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ABSTRACT. Ammonia is an inhibitor of water oxidation and a structural analogue for substrate water,
making it a valuable probe for the structural properties of the possible substrate-binding site on the oxygen-
evolving complex (OEC) in photosystem Il (PSII). By using the Nhtduced upshift of the 1365 cm

IR mode in the 8a/S1Qa spectrum and the Nd-modified S state EPR signals of PSIl as spectral
probes, we found that ethylene glycol has clear effects on the binding properties of trepbltific site

on the OEC. Our results show that in PSII samples containing 30% (v/v) ethylene glycol, the affinity of
the NHs-specific binding site on the OEC is estimated to be more than 10 times lower than that in PSII
samples containing 0.4 M sucrose. In addition, our results show that thendticed upshift of the 1365

cm™! IR mode in the 8Q,7/S:Qa spectrum is dependent on the concentration of ethylene glycol, but not
dependent on the concentration of sucrose (up to 1.5 M) or methanol (up to 5.4 M). By comparing the
concentration dependence of sucrose and ethylene glycol grifddced spectral change and also by
comparing the sucrose and ethylene glycol data at similar concentratitrid), we conclude that ethylene
glycol has a clear effect on the NHhduced spectral changes. Furthermore, our results also show that
ethylene glycol alters the steric requirement of the amine effect on the upshift of the 1365omhe in

the SQa/S1Qa spectrum. In PSIl samples containing 30% (v/v) ethylene glycol, only, Midt other
bulkier amines (e.g., Tris, AEPD, and @H,), has a clear effect on the upshift of the 1365-¢émode

in the SQA/S1Qa spectrum; in contrast, in PSIlI samples containing 0.4 M sucrose, bothaxH
CHsNH; have a clear effect. On the basis of the results mentioned above, we propose that ethylene glycol
acts directly or indirectly to decrease the affinity or limit the accessibility of;[dHd CHNH, to the
NHs-specific binding site on the OEC in PSII. Finally, we also applied the same approach to test whether
methanol is able to compete with ammonia on its binding site on the OEC. We found that 4% (v/v)
methanol does not have any significant effect on theMtduced upshift of the 1365 cnhmode in the

Qa7 /S$1Qa spectrum and the NgHmodified S stateg = 2 multiline EPR signal. Our results suggest that
methanol is unable to compete with hMHpon binding to the Mn site of the OEC that gives rise to the
altered 3 stateg = 2 multiline EPR signal.

The catalytic site of photosynthetic oxygen evolution predominant in the dark-adapted samples. Recently, there
contains a MigCa cluster that interacts closely with a redox- are two reports of new X-ray crystallographic structural
active tyrosine residue known as {1—5). The Mn cluster models of cyanobacterial photosystem Il at 3.5 and 3.2 A
accumulates oxidizing equivalents in response to photoin- resolution {, 2). These two models of the OEC agree in
duced electron transfer reactions within PSdind then terms of having two moieties: one smaller moiety containing
catalyzes the oxidation of two molecules of water, conse- one Mn ion and one larger moiety containing the remaining
quently releasing one molecule of, @s a byproduct. The  Mn ions and the Ca ion. However, there are some disagree-
progression of the OEC goes through a cycle of five ments with regard to the exact position and identity of the
intermediates states, labeled as thet&tesit = 0—4), where cations and the surrounding coordination sphere of the OEC
n denotes the number of stored equivalents. Thet&e is (1, 2, 5). Higher-resolution X-ray crystallographic structures

will be required to provide the complete structural model of
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NHs is a structural analogue of substratgCHand an during the $to S, state transitionX8). Our results showed
inhibitor of the water oxidation reaction in PSII, making it that the $state carboxylate mode at 1365 ¢nmn the SQa~/
a valuable probe for the structural property of the possible S;Qa spectrum of the controlled samples was very likely
substrate-binding site of the OEC of PSII (for reviews, see upshifted to 1379 cmt in that of NHs-treated samples;
refs 6 and 7). EPR studies on Nidtreated PSIl samples however, the frequency of the corresponding&boxylate
demonstrated that alternations of thes&te multiline EPR mode at 1402 cnt in the same spectrum was not signifi-
signal occur when samples that have been illuminated at 200cantly affected. These two carboxylate modes have been
K are subsequently “annealed” at 273 K, or when samples assigned to a Mn-ligating carboxylate whose coordination
that are poised in the dark-stable Sate are illuminated at mode changes from bridging or chelating to unidentate
273 K (8, 9). These results were interpreted as showing that ligation during the $to S; transition (9, 20). On the basis
coordination of NH to the Mn site occurs after formation of the correlations between the conditions that give rise to
of the S state 8, 9). An ESEEM study performed on the the NHs-induced upshift of the 1365 crh mode and the
NHs-altered multiline EPR signals concluded that a single conditions that give rise to the modified State multiline
NHs-derived ligand binds directly to the Mn cluster in the EPR signal, we proposed that the Nidduced upshift of
S, state (0). In addition, this ESSEM study also provided the 1365 cm! mode is caused by the binding of the NH
evidence that ammonia may form an amido @NHridge group to the Mn site on the OEC of PSII that gives rise to
between two Mn ions in place of @oxo bridge (0). the altered gstate multiline EPR signallg). In this study,
Previous EPR studies demonstrated that cryoprotectantsby using the NH-induced upshift of the 1365 crh mode
(sucrose, ethylene glycol, and glycerol) have distinct effects in the SQA7/S,Qa spectrum and NEimodified S state EPR
on theg = 2 multiline andg = 4 EPR forms of the Mn  signals of the OEC as spectral probes, we have characterized
cluster in the gstate 6, 11). For example, sucrose stabilizes effects of ethylene glycol and methanol on the structural
theg = 4 EPR form; on the other hand, ethylene glycol and changes of the Nispecific site of the OEC during the, S
glycerol enhance thg = 2 multiline form at the expense of  to S transition. The possible interaction(s) of ethylene glycol
theg = 4 EPR form. It has been suggested that cryopro- and methanol with the OEC will also be discussed.
tectants (sucrose, ethylene glycol, and glycerol) might have
an effect on the Cl binding site on the OEC that shift the MATERIALS AND METHODS
equilibrium betweery = 2 mulitiline andg = 4 EPR forms N .
of the Mn cluster in the Sstate 6). However, until now, Sample Conditions for FTIR Measuremedpinach OTG
there has been no direct structural evidence to support it. InPSIl reaction center cores (RCCs), retaining the three
addition, one EPR study reported that in the ethylene glycol- €xtrinsic polypeptides, were prepared as described iakef
containing medium, the affinity for Nilis lower than in ~ Typical oxygen evolution rates werel.1—1.4 mmol of Q
the presence of sucrose, effectively preventingsMtbdi- (mg of Chi)™* h™%. NH,CI- and amine-treated PSII samples
fication of the multiline EPR signall@). This observation ~ Were prepared from PSII OTG RCCs. For ethylene glycol-
was interpreted as showing that ethylene glycol might interact containing PSII samples, the RCCs were washed twice with
with the NHs-specific binding site on the OECL?). HEPES buffer [20 mM HEPES, 15 mM NacCl, and 3Q% (v/
Previous EPR studies also demonstrated that small alcohols) €thylene glycol (pH 7.5)]. Either NiEI or other amines
affect the magnetic properties of the Mn clust&B-16). (CHsNH,, AEPD, and Tris) were added from a 1.25 M stock
For example, in PSIl samples containing 3% (v/v) methanol, solution (pH adjusted to pH 7_.5) to a_flnal concentration of
the S stateg = 2 mulitiline EPR signal is dominant at the 100 mM or to th_e concentration indicated in the text. The
expense of thg = 4 EPR signal. In addition, one ESEEM Sample suspension included 0.1 mM DCMU for thQS/
study on PSII samples in the presence of a series of S1Qa FTIR difference spectr'um. Eor methanol experiments,
2H-labeled alcohols provides evidence that the small alcohol the RCCs were washed twice with HEPES buffer [40 mM
(methanol and ethanol) is located in the proximity (distance HEPES, 10 mM NaCl, and 0.4 M sucrose (pH 7.5)]. The
of 3.6-5 A) of OEC and possibly serves as a direct ligand Sample suspension included 4% (v/v) methanol, 100 mM
to the OEC in the Sstate (3). However, because there is NH4Cl, and 0.1 mM DCMU for the ®7/S,Qa FTIR
no inhibition of oxygen evolution activity uptl M methanol ~ difference spectrum. Samples for FTIR measurement were
(or ethanol), the binding site for small alcohols is likely Prepared by centrifuging PSII OTG cores (15 min at 20 000
distinct from the substrate binding sites of the OEC. rpm) to produce a pellet that was then sandwiched between
Alternatively, the small alcohol might initially occupy the two Cakz sample windows.
substrate site in the,State, but might be displaced by water Experimental Conditions for FTIR MeasuremeRTIR
at the higher S state of the OEG(® ) (16). Furthermore, experimental conditions were the same as those described
one FTIR study showed that various cryoprotectants (sucrosejn ref 18. Samples were cooled to 250 K by using an Oxford
ethylene glycol, and glycerol) and small alcohols (methanol DN liquid nitrogen cryostat. The sample temperature was
and ethanol) did not induce any significant changes,i&;S  regulated to+0.1 K with a temperature controller (Oxford
and SQA7/S:Qa FTIR difference spectra of PSIl membranes ITC 502). Samples were illuminated for 4 s by a Dolan-
except for the intensities of amide | bands) This FTIR Jenner MI 150 high-intensity illuminator with Dolan-Jenner
result suggested that the twe rms of the OEC that give  infrared and red cutoff filters. The acquisition time for all
rise to theg = 2 multiline andg = 4.1 signals have only  spectra was 1 min (387 scans). The difference spectra were
minor differences, if any, in the structure of amino acid obtained by ratioing spectra obtained before illumination with
ligands and protein backbonek7j. those obtained after illumination. The spectral resolution for
Recently, we have applied FTIR difference spectroscopy all spectra was 4 cnt. The multiple difference spectra were
to study the effect of Nklon structural changes of the OEC averaged to improve the signal-to-noise ratio of the spectra.
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Ficure 1: Effect of increasing concentrations of ME on the
changes of £,7/S1Qa spectra of NH-treated PSII containing 30%

(v/v) ethylene glycol as the cryoprotectant. The spectra were

recorded at 250 K. The PSIl samples were treated with (A) 200
(B) 100, (C) 50, (D) 10, and (E) 5 mM and (F) no addition of
NH4CI. Each $Qa7/S,Qa spectrum is the average of difference

spectra from three to four different samples. The sample suspensio
also included 0.1 mM DCMU. The intensity of each spectrum has

been normalized with respect to the Qband at 1478 cr.

Conditions for EPR MeasuremenEPR experiments were

Fang et al.
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Ficure 2: Effect of increasing concentrations of NE on the
changes of the State EPR spectra of NHreated PSII containing
30% (v/v) ethylene glycol as the cryoprotectant. The PSIl samples
were treated with (A) 200, (B) 100, (C) 50, and (D) 10 mM and
(E) no addition of NHCI. The sample suspension also included

T
1000 1500 4500

' 0.1 mM DCMU. Instrument settings: microwave frequency, 9.51

GHz; modulation amplitude, 20 G at 100 kHz; temperature, 4.8 K;
microwave power, 20 mW. Thg = 2 region, which is obscured

by the EPR signal of ¥ dot, has been removed for clarity. The

vertical dashed lines show the positions of the hyperfine lines of
the modifiedg = 2 multiline EPR signal.

significantly different from that of Nkttreated PSIl samples

performed on pellets of PSII OTG core samples in a Manner containing 0.4 M sucrose as the cryoprotectant.

similar to that for FTIR samples. In the final centrifugation

Figure 2 shows the effect of increasing concentrations of

step, the EPR samples were prepared by centrifuging PS”NH4CI on the changes of the,State EPR spectra of

OTG cores (25 min at 588f) to produce a pellet in EPR
tubes. The samples were illuminated for 1.5 min in a

nonsilvered dewar in a cold ethanol bath at 250 K by the

addition of dry ice. The samples were frozen in liquid

nitrogen after illumination. EPR spectra were obtained at

NHs-treated PSII containing 30% (v/v) ethylene glycol as
the cryoprotectant. The modifiep= 2 multiline EPR signal
was not apparent until a concentration=650 mM NH,CI
was reached. In addition, the intensity of the= 4.2 EPR
signal was increased from 0 to 50 mM and then gradually

X-band using a Bruker EMX spectrometer equipped with a decreased from 50 to 200 mM NEI. However, there is

Bruker TE102 cavity and an Advanced Research System

still a significant amount of thg = 4.2 EPR signal that can

continuous-flow cryostat (from 3.2 to 200 K). The microwave a gpserved at 200 mM NI (see Figure 2A). The behavior
frequency was measured with a Hewlett-Packard 5246L the g = 4.2 EPR signal indicates that the NEffect is

electronic counter. The instrument settings are shown in the completely saturated at 200 mM MEJ. In contrast, our

figure legend.

RESULTS

Effects of Ethylene Glycol on the( /SQa Spectrum
of NHs-Treated PSII Sample$o test the possible interaction
of ethylene glycol with the Nktspecific site on the OEC,
we studied the effect of increasing concentrations ofGIH
on the changes in the,G,/S,Qa spectra of NH-treated
PSII containing 30% (v/v) ethylene glycol as the cryopro-

previous EPR data on NHreated PSlls containing 0.4 M
sucrose as the cryoprotectant showed that the modified

2 multiline EPR signal was already apparent at 5 mM
NH.Cl and completely saturated at 2700 mM R (18). In
addition, the intensity of theg = 4.2 EPR signal was
increased from 0 to 5 mM and then gradually diminished
from 5 to 100 mM NHCI. The intensity of they = 4.2 EPR
signal was completely diminished at 100 mM NH (18).
Therefore, our results show that the concentration dependence

tectant. The result is shown in Figure 1. As the concentration of the NH; effect on the alternation of,State EPR signal

of NH4Cl increased from 0 to 200 mM, the intensity of the
carboxylate mode at 1365 crhprogressively decreased and
the intensity of the positive mode at1379 cm?® progres-
sively increased. In addition, the Nldffect is not apparent
below 50 mM NHCI and is not saturated even at concentra-
tions up to 200 mM NHECI (in Figure 1A, there is still a
significant amount of the carboxylate mode at 1365 tm
that can be observed at 200 mM MH). In contrast, in our
previous FTIR work on PSIlI samples containing 0.4 M
sucrose as the cryoprotectant, the upshift of the 1365 cm
mode in $QA7/S;Qa spectra was apparent at 5 mM MEH
and was completely saturated at 100 mM 49H (18).

of NHs-treated PSII samples containing 30% ethylene glycol
is also significantly different from that of Ni-treated PSII
samples containing 0.4 M sucrose. Moreover, our results also
indicate that there is a strong correlation between the
dependences on the NEI concentration that give rise to
the NHs-induced upshift of the 1365 crh mode in the
S,Qa7/S1Qa spectrum and the condition that gives rise to
the altered $state multiline EPR signal in PSII samples
containing 30% ethylene glycol.

Figure 3 shows the dependence of ethylene glycol
concentration on the changes in th€)s /S,Qa spectra of
NHs-treated PSII. The intensity of the carboxylate mode at

Therefore, our results show that the concentration dependencéd 365 cni! progressively increased at the expense of the 1379

of the NH; effect on the 894 7/S,Qa spectrum of NH-treated
PSIlI samples containing 30% (v/v) ethylene glycol is

cm~! mode as the concentration of ethylene glycol increased
from O to 30% (v/v). This result clearly demonstrates that
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Ficure 3: Effect of increasing concentrations of ethylene glycol
on the changes of ,Q,7/S,Qa spectra of NH-treated PSII. The
PSII samples were treated with (A) no addition of ethylene glycol
and (B) 6, (C) 15, and (D) 30% (v/v) ethylene glycol. EacdS/

S1Qa spectrum is the average of difference spectra from four
different samples. The sample suspension also included 0.1 mM
DCMU. The intensity of each spectrum has been normalized with
respect to the @ band at 1478 cri.

ethylene glycol has a pronounced effect on the;fitdluced
changes in the ®a/S1Qa spectrum of NH-treated PSII.

In addition, we found that the overall intensity oS modes
(e.g., the $ mode at 1402 and the,3node at 1365 and
1379 cm?) is significantly diminished in the 1~ /S;Qa
spectra of NH-treated PSII in a buffer without any cryo-
protectants compared to that in buffer with ethylene glycol.
The decrease in the intensity of/S, modes in the S,/
S1Qa spectra is correlated with the appearance of thé"Mn
six-line EPR signal of Nkttreated PSII samples in the buffer
without any cryoprotectants (data not shown). Therefore, our
results showed that ethylene glycol has a protective effect
on the activity of the OEC in Npitreated PSIl samples.
Figure 4 shows the effect of the increasing concentration of
ethylene glycol on the changes of the sate EPR signals

of NHs-treated PSII. The intensity of the, Stateg = 4.2

EPR signal progressively increased as the concentration of

ethylene glycol increased. In addition, the intensity of the
S, stateg = 4.2 EPR signal is completely diminished in
NHs-treated PSIl samples containing no ethylene glycol (see
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Ficure 4: Effect of increasing concentrations of ethylene glycol
on the changes of the,State EPR signals of N-treated PSII.
The PSII samples were treated with (A) no addition of ethylene
glycol and (B) 6, (C) 15, and (D) 30% (v/v) ethylene glycol. The
sample suspension also included 0.1 mM DCMU and 100 mM
NH4CI. Instrument settings are the same as in Figure 2.grhe2
region, which is obscured by the EPR signal of thg dobt, has
been removed for clarity. The vertical dashed lines show the
positions of the hyperfine lines of the modified= 2 multiline
EPR signal.
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FiGUrRe 5: Light-minus-dark 8947 /S:Qa FTIR difference spectra

Figure 4A). Therefore, our EPR results showed that ethyleneof PSIl samples containing 30% (v/v) ethylene glycol and 100 mM

glycol also has a pronounced effect on theNhbdified S

state EPR signals. Furthermore, to test whether sucrose ofn

(A) NH4CI, (B) CH3NH_, (C) AEPD, (D) Tris, and (E) NaCl. The
ample suspension also included 0.1 mM DCMU. The FTIR
easurement was performed at 250 K. The spectra are the average

methanol has an effect similar to that of ethylene glycol on of three to four difference spectra. The intensity of each spectrum
NHs-induced changes of FTIR spectra, we have determinedhas been normalized with respect to thg @and at 1478 cri.

the concentration dependence of sucrose (up to 1.5 M) and i )

methanol (up to 5.4 M) on ammonia-induced changes in by comparing the concentration dependence of sucrose and
FTIR spectr& We found that sucrose (up to 1.5 M) and ethylene g_lycol on Nhktinduced spectral change and a_lls_o
methanol (up to 5.4 M) do not have any significant effect by comparing the sucrose and ethylene glycol data at similar
on NHs-induced changes of FTIR spectra (data not shown). concentrations¥1 M), we conclude that ethylene glycol has

In contrast, 6% (v/v) (corresponds te1.08 M) ethylene @ clear effect on the Niinduced changes in FTIR spectra.
glycol has a small but clear effect on the Niduced Steric Requirements of the MBinding Site in the OEC
changes in both FTIR and EPR spectra, and this effect ©f PSIL To test the steric requirements of the Nbinding
becomes progressively stronger as the concentration ofSite in PSII containing 30% (v/v) ethylene glycol that gives

ethylene glycol is increased (see Figures 3 and 4). ThereforeiS€ to the NH-altered FTIR spectra, we treated the PSII
samples with different primary amines (MHCHs;NH,,

AEPD, and Tris) and studied them by FTIR. The results are
shown in Figure 5. We found that only NiHas a clear effect
on the spectral change (upshift of the 1365 ¢émmode) of

2We are unable to obtain an appreciable amount of pellet for FTIR
measurements from PSIl samples in the buffer containirigs M
sucrose under our centrifugation condition.



9762 Biochemistry, Vol. 44, No. 28, 2005 Fang et al.

0.0006 L Il L 1 L 1 " 1 " 1 " 0.0008 N 1 N 1 N 1 . L N 1
1 8,0,78.Q, at 250K —— with 4% MeOH
0.0006- 2, A 1 A

| s.a.7s.q, at2s0k
0.0004 27ATY 1A ©
with 100 mM NH,Cl §  —— wio4% MeOH

with 100 mM CH,NH,

0.0002
1A

0.0004 —

sucrose g
4 0.0002 ~
5 -0.0002

AA

-0.0004 —

1 -0.0002 -
-0.0006
ethylene glycol

-0.0008 4 -0.0004 4

1403- < T

-0.0010 T : . T T T . r . ; . -0.0006 v . . ; . : . ; . . .
1800 1700 1600 1500 1400 1300 1200 1800 1700 1600 1500 1400 1300 1200

Frequency (cm'W) Frequency (cm™)

FiGURe 6: Comparison of £ 7/S1Qa FTIR difference spectra of ~ FIGURE7: $Qa7/S1Qa FTIR difference spectra of Ni-treated PSII
CHsNH.-treated PSII samples with (A) 0.4 M sucrose or (B) 30% samples in the presence of 4% (v/v) methanol. The spectra were
(viv) ethylene glycol as cryoprotectants. The sample suspensionrecorded at 250 K. The PSII samples contain 0.4 M sucrose with
also included 100 mM CENH, and 0.1 mM DCMU. The FTIR 4% methanol (thick line) or without methanol (thin line). The
measurement was performed at 250 K. Spectra A and B are thesample suspension also included 100 mM J8Hand 0.1 mM
average of three to four difference spectra. The intensity of each DCMU. These spectra represent the averages of four different
spectrum has been normalized with respect to thelfand at 1478 spectra. The intensity of each spectrum has been normalized with
cmL, respect to the @ band at 1478 cr.

i o ) I . 1 ) 1 . ! . ! . 1
the SQaA/S1Qa FTIR difference spectrum of PSII containing NH_-modified S, state EPR signals of the OEC
30% (v/v) ethylene glycol. This is in contrast to our previous : z

results on PSII samples containing 0.4 M sucrose, that being 1

that both NH and CHNH; have clear effectsl®). Figure 6 A w/o MeOH

shows a comparison of the GNH, effect on the a7/ i

SiQa FTIR difference spectrum of PSIl samples in the
presence of sucrose and in the presence of ethylene glycol.
We found that CHNH, induced a small but clear upshift of
the S state carboxylate mode at 1365 ¢hof the SQa~/ B with MeOH
Si1Qa FTIR difference spectrum of PSII in the presence of
0.4 M sucrose but not in the presence of 30% (v/v) ethylene
glycol. Therefore, our result indicates that ethylene glycol
significantly alters the steric requirement of amine effects

on the $QA/S;Qa FTIR difference spectrum of PSII

samples. — T T T T T
Effect of Methanol on the,8,/S1Qa Spectrum of Nit 100001500 2000 2500 3000 3500 4000 4500
Treated PSIl SampleJo test whether methanol is able to Magnetic Field (Gauss)

compete with ammonia on its binding site on the OEC, we FIGURE 8: S, state EPR signals of the OEC in Niteated PSII
performed the 4 ~/S:Qa FTIR difference measurement on samples in the absence (A) or presence of 4% (v/v) methanol (B).

. . ., The PSIl samples contain 0.4 M sucrose as the cryoprotectant. The
NHs-treated PSIlI samples in the presence (Figure 7, thick sample suspensions also included 100 mM,SHand 0.1 mM

line) or absence of 4% (v/v) methanol (Figure 7, thin line). pcmu. The instrument settings are the same as in Figure 2. The
We found that methanol does not have any significant effect g = 2 region, which is obscured by the EPR signal of thedot,

on the region of symmetric carboxylate stretching modes has_been removed for_clari_ty. The vertical (_'j_aShEd lines _S_hOW the
(1450-1300 cntl) in the SQa/SiIQa FTIR difference E(I)DSIIQUO'nS olf the hyperfine lines of the modifigd= 2 multiline
spectrum of NH-treated PSII samples. Although there are sighat.

some spectral changes in the amide region, e.g., the possibl

amide mode at-1624 cm?, in the SQa/S:Qa Spectrum DISCUSSION

of NHs-treated PSII in the presence of 4% (v/v) methanol  Steric Requirement of the N¥pecific Site on the OEC.
(see Figure 7), these spectral changes are presumably dué previous EPR study on PSII samples containing 30%
to the direct or indirect effect of methanol on the OEC or (v/v) ethylene glycol has shown that amines other than NH
on the acceptor side of PSII. Figure 8 shows thestate (e.g., Tris, AEPD, and C#NH;) do not affect the Sstate
EPR spectra of NHtreated PSII samples in the presence multiline EPR signal9). The authors of this study concluded
(bottom spectrum) or absence of 4% (v/v) methanol (top that bulkier amines such as Tris, AEPD, and everyiiH,
spectrum). We found that methanol does not have any are not able to bind to the Mn site that gives rise to the S
significant effect on the Sstate EPR spectrum of the OEC stateg = 2 modified EPR signal because of steric factors.
in NHs-treated PSIl samples either. Therefore, on the basisHowever, in our previous FTIR work on PSII samples
of our FTIR and EPR results, we found no evidence that containing 0.4 M sucrose, we observed that small amine
methanol is able to compete with ammonia on its binding CH3;NH; has a small but clear effect on the spectral change
site on the OEC. (e.g., upshift of the 1365 cm mode) of the 84 /S:Qa
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FTIR difference spectrum of PSIL®). The effects of amines
on the $Q,7/S1Qa FTIR difference spectrum (NH>
CH3NH, > AEPD and Tris) are inversely proportional to
their size (Tris~ AEPD > CH3zNH, > NHj3). Therefore, we
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interesting to know that the medium for the PSII crystal study
contained 20% (v/v) glycerollj. Therefore, forthcoming

higher-resolution PSII crystal structures might provide the
direct evidence for testing this possibility. Alternatively, the

interpreted that the earlier EPR study was wrong in that they changes in structural properties of the Nphecific site might
would have been unable to detect small populations of PSII be due to an indirect effect of ethylene glycol on structural

centers having bound GNH, (EPR spectra would have
been dominated by the “normal” spectrum). However, on
the basis of our FTIR results in this study, we found that in
PSII samples containing 30% (v/v) ethylene glycol, only
NHs, not other bulkier amines (Tris, AEPD, and gNH,),

changes of the local protein environment around the OEC.
A previous study reported that the stoichiometry of release
of protons from water oxidation by the PSII core particle
was restored by the addition of glycer@4j. The authors
attributed this effect to the solvophobic cosolute effect of

has a clear effect on the spectral change (e.g., upshift of theglycerol. They proposed that glycerol minimizes the (hy-

1365 cnmtt mode) of the 8, /S1Qa FTIR difference
spectrum of PSII. Therefore, it is more likely that the

drophobic) protein surface in contact with water and restores
and stabilizes the native protein conformation at the lumenal

previous disagreement is due to the different cryoprotectantssite of PSIl. Ethylene glycol might exhibit an effect similar

used in these two studie8, (18). In addition, there are some
discrepancies in previous EPR studies with regard ta-NH
treated PSIl samples at 10 mM NEI: one study reported
that a normal gstateg = 2 multiline EPR signal was
generated at 273 K illuminatiord); however, the other
studies reported that thg = 2 multiline EPR signal was
already modified under similar conditionEX-14, 18). Their
disagreements are also very likely due to the different

to that of glycerol on modulating the protein conformation
at the lumen site of PSII and alter binding properties of the
NHs-specific site on the OEC. In addition, a previous FTIR
study showed that in the presence of 30% (v/v) ethylene
glycol or 40% (v/v) glycerol in addition to sucrose, the
intensities of amide | bands in/S; or SQA/SQa FTIR
difference spectra were significantly largé). This result
was interpreted as being due to the more flexible movement

cryoprotectants (ethylene glycol vs sucrose) used in their of the protein backbone upon formation gflith the higher

studies. Moreover, our results also demonstrate that the NH
induced upshift of the 1365 crhimode in the 84 /S1Qa

cryoprotectant content. On the basis of the reasons given
above, we propose that ethylene glycol acts directly or

FTIR difference spectrum is a very sensitive probe that can indirectly to decrease the affinity or limit the accessibility

detect small populations of PSIl centers having bound
CH3NH.. Therefore, this Nhtinduced FTIR spectral change
is highly complementary to the NHnodifiedg = 2 multiline
EPR signal in providing structural information about the
NHs-specific site on the OEC during the ® S transition.
Nature of the Interaction of Ethylene Glycol with the
NHs-Specific Site on the OEQn this study, by using the
NHz-induced upshift of the 1365 crh IR mode and the

of NH3; and CHNH, to the NH-specific site of the OEC.

In addition, our results also demonstrate that there are
strong correlations between the conditions (e.g., dependences
on the NHCI and ethylene glycol concentration and the steric
requirement for the amine effects) that give rise to the;NH
induced upshift of the 1365 crimode in the 8Qa /SQa
spectrum and the conditions that give rise to the alteged S
state multiline EPR signal in PSII samples containing 30%

NHz-modified EPR signal as spectral probes, we found that (v/v) ethylene glycol. Therefore, our results strongly imply

ethylene glycol significantly alters the concentration depen-

that these two signals share the same origin: the binding of

dence and the steric requirement for amine effects at theNHs; to the NH-specific site in the OEC.

NHs-specific site on the OEC of PSII. Our results are con-
sistent with an early EPR report that in the ethylene glycol-
containing medium, the affinity for the N¢bkpecific site on

Effect of Methanol on the Binding Properties of the NH
Specific Site on the OEQ\ previous ESEEM study has
suggested that one methanol molecule binds to a site in the

the OEC might be lower than that in the presence of sucroseproximity of the OEC and could serve as a direct ligand to

(12). To account for effects of ethylene glycol on the binding
properties of the Nktspecific site on the OEC, we propose
that ethylene glycol acts directly or indirectly to decrease
the affinity or limit the accessibility of Ngland CHNH, to

the NHs-specific site of the OEC. At present, there is no
direct evidence that ethylene glycol directly interacts with
the NH;-specific site on the OEC in PSII. In addition, on
the basis of the steric requirement of the amine effect on
the NHs-specific site on the OEC, the size of ethylene glycol
would be too large to compete with NHipon binding to
this site. However, the possibility that the ethylene glycol
might bind to a different site near the Mdpecific site of
the OEC, e.qg., the Clsite, and decrease the affinity or limit
the accessibility of Nhlto the NH;-specific site on the OEC

in the S state cannot be ruled out at this stage. Methanol

the Mn cluster {3). In addition, another ESEEM study has
examined whether NHand methanol can bind simulta-
neously at the Sstate by titration of these two water
analogues in PSIlI sample&@). This ESEEM study sug-
gested that Ngland methanol bind in noncompetitive sites
at the S state and also proposed that methanol might bind
to the calcium site on the OEC to displace one water ligand
(16). In this study, by using the Nd-induced upshift of the
1365 cm! IR mode and the NEimodified EPR signal as
spectral probes, we found that methanol does not have any
significant effect on the region of symmetric carboxylate
stretching modes (14501300 cm?) in the SQaA/S;Qa
FTIR difference spectrum of Ni-treated PSIl samples or
on the spectral changes of the State EPR signals. If
methanol binds to the Npecific site on the OEC to

might be too small to show any steric effect, and sucrose displace ammonia, then we should expect to see a clear effect

might be too large to occupy the same site to show any effect.

on the NH-modified S state EPR signals and also on the

Furthermore, our unpublished results showed that glycerol NHz-induced upshift of the Sstate symmetric carboxylate

had an effect similar to that of ethylene glycol on the binding
properties of the Nkispecific site on the OEC. It is

stretching mode in the ;8,7 /S1Qa spectrum of PSII.
However, we did not see such effects. Therefore, our results
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would indicate that methanol is not able to compete with
ammonia for binding to the Nispecific site on the Mn
cluster. Our result is consistent with the ESEEM resl).(
In addition, although the sizes of the methanol and methyl-
amine are very similar, our results showed that only meth-
ylamine has a clear effect on the hihduced spectral
changes in the ®,7/S$,Qa spectrum of PSII. Therefore, our
results indicate that, in addition to the steric factor, there
might be other factors (e.g., physicochemical property of the
Mn cluster) governing the selectivity of the NHinding site
that allows the binding of NEand methylamine but excludes
the binding of methanol.

In conclusion, by using the Nd-nduced upshift of the
1365 cm! mode in the 8. /S1Qa FTIR difference
spectrum and the Nd-modified S state EPR signals of PSII

as spectral probes, our results demonstrate that ethylene

glycol significantly alters the affinity and the steric require-
ment for amine effects at the Nkspecific site on the OEC
of PSIl. We propose that ethylene glycol acts directly or
indirectly to decrease the affinity or limit the accessibility
of NH3z and CHNH, to the NH-specific binding site on the
OEC of PSII. In addition, our results suggest that methanol
is unable to compete with Nfor binding to the NH-spe-
cific site of the OEC that gives rise to the alteredstteg

= 2 multiline EPR signal. Moreover, our results demonstrate
that the NH-induced upshift of the 1365 crhimode in the
S,Qa/S1Qa FTIR difference spectrum very likely has the
same origin as the NHmodified S stateg = 2 multi-
line EPR signal of PSIlI and is complementary to the
NHs-modified S state EPR signals in providing structural
information about the NEispecific site on the OEC during
the S to $ transition. Future studies [e.g., X-ray crystal-
lography (, 2), FTIR (25—39), pulse EPR13—16, 40, 41),

or resonance Raman spectroscog®)| might shed some
new light on the exact nature of the interaction of ethylene
glycol and methanol with the OEC and also provide other
new structural insights into the structural mechanism of
photosynthetic water oxidation.
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