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ABSTRACT: In oxygenic photosynthesis, photosystem | (PSI) conducts light-driven electron transfer from
plastocyanin to ferredoxin. The reactions are initiated when the primary chlorophyll dongr,isP?
photooxidized. Rois a chlorophyll dimer ligated by the core subumtaAandpsaB A difference Fourier
transform infrared spectrum, associated withgPminus-Roo, can be acquired using PSI from the
cyanobacteriun$ynechocystis sPCC 6803. This spectrum reflects contributions from oxidation-sensitive
modes of chlorophyll, as well as from oxidation-induced structural changes in amino acid residues and
the peptide backbone. Oxidation-induced structural changes may play a role in the facilitation and control
of electron-transfer reactions involving the primary donor. In this paper, we report that photooxidation of
Pz00 in cyanobacterial PSI perturbs a cysteine residue. At 264 and 80 K, a downshift of a SH stretching
vibration from 2560 to 2551 cm is observed. Such a downshift is consistent with an increase in hydrogen
bonding, with a change in €S—H conformation, or with an electric field effect. Deuterium exchange
experiments were also performed. While the perturbed cysteine is in a protein region that is resistant to
exchange, otheiH-sensitive vibrational chl and amino acid bands were observed. Frofhitarchange
experiments, we conclude that photooxidation afperturbs internal or bound water molecules in PSI
and that the Rg¢"-minus-Poo spectrum i$H exchange-sensitive. The results are consistent with structural
complexity in the PSI primary donor, as previously suggested [Kim, S., and Barry, B. A. (2000).

Chem. Soc. 1221980-4981]. Possible explanations, including a partial enolizatiorygf Pare discussed.

Photosystem | (PSl)catalyzes photoinduced electron spectrum will exhibit contributions from chl vibrational
transfer from reduced plastocyanin to ferredoxtij. (This modes that are perturbed by the oxidation reaction. A detailed
enzyme is found in all organisms that conduct oxygenic assignment for this spectrum will furnish structural informa-
photosynthesis. The primary photochemical event in PSI tion concerning the primary donor. In addition, this spectrum
results in the generation of the cation radicabsP. Electron will reflect contributions from amino acid residues and

transfer proceeds to an acceptor chl moleculg a®phyllo- adjacent pigments, which are affected by,Bxidation. Such
quinone, A, and iron-sulfur clusters, Fand R/Fg (2). The linked structural changes contribute to the free energy:&f P
psaAandpsaBsubunits form a heterodimer core of PSl and oxidation and may play important roles in the control of
provide the binding sites for/&, Ao, A1, and k (3). X-ray electron-transfer reactions.
diffraction analysis at 2.5 A resolutiod) shows that PSI We have acquired a;R"-minus-Poo FT-IR spectrum in
contains a che/a’ heterodimer, which plays the role of the  pg) isolated from the cyanobacteriBynechocystis SECC
primary electron donor, 4, 6803. Spectra were obtained for both control aihtt
Vibrational spectroscopy can provide detailed structural exchanged samples. These difference spectra exhibit a
information about the primary chl donor of PS—<11). vibrational band consistent with the perturbation of a cysteine

Relevant questions concern the structure and environmentresidue upon 3o oxidation. ?H exchange experiments
of P7qoin both the neutral and cationic states. This informa- indicate that the cysteine is in a region of the protein resistant
tion can be obtained by reaction-induced FT-IR spectroscopy.to exchange. We also conclude that the ester and, possibly,
Using light-minus-dark difference techniques, a spectrum the keto groups of f§oand Pgg™ are accessible to exchange.
associated with the oxidation of,d3 can be acquired. This  Our data suggest that the photooxidation reaction perturbs
internal or bound water molecules. These data also provide

* This work was supported by NSF Grant 98-08934 (B.A.B.). add|t_|onal su_pport for previous _observatlo_Q}s _@vh|ch were

* Address correspondence to this author at the University of consistent with dynamic or static complexity in the structure
Minnesota, 1479 Gortner Ave., St. Paul, MN 55108. Phone: 612-624- of P;o".
6732; Fax: 612-625-5780; Email: barry@biosci.cbs.umn.edu.

* Both authors contributed equally to this work.

§ Present address: Department of Biochemistry, 124 Engel Hal

Virginia Polytechnic Institute and State University, Blacksburg, VA . . .

24061. Protein Purification. PSI samples were purified from
1A_bbreviations: 'bchl, bacteriochlorophyll; chl, chlorophy_ll; DCPIP,  Synechocystis sf?CC 6803 cyanobacterial cultures?).

2,6-dichlorophenolindophenol; EPR, electron paramagnetic resonancecyanObacteria were grown under constant illumination in

spectroscopy; FT-IR, Fourier transform infrared spectroscopy; methyl .

viologen, 1,1-dimethyl-4,4-bipyridinium dichloride; Ros, primary BG-11 media {3, 14). Cells were broken, and membranes

electron donor of photosystem I; PSI, photosystem 1. were isolated by techniques previously descrildst). (After
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solubilization in dodecyl maltoside and centrifugation, ion temperature dewar. At 264 K, spectra were obtained either
exchange chromatography was performed, and PSl-contain-under illumination or after a 90 min dark-adaptation. At 80
ing fractions, eluting at ionic strengths greater than 53 mM K, spectra were acquired in the dark before illumination and
MgCl,, were pooled12). These fractions correspond to the under illumination. Spectral conditions were the following:
largest chlorophyll-containing peak in the chromatogram. microwave frequency, 9.2 GHz; microwave power, 0.2 mW;
Size exclusion chromatography (data not shown) shows thatmodulation frequency, 100 kHz; modulation amplitude, 3
these fractions are enriched for trimeric PSI complexes, G; time constant, 1.3 s; sweep time, 42 s.
which are the main oligomeric form in cyanobacterial FT-IR SpectroscopyCyanobacterial PSI samples were
membranes [sed §, 16) and references cited therein]. Before partially dehydrated and contained 3 mM ferricyanide and
data collection, samples were dialyzed against a buffer3 mM ferrocyanide (Figures 2 and 3p)(or 11 mM
containing 5 mM HEPESNaOH, pH 7.5, and concentrated ferricyanide and 11 mM ferrocyanide (Figures-9). The
to 4—5 mg of chl/mL using Centricon 100 filters (Amicon, ferri/ferrocyanide mixture was added immediately before
Beverly, MA). Chlorophyll quantitation was conducted in partial dehydration. For the & and?H,O experiments, the
100% methanolX7, 18). To control for small preparation-  ferri/ferrocyanide mixture was added in,® and ?H,0,
dependent differences in the yield obf, PSI samples were  respectively. FT-IR absorption spectra were acquired by
pooled and then compared. ratioing data obtained before illumination to a background.
°H,0 ExchangePurified PSI was exchanged intctd,O Difference, light-minus-dark, FT-IR data associated with
buffer containing 5 mM HEPESNaCH, p’H 7.5, and Pzoo™-minus-Pgo at 264 K were recorded on a Nicolet
0.05% dodecyl maltoside (Anatrace, Maumee, OH). RO  (Madison, WI) Magna 550 Il spectrometer with a liquid
was purchased from Cambridge Isotope Laboratories, Inc.nitrogen cooled MCT-A (mercury cadium telluride) detector
(Andover, MA), and was 99.9% labeled withl. The gH using continuous illumination2Q). CaF, and Ge windows
is reported as the uncorrected meter reading from the pHwere employed. The low-energy detector cutoff was 500
electrode. The exchange was performed by a series of fourcm™. Spectral conditions were as follows: resolution, 4
dilution (2—20-fold) and concentration steps and the use of cm™%; mirror velocity, 2.5 cm/s; apodization function, Happ
a Centricon 100 concentrating device. The concentration of Genzel; levels of zero filling, 1 (Figures 2 and 3) or 2
the PSI samples before the first exchange step was in the(Figures 4-9); data acquisition time, 4.0 min. While one
range from 0.22 to 2.2 mg of chl/mL. To increase the amount level of zero filling was sufficient to adequately represent
of exchange, samples were also incubated3fd in 2H,O the data, two levels of zero filling supplied a smoother
buffer at 6°C and then frozen and thawed in that buffer. interpolation between data points. Data points were acquired
The HO PSI control in 5 mM HEPESNaOH, pH 7.5, and  at every other zero crossing of the helitimeon laser.
0.05% dodecyl maltoside was treated identically and simul- Overall, the data acquisition parameters gave a spectral range

taneously. with a wmax €qual to 8000 cmt. Data were acquired under
PSI Actiity. Oxygen consumption assaykdj, using the nonsaturating conditions, in which the energy detected under
Mehler reaction, were performed on control aftd,O- the cutoff (from 500 to 400 cnt) was less than 0.5% of the

exchanged cyanobacterial PSI at 25 with a YSI 5300 maximum energy. These are conditions in which infrared
oxygen electrode (Yellow Spring, OH]14). PSI samples  spectra are known to be photometrically accurate, and there
consisted of 2Q«g of chl, and the buffer contained 0.1 mM are no saturation effects.
DCPIP, 5.0 mM ascorbate, 0.1 mM methyl viologen, 5 mM  Infrared data associated withoF-minus-Bgoat 80 K were
HEPES-NaOH, pH 7.5, and 0.05% dodecyl maltoside. The acquired using continuous illumination and a Nicolet 60SXR
ascorbate was made upa 1 Mstock, and NaOH was used  spectrometer with a liquid nitrogen cooled MCT-B (mercury
to adjust the pH to pH 7.5. The apparent rate of oxygen cadmim telluride) detector and a Hansen liquid nitrogen
consumption in the absence of PSI wasf16 uM O, (mg cryostat (Santa Barbara, CA)X, 22). Cak, and Ge windows
of chl)™* h™%, and this value was subtracted from the PSI were employed. The low-energy detector cutoff was 400
rate. PSI oxygen consumption rates under illumination were cm™1. Spectral conditions were as follows: resolution, 4
calculated to be 15@ 10 uM O, (mg of chl)* h™% The cm™%; mirror velocity, 1.6 cm/s; apodization function, Happ
addition of ferricyanide and ferrocyanide at the concentra- Genzel; levels of zero filling, 3; data acquisition time, 7.5
tions employed for FT-IR spectroscopy had no significant min; and temperature, 80 K. Data points were acquired at
effect on the rate of light-stimulated oxygen consumption. every other zero crossing of the heliumeon laser; this
After FT-IR spectroscopy, dehydrated samples were rehy- procedure is consistent with a spectral range witt,ax
drated with 20uL of H,O or °H,O and stored at-70 °C. equal to 8000 crm.
The light-stimulated oxygen consumption rates in these At 264 K, spectra were obtained either under illumination,
rehydrated samples were 18220uM O, (mg of chly* h=2. immediately following illumination, or after a 90 min dark-
EPR Spectroscopylo observe EPR signals fromydg" adaptation. At 80 K, spectra were acquired in the dark before
under experimental conditions identical to those used for FT- illumination and under illumination. The illumination time
IR spectroscopy, partially dehydrated, cyanobacterial PSlwas 4 min. For both temperatures, the sample absorbance at
samples, containing 3 mM potassium ferricyanide, 3 mM 1655 cm?! (amide | band) was less than 0.9, and the
potassium ferrocyanide, and 1@@ of chl, were employed.  continuous illumination source was red- and heat-filtered.
lllumination was performed in the cavity with red- and heat- Data recorded under illumination were ratioed directly to
filtered light from a Dolan-Jenner (Woburn, MA) illuminator.  data recorded in the dark. Difference spectra were corrected
The illumination time was 4 min. Data were acquired at 264 for small differences in sample concentration and path length.
and 80 K on a Bruker (Billerica, MA) EMX 6/1 X-band  This was accomplished by normalization to either the amide
spectrometer, equipped with a Wilmad (Buena, NJ) variable- [l amplitude (Figures 2 and 3) or the amide | amplitude
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Ficure 1: Light-minus-dark difference EPR spectra of cyano-
bacterial PSI at pH 7.5. The;"-minus-By EPR data were
obtained at 264 K (A) and at 80 K (B). Samples contained 3 mM
potassium ferricyanide and 3 mM potassium ferrocyanide. Spectral
conditions are given under Materials and Methods.

(Figures 5-9) in the infrared absorption spectrum. In Figures
2 and 3, the data are the average of 20 (A) or 4 (B) spectra.
In Figures 5-9, the data in (A) and (B) are an average of
80 spectra. Data fitting and analysis was performed either
with OMNIC (Nicolet, Madison, WI) or with IGOR PRO
(Lake Oswego, OR) software.

RESULTS

EPR Control Experimentd.he oxidized form of Ry can
be detected by EPR spectroscopyPgives rise to a narrow
EPR signal with ag value of 2.002 (Figure 1). The EPR
data in Figure 1 demonstrate thatof® was generated
reversibly at 264 K in the presence of 3 mM potassium
ferricyanide and 3 mM potassium ferrocyanide. The yield
of P7oo™ at 264 K (Figure 1A) was 0.1& 0.03 spin per 100
chl (18). At 80 K, Pno" was generated by a single
illumination of a sample containing 3 mM potassium
ferricyanide and 3 mM potassium ferrocyanide. The vyield
of Pyoo™ at 80 K was 0.17- 0.07 spin per 100 chl and was
indistinguishable from the yield at 264 K (Figure 1B).
Potassium ferricyanide is expected to act as the electron
acceptor at 264 K9) and may be acting as an electron
acceptor at 80 Kg).

Temperature Dependence of Difference FT-IR Spebtra.
Figure 2A, solid line, we present the 2800200 cm* region
of the difference FT-IR spectrum obtained by illumination
at 264 K. The data in Figure 2A, solid line, are light-minus-
dark difference spectra recorded under 4 min of illumination.
As expected, vibrational bands in the light-minus-dark
difference spectra were significant, relative to the light-
minus-light (data not shown) and the dark-minus-dark
controls (Figure 2, dotted lines). The 1800200 cm* region
of the light-minus-dark spectrum is similar to spectra
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FIGURE 2: The 2800-1200 cnt! region of light-minus-dark
difference FT-IR spectra acquired from cyanobacterial PSI at pH
7.5. The Rogt-minus-Bgo spectrum was obtained at 264 K (A) and
at 80 K (B). The dotted lines show the dark-minus-dark spectra at
each temperature. Tick marks on th@xis represen\4 x 1073
absorbance unit. For clarity, the spectra have been offset from zero.
Spectral conditions are given under Materials and Methods.
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FiIGURE 3: The 26406-2460 cn1! region of difference FT-IR spectra
acquired from cyanobacterial PSI at pH 7.5. ThggPminus-Poo
spectrum was obtained at 264 K (A) and 80 K (B). These data are
repeated from Figure 2 on an expanded scale. The dotted lines show
the dark-minus-dark spectra at each temperature. Tick marks on
the y-axis represenA1 x 10~* absorbance unit. The spectra have
been offset from zero. Spectral conditions are given under Materials
and Methods.

stretching vibration of these compounds is observed between
2200 and 2000 cnt (20).

In Figure 3, the 26462460 cm! region of Figure 2 is
presented. Data were obtained at 264 K (Figure 3A, solid
line) and at 80 K (Figure 3B, solid line). A derivative-shaped
feature, with frequencies of 2560 (neg.) and 2551 (pos.)
cm 1, was observed in both data sets. This feature was small,
but was clearly significant relative to the noise in the

previously assigned to;R®"™-minus-Pqo (5, 8). This region measurement. This was apparent in a comparison of the data
of the spectrum is dominated by contributions from oxida- (Figure 3, solid lines) to the dark-minus-dark controls
tion-induced changes in the chl macrocyclg (Notice that obtained on the same sample (Figure 3, dotted lines). The
the 1806-1200 cn1? spectral region was only slightly altered 2560/2551 cm'® spectral feature was also observed in the
in frequency and not significantly altered in overall amplitude absence of the ferricyanide/ferrocyanide couple (data not
when data were acquired at 80 K (Figure 2B, solid line). shown). In the 25662550 cm! region, the only funda-
Ferricyanide is expected to be reduced upon illumination of mental protein vibrational bands come from the SH stretching
PSI. While ferricyanide and ferrocyanide have no funda- modes of cysteine residues [s€8+27) and references cited
mental vibrations in the 18601200 cn1? region, the &N therein]. Therefore, the derivative-shaped spectral feature at
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Ficure 4: Infrared absorption spectra of cyanobacterial PSIi0 H \ \ \ [ ‘

buffer (A) and?H,0 buffer (B) in the spectral region between 4000 4000 3500 3000 300 2000 1300 1000

and 1000 cml. The tick marks on they-axis represent 0.4 FREQUENCY (em 5

absorbance unit. Spectral conditions are given under Materials andFicure 5: Effects of 2H,O exchange on the 406@000 cnr?

Methods. region of the light-minus-dark difference FT-IR spectra acquired
from cyanobacterial PSI. The,g™-minus-Bgy spectrum was

2560/2551 cmt is assignable to the -SH stretch of a obtained under illumination in #0 buffer (A, solid line) or infH,O

. - . Lo buffer (B, solid line). The isotope-edited, double difference
protonated cysteine residue. Because this cysteine is Con-spectrum, HO (A, solid line)-minus?H,0 (B, solid line), is shown

tributing to the light-minus-dark difference spectrumgd® in (C). An averaged dark-minus-dark spectrum is shown in (D). A
minus-Poo, this cysteine must be perturbed whegoRs control double difference spectrum, constructed from data averaged
photooxidized. While the apparent downshift is 9 @it to give (A), is shown in (E). The&s'-minus-Pgo spectra, obtained

should be noted that changes in spectral line width and Immediately after illumination in O buffer (A, dashed line) or

. . Lo . in 2H,0 buffer (B, dashed line), are also shown. The PSI samples
amplitude can influence frequencies in a difference spectrum se'in (A) and (B) were half of the same pooled PSI preparation.

[see @2) and references cited therein]. (F) shows a comparison of data acquired through the use of a screen
Effect of °H,O Exchange on the Ground-State FT-IR that blocks 70% of the infrared intensity (dashed line) with data
Spectrumin Figure . he 40001000 cm region of e - SIS ML e e Bl e e
FT-IR spectra in O (Flgur.e 4A) andHO (Figure 4B) is represeqnnz x 1073 absorbancepunﬁ. Spectral conditions(,)];re given

presented. Spectral contributions fromQH (3299 cn?, under Materials and Methods.
Figure 4A),2H,0 (2484 cm, Figure 4B), the &N vibration
of the ferricyanide/ferrocyanide redox couple (2040 &m tion. These spectra are corrected for path length and
and protein backbone vibrations (1656 and 1548 }rare concentration and so can be directly subtracted, on a one-
observed. The amide | band (1656 ¢is predominantly to-one basis, to give the isotope-edited spectrug®-hhinus-
a CO stretching vibration, and the amide Il band (1548%m  2H,0, shown in Figure 5C. This isotope-edited spectrum
arises from a &N/N—H vibrational mode of the peptide  exhibits well-defined vibrational bands. The dark-minus-dark
backbone28). While the amide | band is expected to exhibit (Figure 5D) and control double difference spectrum (Figure
only modest changes upon deuterium exchange, the amide&E) are shown for comparison. The control double difference
Il band is expected to downshift 9000 cnt? in 2H,0 (28). spectrum was constructed by one-to-one subtraction of half
The downshifted band will be referred to as amideatid is of the data set acquired in,B from the other half of the
observed in Figure 4B at 1456 ct Therefore, comparison  data. The origin of intense negative and small positive bands
of the amplitudes or integrated areas of the amide Il and in the 2900 cm?* (CH stretching region) region of Figure
amide II spectral bands gives an estimate of the percent5A,B, solid lines, is not known, but similar bands have
exchange 29). Estimates of the amount of exchange were been reported recently f@hlamydomonaPSI (10). Small
derived from the equationf = w'/w, wherew is the ratio spectral features at approximately 2900 and 2100'amere
of amide Il to amide 1 (°H,0) andw is the ratio of amide  observed in the double difference spectrum (Figure 5C).
Il to amide | (H:O) (29). This calculation gave a value of Because bands with similar amplitude were observed in the
20 + 1% exchange. Larger values, closer to 30% exchange,dark-minus-dark controls and control double difference
were calculated using other metho@$®)( spectra, these bands will not be considered in more detail.
Effect of?H,O Exchange on the Difference FT-IR Spec-  On this scale, it is clear that substitution?f,O for H,O
trum. In Figure 5, we present the effect 8l exchange on  resulted in the downshift of a broad spectral feature at 3329
the 4000-1000 cm? difference spectrum associated with cm™ to 2502 cm? (Figure 5C). These bands were not
the oxidation of Pyo. In Figure 5A, solid line, the spectrum  observed in the control double difference spectrum (Figure
associated with Bs"-minus-Bgo in H,O is presented; in  5E) or in the dark-minus-dark spectrum (Figure 5D). The
Figure 5B, solid line, the spectrum associated withyP difference spectra shown in Figure 5A,B, solid lines, were
minus-Pgoin ?H,0 is presented. To give excellent reproduc- constructed with data obtained in the dark amdder
ibility, the H,O and?H,O samples were two halves of the illumination. An indistinguishable Bs"-minus-Pgo spectrum
same pooled PSI sample. This eliminates any differencewas constructed with data obtained in the dark aftér
between the spectra due to preparation-to-preparation variadillumination (Figure 5A,B, dashed lines). This experiment
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shows that the broad features are not an artifact of visible
illumination. Our data are acquired under conditions in which
the infrared detector is not saturated (see Materials and
Methods). Confirming the expected photometric accuracy,
identical difference spectra were acquired with and without
a screen that blocks 70% of the infrared radiation (Figure
5F, solid and dashed lines).

In Figure 5C, the frequency of the 3329 and 2502 &m
bands suggests a water assignment. However, these features |
are slightly shifted in frequency from the frequency observed ?
for bulk H,O and for?H,O in Figure 4. Therefore, the double e ronod

L A-B(x

difference spectrum is consistent with a perturbation of | e e T A

SORBANCE

internal or bound water molecules upon photooxidation of =~ —| B Derminus dark

the PSI primary donor. While a NH stretching assignment B Control ]
cannot be definitively excluded, we favor the OH stretching I ‘ * '
assignment because of the intensity and breadth of these ** e REQUENCY e o

spectral contributions. The negative bands are much morer, . - 6. Effects 0f2H,0 exchange on the 2080000 crrt
intense than any positive vibrational contributions in the OH region of the light-minus-dark difference FT-IR spectra acquired
or O?H stretching region. Such a spectral signature may be from cyanobacterial PSI. The7&"™-minus-Pg spectrum was
consistent with the light-induced movement of internal or obtained in HO buffer (A) or in?H.0 buffer (B, solid line). (A) is

bound water molecules from the PSI reaction center to join répeated in (B, dashed line) to facilitate comparison. The isotope-
the solvent J edited, double difference spectrum,® (A)-minus?H,O (B), is

. L i shown in (C) and is multiplied by a factor of 2 compared to (A)
In addition to the broad water contribution, Figure 5C and (B). An averaged dark-minus-dark spectrum is shown in (D).
exhibits narrow?H sensitive bands in three other regions A control double difference spectrum, constructed from data

which will be discussed in detail below: (A) the 2000  averaged to give (A), is shown in (E). Tick marks on thexis
1000 cntt region; (B) the 3706-3100 cn? region; and (C) represenfA2 x 1073 absorbance unit. Spectral conditions are given
the 2640-2460 cm! region. These are regions where the under Materials and Methods.

control (Figure 5E) and dark-minus-dark spectra (Figure 5D)
show no significant contributions (also see Figures 6, 8, 9).
Therefore, while the spectral features in th&®Fminus?H,O
double difference spectrum (Figure 5C) are small, these
features are clearly significant relative to the noise. The small
amplitude of the double difference is expected, becéddse
exchange occurred itv20% of the sample.

(A) The 2006-1000 cn! Region.Contributions from chl
oxidation are expected to dominate this spectral region 3
(Figure 6). In addition, amino acid side chain and peptide
bond contributions may be observed. In Figure 6A,B, the
spectral changes obtained in®and?H,0 are shown. The
double difference spectrum,,8-minus?H,0 (Figure 6C),
is clearly significant, as assessed by comparison to the dark-
minus-dark spectrum (Figure 6D) and to the control double 1700 1500 1300
difference spectrum (Figure 6E). Substitution26f,0 for FREQUENCY (em)

H,O can alter the spectrum of chl oxidation by substitution Ficure 7: Expansion of the isotope-edited spectrum in Figure 6C.
of deuterium in hydrogen bond3@). Also, if chl a enolizes, The HO-minus?H,0 spectrum was acquired by a direct one-to-
the proton at the B3position is exchangeable, arftil- one subtraction in (A). In (B), the #-minus2H,0 spectrum was

: : ; : generated by an interactive subtraction designed to minimize
induced alterations in frequency and amplitude are expeCtEdspectral contributions in the 1762720 cn1? region. The subtrac-

(30). o . . tion parameter was 1.06 instead of 1.0. Tick marks onytagis
Chl a oxidation upshifts the ester and keto stretching bands represeniA2 x 104 absorbance unit.

of chlain vitro (7). Perturbations of macrocycle vibrations
are also expected, but are less well characterized comparedre sensitive to deuterium exchange, because they are
to carbonyl band effects. Previousf labeling of the 13 observed here in the isotope-edited spectrum (Figure 6C and
methyl group has been used to assign bands to the chl esteFigure 7A). These bands, at 1754/1748, 1742/1736, and
group in Bog™-minus-Poo (9). This?H labeling method does  1721/1712 cm, are present in the #-minus2H,0 double
not result in isotope incorporation into aspartic or glutamic difference spectrum, generated either by direct one-to-one
acid, and, therefore, this method permits spectral contribu- subtraction (Figures 6C and 7A) or by a more subjective
tions from chl and these amino acids to be distinguished in procedure that is aimed at minimizing spectral contributions
the 1750 cm? region @, 31). Four ester &0 bands were in the ester carbonyl region (Figure 7B). While the amplitude
assigned to 3¢"/Pyoo Using that isotope-editing approad).( of the 1754/1748 cmt band is small, especially in the
Of those four previously assigned ester carbonyl bands, spectrum generated by interaction subtraction, the 1742/1736
at (pos.) 1754/(neg.) 1749, (pos.) 1742/(neg.) 1735, (pos.)and 1721/1712 cnt bands are clearly significant. The 1730/
1730/(neg.) 1726, and (pos.) 1720/(neg.) 1714 rthree 1726 cm! ester carbonyl band9( does not make a

BSORBANCE
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significant contribution to either double difference spectrum
(Figure 7A,B) and thus does not appear to be sensitive to
H substitution at this level of exchange.

The spectral effects observed are consistent with,®-

induced downshift of the frequencies of these bands, caused

by ?H exchange into f3¢"/P700 hydrogen bonds or witAH
exchange into the protonated enol form e§d®/P;q0. At this
level of exchange, the magnitude of thé-induced down-
shifts appears to be smatg cnt) and cannot be precisely
estimated from the data. Alternativel{ exchange may alter
the amplitudes of these bands. This can occur;d§Fonly
partially enolizes and ifH exchange alters the extent of the
enolization reaction through an isotope effect. Thus, these
results are consistent with the conclusion thagsPis
hydrogen-bonded (but see Discussion) and/or thab P
partially enolizes upon oxidation.

The intense derivative-shaped feature at (pos.) 1718 and

(neg.) 1698 cm! in the P -minus-Pg spectrum (Figure
6A) has been assigned to the'I&to vibration, based on
comparison to model compound3)put see alsol0)]. We

conclude that there is no significant effect®f exchange
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Ficure 8: Effects of2H,O exchange on the 376@B100 cnr?
region of the light-minus-dark difference FT-IR spectra acquired

on this band at this level of deuterium exchange, becausefrom cyanobacterial PSI. The 7§ -minus-Pgo Spectrum was
there are no spectral features in the isotope-edited spectrunobtained in HO buffer (A) or in 2H,O buffer (B). The isotope-

with those frequencies (Figure 7). Because four ester bandsedited, double difference spectrum;®1(A)-minus?H;0 (B), is

were identified by isotope labeling, it is reasonable to expect
that multiple keto vibrations will also contribute to the
spectrum. Partial enolization is expected to lower the force
constant of the €0 (“keto”) stretching vibration, because
the introduction of a double bond into the isocyclic ring
decreases the force constant for the'C@ bond B82).
Therefore, specific isotope labeling of chl is required to
identify those lines definitively.

However, suggestive evidence for the @® assignments
comes from the deuterium exchange experiment (Figure 6
and Figure 7), where clear frequency shifts are observed in
bands between 1700 and 1600 énA positive band at 1695
cm ! in the HLO-minus4H,O spectrum may be a 130
vibration of Pog"™ and may shift to 1687 cm (A = —8 cn?)
upon deuterium exchange. A positive, negative, positive
spectral feature at 1678, 1672, 1664 érappears to arise
from a?H-induced downshift of a derivative-shaped@®
band. A negative band at 1637 chmay be shifting to 1624
cm?t in 2H,O (A = —13 cnt!) and may represent an
extremely downshifted 280 vibrational mode, as suggested
previously g). Alternatively, the 1637 crit band may arise
from a chl macrocycle or amino acid@ vibrational mode
that is ?H-sensitive. Other deuterium-sensitive bands are

shown in (C). A dark-minus-dark spectrum is shown in (D). A
control double difference spectrum, constructed from data averaged
to give (A), is shown in (E). Tick marks on theaxis represent

Al x 1073 absorbance unit. Spectral conditions are given under
Materials and Methods.

In Figure 8A,B, the spectral changes obtained }@tnd
2H,O are shown. The double difference spectrum@H
minus?H,0 (Figure 8C), is clearly above the noise in the
measurements, as assessed by comparison to the dark-minus-

cdark spectrum (Figure 8D) and to the control double

difference spectrum (Figure 8E). Spectral bands are tenta-
tively assigned to OH and NH stretching vibrations of groups
that are perturbed by the oxidation reaction. Again, the
magnitude of most of the apparent isotope shifts is small.

Our data in the 18001200 cn1? region suggest hetero-
geneity in the structure of/g and Bo". The 3706-3100
cm! region is also complex, consistent with those results
and with direct or indirect interaction of these amino acid
side chains with the primary donor. In addition, it is
consistent with chl enolization and other types of interactions,
for example, electric field interactions, with amino acid side
chains in PSI. Spectral perturbations may also be due to a
small equilibrium isotope effect on the structure of PE3)(

observed in this spectral region. These lines may representlhe assignment of these bands will be explored in the future
amino acid residues that are exchangeable or hydrogenPy isotopic labeling of chl and amino acid residues.

bonded, or these lines may arise from other chl vibrations
that are deuterium-exchange-sensitive. Isotopic labeling
experiments are required to address these assignments in
definitive fashion.

(B) The 3706-3100 cmi* Region.In this region, we may
observe the OH and NH stretching vibrations of amino acid
residues that are structurally altered wheg B oxidized.

A subset of these may be hydrogen bonded g, Rf
enolization occurs, then a OH stretching mode of the enol
will shift out of this spectral range. In vitro studies suggest
that the frequency expected for that OH stretching mode is
3535 cmt (30).

(C) The 2646-2460 cm* Region.If the cysteine is in an
accessible region of PSI, substitution #f for *H will
downshift the stretching vibration at 2560 chby ap-
proximately 750 cm®. Therefore, the effect dH exchange
on the 2560/2551 cmt band was investigated. 1H,0O
buffer, this region of the spectrum is superimposed on the
intense G-?H stretching vibration (Figure 5C). This broad
spectral contribution was subtracted through the use of a
polynomial fitting procedure (Figure 9B,C).

We have not detected any isotope-sensitive lines in the
1900 cm! region of the?H,0O spectrum (data not shown).
However, about 50% of the amplitude of the I3 vibrational
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Ficure 9: Effects of 2H,O exchange on the 264®460 cm?
region of the light-minus-dark difference FT-IR spectra acquired
from cyanobacterial PSI. The.&g"-minus-Bgy spectrum was
obtained in HO buffer (A) or in2H,0O buffer (B). The isotope-
edited, double difference spectrumy® (A)-minus?H,0 (B), is
shown in (C). To present (B), a background signal fédeO was

fit with a polynomial and subtracted through the use of Igor Pro
software. Similar results to (C) were obtained when the subtraction

Kim et al.

subunits, which form the heterodimeric core of P&I39,

40). It is hypothesized that/& is ligated by residues in the
pshA subunit, which is expected to form the homodimer core
of this reaction cente3g, 37). Accordingly (Figure 10), we
performed a CLUSTAL sequence alignmedf) of amino

acid sequences derived from tBgnechocystis sSpCC 6803
psaAgene 42, 43), the Synechocystis s2CC 6803psaB
gene 42, 43), and theHeliobacillus mobilus pshgene 86,

37). BLAST (44) sequence alignments gave similar results
(data not shown). Th&8ynechocystiamino acid sequences
have approximately 30% overall similarity to thle mobilus
pshAsequence (Figure 10). Two cysteines were conserved
in the psaA psaB andpshAsequences (Figure 10); these
residues provide ligation to iron in the Fon—sulfur cluster

in PSI and presumably provide, Figation in the helio-
bacterial reaction centeB,(4, 45). The only other conserved
cysteine in any sequence is residue C444 iryigechocystis
psaA sequence, which is conserved in 37 knowsaA
sequences [also se8)]. While there is no corresponding
conserved cysteine in this positionpshA(Figure 10), C317

in theHelobacillus pshAequence may be in a similar tertiary
structural environment (see Discussion). Therefore, we
suggest that C444 in the psaA subunit may be a candidate
for the cysteine that undergoes a structural perturbation upon
oxidation of Bgo in Synechocysti$803. However, other
candidates cannot be ruled out, at this point. This cysteine
is not predicted to be in close proximity to the primary chl

was performed with uncorrected data, and then the double dif'ferencedOnor @), so if the perturbed cysteine is C444, it must be

spectrum was corrected with the polynomial fit. Tick marks on the
y-axis represenf\5 x 107% absorbance unit. Spectral conditions

perturbed by a propagated, light-induced conformational

are given under Materials and Methods. (D) and (E) were generatedchange in the PSI reaction center (see Discussion and Figure

as described in Figure 8.

band at 2560/2552 cm shows an apparent shift to 2544
and 2531 cm! upon?H exchange (Figure 9C). While this
is not consistent with direct substitution #f for *H in the
S—H bond, this shift may be consistent with a small effect
of deuterium substitution on the tertiary structure of PSI
[reviewed in B3, 34)]. See the discussion for a detailed
description of the factors that influence SH frequencies.
Alternatively, the 2544/2531 crd band could represent a
downshifted @H or N?H vibrational mode. We conclude
that the S-H group may be in a region of the protein that is

11). Such conformational changes have been detected in the
bacterial reaction cented®).

DISCUSSION

Several published reports demonstrate that photooxidation
of P7ooin PSI leads to a difference FT-IR spectrum reflecting
perturbations of chlorophyll carbonyl and macrocycle vibra-
tions ©@—11, 47, 48). For example, oxidation of chl in vitro
has been shown to cause an upshift of carbonyl stretching
vibrations @, 9, 47, 48). However, structural changes in the
protein matrix of PSI, which are coupled to the photooxi-
dation reaction, have not been extensively characterized. Such

relatively resistant to exchange. The new negative band atcoupled reactions can play important roles in adjusting the

2506 cn1t in the isotope-edited spectrum (Figure 9C) may
be the isotope-shifted component of an OH or NH stretching
vibration.

Candidates for Spectral Contributaré spectral feature
with identical frequencies (2560/2551 chh was also
observed upon oxidation of the primary bacteriochlorophyll
donor (Bgg) in the Heliobacterium modesticalduneaction
center 85). Growth of that organism ofH,O was shown
to downshift the 2560/2551 crhspectral feature, supporting
the assignment of this band to an-K stretching vibration
(35). Moreover, the vibrational band was insensitivétigO
exchange 35).

Taken together, these observations imply similarities in
the structural and functional role of cysteine residues in the

heliobacterial reaction center and in cyanobacterial photo-

system I. A close evolutionary relationship between cyano-

energetics of the electron-transfer reactions and can be
identified by difference FT-IR spectroscopdgj. Two types
of such coupled reactions are expected. The first includes
perturbations of groups in close proximity to the primary
donor. For example, oxidation may cause bond strength
alterations, which, in turn, cause changes in hydrogen
bonding interactions with amino acid side chains in the
environment. The second includes perturbations occurring
at some distance from the primary donor and mediated by
indirect interactions. For example, oxidation of the primary
donor may generate an electric field, which causes helix
dipole rearrangements and, thus, indirectly mediates coupled
structural changes at some distance.

°H Exchange in Cyanobacterial PSTo investigate the
interaction of the primary donor with the environment, we
have employed &H exchange experiment. To our knowl-

bacterial photosystem | and the heliobacterial photosystemedge, this is the first report of significafiti exchange in

has been deduced from other types of analy&8s-38). Pzoo

PSI [see 8) and references cited therein]. Based on the

is coordinated by histidine residues in the psaA and psaB change in relative amplitudes of the amide 1l and amide I
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1 MTISPPEREAKAKVSVDNNPVPTSFHEKWGKPGHADRT LARGPKTTTWIWNLHANAHDFDSQTS.DLEDVSRKIFSAHFGHLA vWUSGMYFAHGAK pSaA

1 MA. .o TKAPK. . oot SQDLAQDP.TTRRIWYGIATAHDFETHDGMTEENLYQKIFASHFGHI A L GTLAHVAW psaB

1 MATADAAFNPRAQV.......... E.W...oo KOKVPATRGA . . v v v i nnnnn o e nnnnnsnnnsns LKAHINHLG G FVL . psha
97 FSNYE PTHIKASAQVVW.PIVGQGILNG.DVGGGFHGIQITS Lun.assr'rnquu"r GG UV FHYHVIK. APK pSaA
71 QGNFE PLNI :AnuwoPHFGEGAvNAFTQAGASNPanY HWFYTIGMTTNQELYSGAVIAL UV LHLQPRKFRPS psaB
53 ..... AVLFAPRT P . o it ittt st n e te s s eannannnen ARLYQLGLDASAR. ... DA LM IIGHIKTPRE pshA
187 o ESMM LAGLLGLGSLG. . . SMPINKLLDAGVAPKDIPLPHEFILEPSKMAELYPSFAQGLTPFFTLNWGVYSD. .. .... psaA
165 ESRI.. LAGLFGVSSL AIP......... EARGQHVGWDNFLST....... PPHPAGLMPFFTGNWGVYAADPDTAGH psSaB
111 o LVAQFHFLALVAT GVRGA.. .NGGIVPTGLSF.....0ovvuonn DMFGPITGATLA. .o v ve v e v GNH psha
274 ... ... LNPVTGGLWLSDTA IAVLFITAGHMYRTNWGIGHSMK HKGPFTGEGHKGLYEIUTTSWH NLAL pSaA
243 I1.FGTSEGAGTA FHPQTESLWLTDIA IAVIFITAGHMYRTNWGIGHSIK HKGPLTGAGHTNLYDTIINNSLH ALAS psaB
176 VvAFGA........ VFHHTAGF..... N Fooe i ineennn EKOWE...... SAQVLAFHFATVIVFAMIIWNRP SFYF pshA
359 LesLTrIvaQuMYaMPAYPYQAT. LSLAT 16GAUI. ... .. ovoPAKNVNNULD [RMLRHRDATISHLNWVE psaA
339 LGVITSLVAQHMYSLPSYAFIAQ. AALYTHHQY|IAG DYDPVANKDNVILA .|RMLEHKEALISHLSWVS psaB
244 wm...... ... QOYALSNYAAPEI NAGHALIKQVIILGHUVFGVMF ATNDPKLAEALUKDFAKMLKK. . . .[d [dYDHOFQK psha
448 |GFHSAGLYIHNDTM nruourso'r QLQPIFAQWVQH..... HTLAPGATAPNALATASYA..FGGET AGKVAMMPITLGTADF psaA
428 |GFHTUGLYVIHNDVVVAFRGTP..... LIEP QWIQATSGKALUYGFDVLLSNPDSIASTTGAAWLPGWL NSGTNSLFLTIGPGDF psas
328 |ALIMAGAFUPIFVS THNTIADLHHUAKAG MTYINIGTALUMD . .ottt inannnn FGSHGTV...... SD A psha
538 1 RLVPD. ANLGFR oG PGR [MqvsGWDHVIFLG HFSWKMQSDVWGT. .VSPDGSVTH pSaA
520 LGL KLMPD. KDFGYS DGPGR (MDISAWDARYL YWHWK . HLGVWSG. . .. ....... psaB
394 GGL PWTTKVGMKAKRDGE [4s1suUviDQRYL YLD..... MGSFVATSSEVYK pshA
630 v AQSAITINGWLRD QAANVIN AYGIMA. . o oo v v FVFAFSLMALUFSGRGYWQELIE NKL P psaA
602 . NENSTYLMGWFRD NSAQLINGYNPYGVNNLSVWAWMA. . . ........ ATGFMALISWRGYWQEL IE ERT N psaB
486 aq KANPT. VSNFTSEGY[FSYIISQ KYYDGHLVQA A FTFSMUFQYRGSROEGAMVLK EQV F pshA

712 a....PluLancﬂa.v VAHY|LLG TTWAFFLUARSLS.IG psaA
687 RHKDKF\'ALSIVQARLV LAHATVG TYAAFLIASTAGKFG psaB
574 |AG..KVYNRALSUKEGKAIGTFUFFKM MwgLa pshA

Ficure 10: Comparison of polypeptide sequences for$lyaechocystis sp803 psaA subunit, thBynechocystis sp803 psaB subunit,

and theHeliobacterium mobiligpshA subunit. Sequences were derived from the nucleotide sequences, and alignments were generated
using CLUSTAL methods41) and a gap penalty of 10. Identity and similarity across all three sequences are highlighted in boxes. Cysteine
residues are highlighted in black boxes. A dot represents a gap introduced to maximize identity. Entrez-GenBank accession numbers for
Synechocystis psaBynechocystis psaBndH. mobilis pshAare CAA4162942, 43), CAA41630 @2, 43), and T3145436, 37), respectively.

i

bands in the FT-IR absorption spectrudy exchange creating an exchangeable proton at positiof (BR). One
occurred in~20% of PSI. This is a reasonable value for explanation for thes#H exchange results is that a significant
hydrophobic proteins, which are typically resistant to deu- amount of the unpaired spin density iR# is delocalized
terium exchange in transmembrane regions [for example, seeon chla’, which is hydrogen bonded). However, in recent
(50, 51), but also see, for examples2)]. work, 85% of the Py unpaired spin density was reported
°H exchange will alter the vibrational frequencies of to be localized on the chh monomer §3), and this
several classes of vibrational bands. First, vibrational bandsmonomeric chl is not hydrogen-bonded.(It seems unlikely
involving hydrogen displacement in titratable groups will be that ~15% of the Byt spin could be detected in our
downshifted if there is a substitution of deuterium for experiments.
hydrogen. Second, vibrational bands arising from hydrogen- A second possible explanation may be the spectral
bonded functional groups will be altered upon deuterium interpretation of 10), which postulates that the hydrogen-
substitution into the hydrogen bond. The vibrational shifts bonded chi’ monomer contributes to the PSI photooxidation
expected for a X H stretching mode can be quite substantial, spectrum, but that the keto CO frequency for this monomer
on the order of hundreds of crh while the vibrational shifts ~ downshifts, instead of upshifts. However, the spectral as-
expected for hydrogen-bonded species are modest and willsignments suggested i@ do not account for théH shifts
depend on hydrogen bond strength and the mode of hydrogerobserved in oulSynechocystidata, and significant differ-
bonding. Third, there may be isotope effects on the three- ences were observed between spectra acquired@damy-
dimensional structure of the comple3@j, which could give domonasand Synechocysti®SI (L0).
rise to small changes in vibrational frequency. An enolization reaction is a third possible explanation of
Our data show that three of the four previously identified these results. Cldis af5-keto ester and thus can tautomerize
(9) ester carbonyl bands in thef-minus-Bg spectrum to generate the enol form, but the enol is not the favored
are sensitive to®H exchange. Also, we have proposed structure in solution32). It has been suggested previously
candidates foPH exchange sensitive 13CO vibrations. that Pog" may enolize, due to a protein interaction that favors
These?H exchange results suggest either that the carbonylthe tautomer, and that such an enolization reaction would
groups of Rog™ are hydrogen-bonded or thaF enolizes, account for the low midpoint potential of43 (32). A partial
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His A547

Ficure 11: View from the X-ray structure ddynechococcuBSI| showing psaA C448, the ciilmonomer in Ry, water molecules 19 and

93, and potential interactiond)( The psaA polypeptide is the only PSI subunit shown. The chl hydrophobic tail and some amino acid side
chains are not shown for clarity. Only a subset of the possible interactions is illustrated in this view. The PDB file (accession number [JBO)
was graciously provided by Dr. P. Fromme. The figure was drawn using Swiss-PdbViewer [v 3.6 beta; www.expasy.ct§3jaind (
rendered using POV-Ray (v 3.1; www.povray.org).

enolization reaction may explain both ¢tit exchange results  difference spectrum is consistent with displacement of
and our previous observatio®) (of multiple (>2) ester bands  internal water molecules to solvent. The observed frequency
for Psoot. In this regard, the observation of a spectral band of the broad negative band, which is shifted from the bulk,
at 1637 cm! that is sensitive t8H exchange is noteworthy. is also consistent with an assignment to internal water
If this frequency arises from the 180 stretching vibration,  molecules. The 2.5 A crystal structurd) (places several
this vibrational mode is shifted to low energies when water molecules in the vicinity<7 A) of Py (Figure 11,
compared to 1®=0 frequencies observed for chl in see discussion below). The perturbation of water by photo-
solution (7, 48), consistent with the enolization hypothesis. oxidation may occur through a long-range structural interac-
However, other possible explanations and origins of the 1637 tion, and one possible pathway for such an interaction is
cm * band cannot be excluded at this timM@®) Interestingly, shown in Figure 11. Other interaction pathways may exist
distorted bond angles are observed in ring V of the non- as well.

hydrogen-bonded cla monomer in Ry (Dr. Petra Fromme, Identity of the Perturbed Cysteink this report, we have
personal communication). Such distortions may be consistentobserved for the first time a structural change of a cysteine
with a partial enolization reaction. residue, which is coupled to the photooxidation e§;Rn

Recently, the effect ciH substitution at nonexchangeable cyanobacterial PSI. Perturbation of &9 vibrational band
positions has been investigated in cyanobacterial PSI. Thishas also been reported upon oxidation of the primary
experiment was conducted by growth of cyanobacteria on chlorophyll donor, Rs in a reaction center frontelio-
2H,0. This experiment led to a preliminary assignment of bacterium modesticalduif85). Given the sensitivity of the
bands to P and B, which were attributed to the two  S—H stretching frequency to its physical state (see discussion
monomeric halves of the ;R dimer @). However, this below), the fact that a-SH band with identical frequencies
method of assignment is not definitive, and thisexchange is observed irSynechocysti®SI and in the heliobacterial
work and our previous labeling result®) (have shown that  reaction center is of significance. These results imply that
the FT-IR spectrum associated withyfoxidation is much the immediate environment of the perturbed cysteine is
more complex. Note that an alternate set of assignments forindistinguishable in the two reaction centers. These results
the ChlamydomonasP;qp spectrum has been suggested also imply that the cysteine may be functionally significant.
recently (L0). The applicability of these assignments for Therefore, our vibrational analysis provides spectroscopic

cyanobacterial PSI remains to be evaluated. evidence for a close structural/functional relationship between
Another important result acquired from ot exchange heliobacterial photosynthesis and PSI, as suggested previ-
is the observation of a negative, broad water b&#d-66) ously on the basis of other consideratioB§-38).

in the Poo"-minus-Poo spectrum. This feature has not been  To identify possible candidates for the perturbed cysteine
reported in some previous PSI studies, because the concenebserved in our infrared data, an alignment ofitkaA psaB
tration of solvent water was too high to obtain accurate data and pshA sequences was performed. The psaA and psaB
in this region (0). A similar broad negative band was polypeptides are each highly conserved in all sequences
observed in re8, but was not discussed. The observation of currently available [see als8){. To date, thggshAsequence
broad intense negative water bands in thg'Pminus-Poo from the anoxygenic heliobacteriukeliobacterium modes-
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ticaldumis not known. Accordingly, theshAsequence3s,
37) from Heliobacillus mobilusvas compared to thpsaA
andpsaBsequences. The level of identity comparing all three

Biochemistry, Vol. 40, No. 50, 200115393

carbonyl group provided by psaA H547. A nonconserved
cysteine, C605, is found between C448 angh I this view
of the SynechococccU®SlI structure. This potential pathway

sequences was approximately 20%. The highest level ofinvolves two water molecules, which link adjacenhelices
conservation was observed in the carboxyl-terminal half of through potential hydrogen-bonding interactions (Figure 11).

the pshAsequence (Figure 10). This part of theaAand

psaBsequence contains the histidine ligands (H676 in psaA,

H651 in psaB) for Ry (4, 39, 40), as well as the cysteine

Other possible pathways for a structural interaction may exist,
and not all potential interactions are shown in Figure 11.

Mechanisms for Cysteine Perturbation in Cyanobacterial

ligands (C574 and C583 in psaA, C556 and C565 in psaB) pg) The nature of the long-range cysteine perturbation can

for the K iron—sulfur cluster 4, 57). As shown in Figure

be elucidated from the literature on thiols, cysteine, and

10, the pshA sequence contains a conserved histidine at cysteine-containing proteins [se327) and references

position 538, which is a candidate for a ligand to the primary

cited therein]. Based on this literature, there are several

donor. ThepshAsequence also contains conserved cysteinesmssime interpretations to explain an apparent 9-cm

(C433 and C442), which are putative ligands for th@éh—

sulfur cluster in this reaction center. These cysteine ligands
are in the deprotonated thiolate form and cannot contribute ;-

a S—H stretching vibration to the spectrum.

downshift of a S-H cysteine mode upon generation of the
chl cation radical, as well as to explain the 2560 and 2552/1
! frequencies of the observed bands. The first interpreta-
tion of the observed, apparent 9 chudownshift is a change

The psaB subunit contains no additional cysteines that are;, S—H hydrogen bonding. In non-hydrogen-bonding sol-

conserved in alpsaBsequences. The psaA subunit contains
a single additional cysteine (C444) that is conserved in all
psaA examples sequenced, as previously not&d This
cysteine corresponds to C448 in tBgnechococcus psaA

sequence, and this homologous cysteine is found in helix

A-g of Synechococcu®SI @). There is no conserved
cysteine predicted at this position in the pshA polypeptide

vents in which thiols are not self-associated, theHs
stretching frequency is observed above 2678 ci26).
Formation of hydrogen bonds in which the-B group is

the hydrogen bond donor results in a downshift and broaden-
ing of the S-H stretching vibrationZ6). This is the expected
effect of hydrogen bond donor interactions on stretching
frequencies34). This effect onvsy can be substantial, with

(Figure 10). However, th@shAsequence has a cysteine ,nshifts of up to 40 crt possible in the solution state

(C317) that is predicted to be seven residues away in the

sequence alignment (Figure 10). If the region containing
C317 isa-helical [but see45)], both cysteines may fall on

the same face of the helix in the pshA and psaA polypeptides.
Because the properties of the cysteine are likely to be
dependent on tertiary structural factors, such as helix packing,

this cysteine could be in a similar environment in the two

reaction centers, even though the immediate primary se-

quence is not similar. Note that tipgshAsequence has three
additional residues, which are also candidates for the cystein
that contributes to the heliobacterial difference FT-IR
spectrum 85). Due to the low level of sequence identity
betweenpsaA/psaBand pshA other possible candidates
cannot be excluded at the present time.

We searched th&ynechococcuBSI X-ray structure4)

and larger frequency shifts observed in the crystalline state
(26). On the other hand, formation of hydrogen bonds in

which the sulfur is a hydrogen bond acceptor results in

modest upshifts{4 cm?) of vsy (26).

The second interpretation of the observed 9 toown-
shift is a change in rotamer conformation at the £bond
in cysteine. Although the-SH vibrational band is a relatively
isolated stretching mode, vibrational studies and normal-

gnode analysis of thiol model compounds suggest that

changes in €S—H rotamer conformation can alteky in
cysteine by approximately 10 crh(26, 58). Effects onucs
are also expecte@6, 58). However, because the frequency
of this vibrational band is expected at less than 1000cm
it is not observable in these FT-IR experiments, which

for cysteines in the psaA and psaB polypeptides and €Mploy calcium fluoride windows.

measured the distance between each cysteine agd M

The third interpretation of the observed 9 chdownshift

each polypeptide, two cysteines (C578/587 in psaA andis that production of the chl cation radical generates an

C565/574 in psaB) ligate \F These cysteines are not

electric field, which shiftesy of cysteine [for example, see

candidates for the perturbed cysteine because they arg59)]. Electric fields cause shifts in the frequency and the

deprotonated. As stated above, the homologueSwi-
echocystisC444 is Synechococcu€448. The sulfur atom
of C448 is 27 A from the Mg in each monomeric chl in
Psoo Other cysteines are 462 A (psaA-C160), 2622 A
(psaA-C605), and 3740 A (psaB-C343) from the two
monomeric chls of Rg none of these cysteines are conserved
in Synechocystis psa#r psaB No other PSI polypeptide
has a cysteine that is closer thas30 A from the primary
donor. From this analysis, it is clear that the effect efpP

on the cysteine must be a long-range structural interaction,

which is detectable by FT-IR spectroscopy. This is of

amplitude of vibrational lines; these shifts can be substantial
(>100 cn1?) and either to higher or to lower energ§0—

62). For example, when CO is bound to myoglobin, an
inverse linear relationship between the calculated electrostatic
potential andvCO has been established. Shifts of-6
cm~! were observed6Q). The direction and magnitude of
the shift are determined theoretically by two terms involving
both the permanent and the electric-field-induced dipole
moment: —E,6u%dr and—0.5E,0uved5r, whereul is the
permanent dipole momengndced js the dipole moment
induced by the fieldr is the stretching normal coordinate,

significance, because it is sometimes assumed that FT-IRandE; is the component of the electric field component that

spectroscopy is sensitive only to short-range interactions.
As shown in Figure 11, there is a potential pathway for a
long-range interaction betweengPand psaA C448. C448

is parallel to the direction of the vibratio6@, 61). For a
positive field, the second term will be negative, and the sign
of the frequency shift is determined by the sign of the

has a potential hydrogen-bonding interaction with a peptide permanent dipole moment derivativé0( 61).
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A fourth interpretation of the observed 9 chdownshift ACKNOWLEDGMENT
is that alterations in the polarity/dielectric constant of the
medium, caused by photooxidation of the primary donor,
result in shifts ofvsy of cysteine. To our knowledge, there
has been no study examining this effect for thiol mode
compounds in the absence of hydrogen-bonding changes, s
we will not consider this possibility further.

Based on the above literature, the observedi$and in REFERENCES
the dark state of PSI (neg. 2560 ctharises most likely _ _
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