is defined as slow if the signal remains detectable
using the TPPtStates method4@). after a 5 hexposure t3H,0 at pH~6 and 298 K. The line marked

: . . . .
Structure CalculationsStructures were calculated using btgmgg’gﬂﬂg tsheHZ'\—l;ﬂ%C|_‘|)Z“pggguceonntis‘;f‘&té';i)n;?nt'aﬁ}()(:)for

the program X-PLOR 3.85146) with the protocol based on  the N8009 PsaE protein at 298 K and pH 6.1 is shown in the next
a hybrid distance geometrsimulated annealing (DG-SA) three lines, with the height of the bar corresponding to medium
method B0). A total of 1093 restraints were applied as (short bar) or strong (tall bar) effectdiy represents the NH
detailed under Results and Table 1. The iterative approachNHi+1 contactsday represents the @Hi—NHi., contacts, and g

- . is the @H—NH,, contacts. The last line contains the secondary
employed for_the f|_rst generat|o_n of S7QQZ P_saE structures g crure assignments as determined by the program DBSpBr(
(22) was applied with the following modifications. DG-SA  the final structures.
structures (a total of 100) were calculated from embedded

substructures and sorted by X-PLOR energy. These structure .
were then subjected to an SA-refinement that consisted ofsS?002 PsaE36). For N8009 Psak and S7002 PsaE alike,

4000 slow-cooling steps from the initial temperature of 1000 chemical Shiﬁ degeneracy render.ed heteronuclear data neces-
K to 100 K. Finally, the 30 structures with lowest X-PLOR sary to bring to near colmpletlon éhe protqn resonance
energy were subjected to 8000 steps of restrained minimiza-ass'g.;nmen.t step. TheH, C, and **N c;hemlcal Sh.'fts .
tion to provide the final accepted models. A family of the ©OPtained with standard 2D and 3D experiments are listed in
20 lowest energy structures without significant distance 12l S1 of the Supporting Information. Few distinctive
violations (all<0.02 A as reported by X-PLOR) is presented SPectral features of N8009 Psak were noticed in the early
in this work. stages of analysis. The most striking involves the side chain

Structures and restraints were analyzed with the programs®f Phe40. In S7002 Psak, Phe40 has readily detectable
AQUA and PROCHECK %1). The checking facility of the ande ring .1H signals at room temper'ature. In N8009 P;aE,
program WHAT IF 62, 53) was used to compare the these'H signals are broad and require temperatures higher
calculated structures with a set of high-resolution protein than 300 K for unambiguous identification. This behavior
structures and to identify unusual geometries in the backbonelS Suggestive of altered dynamic properties in/ieregion
and side chains. of the structure.

Two other unique characteristics of N8009 PsaE are

RESULTS apparent in théH—1°N HSQC data shown in Figure 2, which

The N8009 and S7002 PsaE proteins are 69% identicaldisplay doubling of resonances in the N- and C-terminal
and 83% similar in amino acid sequence (Figure 1). As regions of the protein. At the N-terminus, the heterogeneity
notable differences, S7002 PsaE possesses a seven-residigchemical and results from partial cleavage of the terminal
insertion in the CD loop, and N8009 PsaE has an eight- methionine. In the C-terminal region, the heterogeneity is
residue C-terminal extension of alanines, prolines, and conformational and attributed to cis-trans isomerization of
lysines. The only replacements in the 22 residues of the the Ala70-Pro71 linkage. The affected backbone NH signals
fB-sheet occur at positions 9 (Lys in S7002 PsaE to Arg in are those for residues (660) near and withinsE and
N8009 PsaE), 66 (Glu to Val), and 67 (Val to Glu). residues (6-:8) on the adjacent strand ifA. The most

The'H NMR spectrum of N8009 PsaE is typical of that intense peak in the pair, when resolved, was used for
for a small, well-folded protein and comparable to that of calculating the structures.
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FiIGURE 2: 1H—15N HSQC spectrum of N8009 PsaE at 298 K, pH 5.8. Assignments for the amide backbone resonances are indicated as
well as the indole NH of Trp17 (marked w17). The amide groups of Asn side chains are indicated with horizontal lines or the letters “sc”.
A folded Arg NeH cross-peak is indicated with a double asterisk, and minor second forms of specific residues are indicated with an
asterisk. These minor forms arise from an apparent Xxx-Pro cis/trans isomerization for resietrds The effects of this isomerization

are seen irBE andfA. Other minor peaks arise from partial cleavage of the terminal Met.

To ascertain the integrity of thgstructure in N8009 PsaE, nonsurface side chains are well constrained by the data.
a comparison of the rate at which backbone amide hydrogensAccording to the Ramachandran plot, the equivalent resolu-
exchange with solvent was undertaken. At pH 6.1 (uncor- tion of this structure is 2.5 A1), if the disordered
rected for isotope effects) and 298 K, the backbone NH C-terminal tail is excluded from the calculation. The structure
protection factorsk./kex, Se€ Materials and Methods) adopt evaluation tools of the program WHAT IF reveal the flaws
values on the order of #0Differences with S7002 PsaE usually found in X-PLOR NMR structures (in particular,
(36) are an enhanced protection for the backbone NH of Arg9 modest Ramachandran quality and tight peptide planarity).
and Glu64 in N8009 PsaE, and an enhanced protection ofA few extraordinary features and anomalies can be explained
Val68 in S7002 PsaE. Otherwise, the pattern of hydrogen- by the lack of constraints in loop regions and for exposed
bonded (or buried) amide protons is identical. The location side chains.
of the slowly exchanging protons in both proteins is indicated  Urea and Thermal DenaturatiorDespite the negligible
in Figure 1. amino acid sequence identity displayed by PsaE proteins and

The NOESY data provided over 960 distance restraints, SH3 domains, a strong structural similarity is observed
mostly concentrated over residues-68. To these were  between these apparently unrelated proteins. To compare the
added H-bond restraints and dihedral angle restraints (backthermodynamic properties of the fold as manifested in
boneg and side chairy angles) as detailed in Table 1. On different sequences, a denaturation study was undertaken
average, there are approximately 16 restraints per foldedwith N8009 PsaE. The CD spectrum of the typical SH3
residue. The X-PLOR structural calculations generated adomain is complex34—56), and so is the CD spectrum of
family of acceptable conformations; the 20 structures with PsaE. Native N8009 PsaE presents a trough of negative
the lowest X-PLOR energy are superimposed in Figure 3. ellipticity around 243 nm, a peak of positive ellipticity at
Figure 4 contains the ribbon representation of the average225 nm, and another region of negative ellipticity below 217
structure. The rmsd over the regular secondary structure isnm. The spectrum undergoes a significant change upon
0.24 A for backbone atoms, and the rmsd for interior side the addition of urea, becoming negative at wavelengths
chains is 0.63 A. These and other structural statistics arebelow 250 nm. A wavelength of 226 nm was chosen to
summarized in Table 1. The rmsd values indicate that the monitor the denaturation. Typical raw data are shown in
backbone atoms involved in secondary structure and mostFigure 5A.
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Table 1: Structural Statistics and Atomic Rms Deviations

Structural Statistics

{SA}2 BALP
rms deviation from experimental  0.0007+ 0.0001
constraints
distance constraints (A) 0.00074+ 0.0001 0.00085
dihedral constraints (de) 0.04+0.03 0.029
rms deviation from ideal geometry
bonds (A) 0.00252- 0.00003  0.0025
angles (deg) 0.52& 0.001 0.53
impropers (deg) 0.7# 0.06 0.82
number of violations
distance constraints 37 4 30
dihedral constraints 21 10
Rms Deviations from the Average Structure(A)
regular 2
all residue$ limited set  structuré

0.52+0.12 0.30£0.05 0.24+0.04
1.670.12 0.95+£0.11 0.65+0.07

a{SA} is the family of final 20 simulated annealing structures; mean
values and standard deviations are shown for these 20 structiBes,
is the structure obtained by applying 10 000 steps of restrained

backbone (N-Co—C)
side chains (heavy atom)

minimization to the mathematical average structure. The mathematical

average structure was obtained by first aligning the 20 structures with
a least-squares fit over the regular secondary structure @oN-C) of
residues 6-10, 21-26, 36-39, and 5768] and then averaging the
atomic coordinates. A total of 1020 distance constraints were used in
the structure calculation: 303 were long rande:j| > 4); 305 were
medium range (1< |i — j| < 4); 353 were intraresidue; and 27 * 2
were H-bonds? A total of 73 dihedral constraints were used in the
structure calculation: 41 were backbopengles; 32 were side chain
x1 angles.® All distance violations are less than 0.02 A, afidlihedral
violations are less than X.3 The rms deviations of the atomic positions
were calculated for each structure{iBA} against the mathematical

average structure. The average values and standard deviations for th

20 final structures are reportetiRmsd for residues-468. " Rmsd for
residues 427, 34-40, and 5768. This set excludes the disordered
BC and CD loops and the C- and N-terminal residii&msd of the
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this method. When the CD and fluorescence data are
analyzed with a global fitting procedure, the values of
AG°20, M, and [ureay, for N8009 PsaE are 124 0.3 kJ
mol~1, 3.6 +£ 0.1 kJ mott M~%, and 3.49+ 0.02 M,
respectively.

A thermal denaturation experiment was carried out at pH
7.0, by monitoring absorption at 295 nm (data not shown).
The transition is reversible, and data can again be fit
satisfactorily to a two-state model, yielding a midpoint
denaturation temperature of 8. The enthalpy of dena-
turation is on the order of 225 kJ mélat this temperature.
The small change in heat capacity upon denaturation cannot
be determined accurately with this method.

DISCUSSION

Structure of N8009 PsaF qualitative assessment based
on primary structures predicts N8009 PsaE to have the same
global fold as S7002 PsaE. The NMR data confirm that the
five strands of the antiparallgd-sheet are comprised of
residues 710 (BA), 21-27 (6B), 36—39 (5C), 5760 (D),
and 65-67 (BE). The 3p helical turn betweeD and SE
(residues 6264) is apparent throughfHi—NH,+3 NOEs
and elevated protection factors for Glu64 and Leu65. The
AB loop, which connects strangi\ and 5B, is formed by
residues 1119 and is the best defined of the three loops.
The BC loop, joining strand8B and/C, has a lower average
number of NOE restraints per residue than the rest of the
protein. As a result, several distinct conformations are
compatible with the experimental data, increasing the local
packbone rmsd value. The CD loop displays a degree of
conformational heterogeneity comparable to that of the BC
loop. Finally, the eight residues of the C-terminal tail do
not show any dipolar interactions with the rest of the protein.

segment adopting regular secondary structure for backbone atomsThe packbone amide resonances of this segment are sharp;

(residues 610, 21-26, 36-39, and 5768) and all nonsurface
hydrophobic side chain atoms (8, 10, 13118, 21-25, 34-38, 40,
43, 55, 60, 61, 66 and 68).

Similar data are obtained by following the fluorescence
of the protein. The maximum fluorescence emission wave-
length of native N8009 PsaE proteini$352 nm and is due
to the lone tryptophan, Trpl7. When the protein is excited
at 276 nm, there is no signal in the native spectrum
corresponding to emission from the three tyrosine residues
presumably because of efficient energy transfer to the
tryptophan residue. Upon unfolding, the tryptophan emission
spectrum undergoes a red shift of approximately 12 nm, with
a concomitant decrease in intensity. This is typical of
increased solvent accessibility upon denaturat®r). (As

they exhibit low protection factors, and their chemical shifts
have a steep slope with respect to temperatsepb K1).
These spectral indicators support the interpretation that the
conformational freedom of the tail is limited only by residues
Pro71 and Pro75.

N8009 PsaE has a small hydrophobic core consisting of
Val8 (BA), lle10 (5A), Val24 (5B), Val36 (5C), Val38 (5C),
Phe60 D), and Leu65 gE). Phe40 (CD) stacks at the CD
edge of the barrel and closes its entrance; Trpl7 (AB) lies

,parallel to this residue, points toward the outside of the

protein, and has limited solvent accessibility as well. The
NeH of Trp17 is within hydrogen-bonding distance of the

backbone oxygen of Lys42. It displays increased protection
to exchange consistent with formation of the interaction. In
addition, two short-range, intramolecular salt bridges are

the protein unfolds, a tyrosine emission signal becomes likely: between Arg12 and Glul4, and between Arg39 and

visible at 300 nm, indicating that some of the tyrosines have
moved sufficiently far away from the tryptophan for energy

Glu4l. Arg12 shows exchange-broadened side-chain reso-
nances that might reflect interactions with Glu14 and Tyr34.

transfer to be less efficient. Raw fluorescence data are shownArg39—Glu41l interactions, if present, are NMR-silent in the

in Figure 5B.

The thermodynamic parameters obtained through monitor-

current data.
Among the PsakE proteins listed in the Swiss-Prot database,

ing the fluorescence changes at 352 nm are within error of Nostocsp. strain PCC 8009 PsakE is closest in sequence space
those extracted from the CD data and support the two-stateto Mastigocladus laminosuéFischerellasp.) PsaE (86%
model of denaturation. Figure 5C shows the apparent fractionidentity, 97% similarity),Fremyella diplosiphor{Calothrix

of unfolded protein calculated with a two-state model of
denaturation. In Figures 5A and 5B, the solid line is the result

sp. strain PCC 7601) PsaE (89% identity, 94% similarity),
andAnabaenavariabilis PsaE (91% identity, 95% similarity).

of the fit and supports that only two states are detectable by The PsaE proteins o€yanophora paradox&sakE (78%
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Ficure 3: Stereo triptych of 20 superimposed structures of N8009 PsaE calculated as described under Materials and Methods. The backbone
atoms in the regular secondary structure were used for this alignment. (A) The backbone from residue 1 to residue 70 (the disordered
C-terminal tail has been deleted). The orientation is the same as in Figure 4. (B) A different view showingttheeCand the aromatic

residues. The CD loop points to the lower right. Phe40 is the residue nearly parallel to Trpl7 recognizable in the center.

Falzone et al., unpublished data) are superimposed in Figure
6, which illustrates the high similarity of the regular
secondary structure. The backbone heavy-atom rmsd between
the average structures in these regions is 0.6 A. Spectro-
scopically, differences are detected in the weakest interstrand
NOEs, for example, that between Val24 NH and Lydd,

seen in S7002 PsaE but not in N8009 PsaE. These and other
minor NOE discrepancies do not translate into significant
deviations in the backbone of the two proteins. Divergences
between the two structures are seen in the connecting loops,
perhaps as the result of a low number of restraints. A real
variance is noted for the buried Phe40 whose broad ring
resonances are indicative of further mobility restriction at
298 K in N8009 compared to S7002. Interestingly, the
residues making up the hydrophobic core are identically
conserved. Thus, the cause of the restricted rotation in N8009
could be the collapsed and more rigid CD loop hindering
the motions of Trpl7 and therefore Phe40.

In the AB region, the aromatic cluster Tyr16-Trpl7-Phel8
(Tyrl8 in S7002 PsaE) is partially exposed to solvent.
Complete sets of NOEs are observed in both proteins from
these aromatic side chains to other hydrophobic groups,
including Phe40. These residues participate in an extensive

theta(Cryptomonas phiPsaE (77% identity, 95% similarity), ~ aromatic network that is particularly visible in the N8009

andOdontella sinensi®saE (67% identity, 91% similarity) ~PSaE structure (Figure 3B). Starting from one side of the
are also close. The structure presented here can serve as difotein and extending to the other, the cluster includes Tyr45,
excellent model for all of these bacterial and eukaryotic TYr16, Trp17, Phe40, Phe60, and Tyr34. It remains to be

Ficure 4. Ribbon structure of the lowest energy structure of the
N8009 PsaE protein. Like the S7002 protein, it is a five-stranded
pB-sheet with a @ helical turn between the penultimate and last
strands. The C-terminal tail is disordered.

identity, 93% similarity),Cyanidium caldarium{Galdieria
sulfuraria) PsaE (71% identity, 93% similarity§;uillardia

proteins. InterestinglyM. laminosusand C. caldariumare
moderately thermophilic organisms. It is unclear which, if

any, of the few amino acid replacements confer thermosta-

bility.
Comparison of S7002 and N8009 PsaE Proteifhke
refined structures of the two PsaE proteins (this work;

elucidated whether this striking structural formation plays a
special role in electron transport in vivo.

The BC loop is similarly disordered in both proteins. Only
one conservative substitution (lle27 in S7002 PsaE to Val
in N8009 PsaE) and one nonconservative substitution (lle33
in S7002 PsaE to Lys in N8009 PsaE) are present. The latter
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FIGURE 6: Superimposed ribbon structures of the S7002 and N8009
11 PsaE proteins. The orientation is similar to that in Figure 5 of Klukas
: pmbwooag and co-workersZ4). The location of conserved or rarely substituted
0.9 4 C of residues is marked in gray. The approximate location of the
o 0.7 membrane surface is shown by a horizontal plane. PsaE contacts
2 05 | PsaA/B through the AB loop and the CD loop. The tip of the CD
= 03 loop points toward the JFcluster. The BC loop interacts with the
2] ..‘ central loop of PsaC. The axis marked(&B) indicates the local
01 V PsaA/B axis of symmetry. The star indicates the engg®fand
01l the beginning of3C, where ferredoxin docks onto PsaE.
01 2 3 45 6 7 8 9
ossible that in S7002 PsaE, the mobile CD loop rarely visits
[U] (VD D p rarely

_ the conformation yielding the NOEs between residue 16 and
FiIGURE 5: Plot of the CD signal at 226 nm (A) and the fluorescence agique 45. Interestingly, the ellipticity at 225 nm is reduced

emission at 352 nm (B) for N8009 PsaE as a function of urea .
concentration. The protein concentration is 20 in 20 mM by a factor of nearly 4 in S7002 PsakE compared to N8009

phosphate buffer, pH 5. The data were collected at 298 K on the PSaE 29). Tertiary interactions between the aromatic side
same samples. The solid lines through the data points werechains can contribute significantly to the CD signal around
calculated with the parameters of the global fit of the CD data and 225 nm in proteins with low helix conten§7). Given that

the fluorescence data collected at this concentration andudd 5 the secondary structures of the PsaE proteins are the same

protein. (C) Apparent fraction of unfolded protein versus urea . : . .
concentration derived from the CD dat@)(and the fluorescence  and that the spatial relationship of Trp17 with respect to other

data (») shown in panels A and B. The solid line was calculated aromatic side chains is largely invariant, the spectral dis-
with the parameters of the global fit of the CD data and the crepancy is likely to reflect the altered residue 16 to residue
fluorescence data collected at 20 angM8 protein. 45 interactions. Finally, in the CD loop region corresponding

. . to the deletion, Phe48 of S7002 PsaE has a weak NOE to
replacement breaks the hydrophobic stretch extending fromTyr45' This medium-range effect apparently results from a
large CD loop has increased mobility relative to the rest of = giapjlity of the PsaE FoldThe structural similarity with
the protein £2), and its structure is underconstrained by the he SH3 domain raises the possibility that other properties
NMR data. In the N8009 PsaE protein, the short CD 100p of the fold, such as thermodynamic stability, are maintained.
imposes negligible rearrangement at the tethered ends of ther,e genaturation of N8009 PsaE by urea can be modeled as
BC andfD strgnds. _ o a simple equilibrium between a native state and an unfolded

The three-dimensional overlap shown in Figure 6 suggestsstate. Two-state behavior is also observed for SH3 domains,
a structure-based sequence alignment of the two PsaBncluding those of Sem5@), spectrin 64, 59), drk (60),
subunits. The Asn residue preceding Thr57 in N8009 PsaESso7d 66), Src 1), Btk (55, 62, Itk (62), Tec 62), Fyn
is the structural equivalent of Asn56 in S7002 PsakE. It has (63), and P13 §4). The range ofAG® values obtained for
the samexH—oH NOE to Val43 and the same side chain these proteins extends from 11 to 17 kJ mplwith the
orientation. On the other hand, the Ser residue following exceptions of Fyn (25 kJ mol) and Sso7d (33 kJ mol).
Tyr45 in N8009 PsaE has a close match in Asn46. Thus, The PsaE protein lies at the lower end of the range. Similarly,
the deletion can be placed from residue 48 to residue 54.the dependence @G° on urea concentration (on value),
This involves two plausible replacements at or near the which measures the change in exposed hydrophobic surface
edges: Asn46 to Ser and LeuS5 to lle. The sequencearea upon unfolding, is 3.3 kJ méIM~1 in N8009 PsaE.
alignment shown in Figure 1 was derived from this structural This value is also at the low end of the range covered by
information. the SH3 domains mentioned above 296 kJ mott M~Y).

The N8009 PsaE CD loop exhibits long-range contacts Many of these exhibit ar,, above 70°C (55, 58, 62),
involving Tyr45 and Tyr16 that are not observed in S7002, contrasting with their low room-temperature stability. How-
even though in this protein, the NOEs between the adjacentever, a highT,, does not accompany the low stability of
residues Asn44 and Val43 and Trpl7 are observed. It is N8009 PsaE with respect to chemical denaturation, and the
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onset of unfolding occurs near 40C at pH 7.0. The region. It is likely that the conformations become more
thermodynamic stability of the isolated protein, lower than similar in the flexible loop regions when the subunit is part
expected for a protein of this siz85), may explain the small  of the complex.
level of PsaE detected in the cell when the complex is not  The PsaE subunit participates in multiple protejmotein
assembleddp). It is also possible that additional stability is  interactions, as SH3 domains do. These domains bind a
provided to the PsaE fold by the complex formation with proline-rich polypeptide near theghelix (73). The corre-
the adjacent PS | components. sponding face in PsaE is in contact with PsaD and PsaC.
Function and Location of PsaE Proteinghe structure  There is no significant sequence similarity between the PsaE
of the N8009 protein and the improved model of P24)( proteins and the SH3 domains, and the details of the PsaE
provide insight into the potential roles of specific PsaE amino contacts within the assembled PS | complex remain unclear.
acids. The strictly conserved, nearly conserved, and variable|n addition, PsaE utilizes other elements of its structure to
residues of the PsaE protein are highlighted in Figure 6. The interact with PS | subunits, for example, the AB loop, the
orientation of the ribbon corresponds to that presented by BC loop, and the CD loop. The latter two are both shorter
Klukas and co-workers [Figure 5 i24)], with the membrane  in typical SH3 structures.

plane lying horizontally under the protein. _ The C-terminal region of PsaE Bynechocystisp. PCC

The stretch Glu-Ser-Tyr-Trp (}417) of the AB loop is 6803 has been implicated in the correct association of PsaC
strictly conserved in all known sequences, and residue 18 isjntg the PS | complex70). However, the C-terminus of PsaE
usually a Phe or a Tyr. The AB loop is in contact with points away from PsaC and the 3-fold symmetry axis and
PsaA/B in the thylakoid membrane, which may explain the toward the exterior of the PS I trimer/monomer. In addition,
low occurrence of changes in this region. Interestingly, the thjs region of PsaE is accessible to proteases and susceptible
Trpl7Ala replacement iynechocystisp. strain PCC 6803 g chemical modifications74), and inS. elongatusPsaE
PsaE, whose sequence is closely related to th8yatcho-  can be biotinylated at all seven of its lysine residues (three
coccussp. strain PCC 7002 PsaE, has no apparent conseyf which are in the C-terminal extension) as well as at its
quence on the binding of PsaE to the PS | complex or on N-terminus 75). The lack of structure observed in the

the reduction of ferredoxirl()). Likewise, in the N-terminal  C_terminal tail of N8009 PsaE is consistent with solvent
region, the conserved Argl2 can be replaced individually exposure in the complex.

with an alanine without effect. In combination with replace- Many of the cyanobacterial sequences, including Nostoc
ments at Lys7 and Lys11, or Arg4 and Arg9, this change gnng have a C-terminal extension with a net positive charge

interferes with complex assembly. This suggests that Singlewhereas higher plant PsaEs have negatively charged exten-
replacements can be compensated by the interprotein interaczjons of about 30 residues at the N-termind@$)( The

tions, whereas multiple replacements may destabilize the jiantation of the N- and C-termini explains how these

protein and.its compl_ex exces_si\_/ely, terminal extensions can be readily accommodated in the
Other residues are involved in intermolecular contacts and g, cture. The portion of the PsaE sequences common to all
are strictly conserved. Among these, Tyr34is in the BC l00p qqanisms is that which interacts with PsaC, and, presumably,
and is proximal to PsaC, and Arg39 is at the C-terminal end e doxin. The C- and N-termini appear to interact with the
of BC, at the surface of the binding site for soluble ferredoxin. psarE/3/M subunits at the exterior surface of the trimer and

Ferredoxin must also bind proximally to PsaC in order t0 \qid not interfere with the packing of any other subunits
accept electrons from the; f4Fe-4S] cluster@7). PsaE has 8” the complex.

been shown to enhance the interaction between PsaC an
ferredoxin (L7, 68, 69). Replacement of Arg39 with glutamine
decreases the affinity of PS | for ferredoxin by a factor of
20 (70, 71). The PsaE structure reveals that the semicon-
served Thr23 is on the surfacefB and proximal to Arg39;

its replacement with a bulky residue would be expected to

In conclusion, the structure dfostocsp. strain PCC 8009
PsaE facilitates the interpretation of the biochemical and
structural data gathered on PS |. The subunit demonstrates
the versatility of the SH3 domain fold in mediating protein
protein interactions; PsaE binds to proteins on the stromal

: : : ; interface and, as the current structure shows, does so with a
affect the interactions with ferredoxin.

Amona the other conserved residues on the surface of thecluster of conserved and semiconserved residues on its
. 9 . . : . . L surface. As PsaE is required for cyclic electron transport, it
isolated subunit, there is an interesting trio consisting of

. is likely that an additional role for these conserved residues
Eé?jls;%er(\?ggsiﬁr\llsdo;nlslésc;E 158eqFL)JSear11Iie2()aq;r?(ri]c'l?ysr)iSA(igﬁ-is to maintain the proper assembly of proteins that participate
pletely conserved). These residues make,up part of the CDin this process or are directly involved. in this pathway gr.ound
loop. As this loop ié uncharged, it is not surprising to find it PS 1, or both. NS.OO(‘? Ps_aE also points to_ the plgst|0|ty of

: ’ : the stromal organization in the cyanobacterial reaction center
embedded between PsaC and PsaA/B, wieaself helices h id created by the smaller and potentially more
andn—o loop it contacts 24, 72). The N8009 PsaE CD loop as the vol ' oy P y
contains seven residues. fewer than S7002 PsakS.or structured CD loop is tolerated_and §omehow compensated
elongatusPsaE CD loops; however, in species that poésess!n th_e complex: As a more det.a|led picture of PS | emerges,
the CD loop deletion and, that are élosely relatedNEBtos it will be feasible to determine the exact nature of the

. : . . . rearranged structure around the shorter version of the CD
(e.g.,M. laminosu}, there are no amino acid insertions in loop
the corresponding regions of PsaA/B that are proximal to '
PsaE. Since the PsaE subunit itself does not undergo majon cx NOWLEDGMENT
changes, it would appear that other subunits of PS | must
rearrange to fill the cavity. It should also be noted that the = We are grateful to the members of Dr. C. R. Matthews'’s
N8009 and S7002 structures do not overlap perfectly in this research group for help with the denaturation experiments



Structure ofNostocsp. PCC 8009 PsakE

and to Drs. Krauss, Saenger, Klukas, and Schubert for
communication of results prior to publication. We also thank

Anne Stanley for the N-terminal analysis, Dr. Kaye Speicher
for the mass spectrometry data, and WanLi Kuang for protein
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SUPPORTING INFORMATION AVAILABLE

A table summarizing the chemical shifts of tNestocsp.
strain PCC 8009 PsaE; the details of denaturation data
analysis; the fluorescence and CD spectra of native and
unfoldedNostocsp. strain PCC 8009 PsaE (7 pages). This
material is available free of charge via the Internet at http://
pubs.acs.org.
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