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ABSTRACT: In this paper, we investigate the effects of histidyl amino acid modification on high-affinity
Mn binding to photosystem Il (PSII) using methods similar to those used in the preceding paper [Ghirardi
et al. (1998Biochemistry 370000] for carboxyl amino acid modification. Given the rather low specificity

of diethyl pyrocarbonate (DEPC) for histidine modification, we modified Tris-washed PSIl membranes
with a novel and more specific histidyl modifier, platinum(ll) (262,2"-terpyridine) chloride (Pt-TP).

Both the “diphenylcarbazide (DPC)-inhibition assay” and single-turnover flash approaches were used.
The concentration dependence of Pt-TP modification on steady-state measurements shows two types of
interactions, each accounting for about half of the full effect. At concentrati@@uM, Pt-TP modifies
mostly histidyls and abolishes half of the observed Mn inhibition of DPC-mediated 2,6-dichlorophenol-
indophenol (DCIP) photoreduction (equivalent to two high-affinity, Mn-binding ligands). This effect
can be blocked by addition of Mh during Pt-TP modification. Double-modification experiments with
DEPC and Pt-TP demonstrate that both modifiers affect the same observable histidyl residues in PSII.
Above 50uM, Pt-TP modifies mostly cysteines (or histidines in a more hydrophobic environment) and
has an additional effect on the reducing side of PSII that (a) does not involve Mn binding and (b) results
in the apparentabolishment of all four of the Mn-binding ligands detected by the DPC-inhibition assay.
Single-flash experiments show that histidyl modification does not eliminate the binding of the high-
affinity, photooxidizable MA&" to Asp170 on D1 (nor does it significantly affect high-affinity DPC
photooxidation), but it does decrease the binding affirity) ©f that Mn from 0.6 to 1.5M, particularly

at lower (<50 uM Pt-TP) concentrations. Double-modification experiments also demonstrate that the
lower affinity, photooxidizable Mn-binding site, uncovered when the high-affinity site is modified with
1-ethyl-3-[3-(dimethylamino)propyl]carbodiimide hydrochloride (EDC) [see Ghirardi et al. (1998)], is
not associated with a histidyl ligand. Three nonphotooxidizable, high-affini§Noms bind to a second
carboxyl and two histidyl ligands, and these Mn are not photooxidized by a flash even when the ligand
to the photooxidizable Mn is modified by EDC. Proteolytic enzyme studies indicate that the two histidyl
ligands identified by the DPC-inhibition assay are probably His337 on D1 and His 339 on D2, but His
332 on D1 is not eliminated.

Covalent modification of amino acid side chains has been it may also modify cysteines, tyrosines, and lysin@s o
used commonly to investigate the function of specific address this issue, a new histidyl modifier, platinum(ll) (2,2
residues in a variety of cellular and membrane proteins ( €',2"-terpyridine) chloride, hereafter referred to as Pt-TP, was
2). The involvement of histidine residues in binding Mn on developed recently1Q, 1] as an alternative to DEPC. This
photosystem Il (PSH})proteins was originally investigated compound exhibits marked selectivity toward only histidines
by chemically modifying histidyl ligands with diethyl py-  and cysteines and is completely unreactive with other amino
rocarbonate (DEPC). Histidines were shown to be essentialacid residues including methionine, serine, glutamate, and
for photoactivation of @evolution @), as well as for binding aspartate. An additional advantage of Pt-TP is its noninva-
at least two high-affinity M ions when the tetrameric Mn
cluster required for water-splitting function was removése ( 1 Abbreviations: Cythsse, cytochromebsss; D1 and D2, major
8). Taken together, these studies Suggested that one or mor_éeaction center prote_ins of photosystem II; DCIP, 2,§-dichlorophen_ol-
nitidine residues on the lumenal side of the PSl membraneSePe0et DEFC, ety pyocanarate DPC Leoneny camasite
provided ligands required for assembling or binding the ., fluorescence yield detected after decay of the flash-indBged
functional Mn cluster. Unfortunately, DEPC is not very Fma maximum fluorescence yield following actinic flash excitation;

specific for histidine, and, depending on the assay conditions, Ka dissociation constant of a substranzyme complexty, variable
fluorescence yieldky, Michaelis=Menten constant for an enzymatic
reaction; MES, 24¢-morpholino)ethanesulfonic acid; PS, photosystem;
T This work was sponsored by the Division of Energy Biosciences, Pt-TP, platinum(ll) (2,26',2"-terpyridine) chloride [others have used
Office of Basic Energy Sciences, U.S. Department of Energy (M.S.). the abbreviation [Pt(trpy)Cl] for this compound]; Tris, tris(hydroxy-
* National Renewable Energy Laboratory. methyl)aminomethaneVma, maximum initial rate of an enzymatic
8 The University of Adelaide. reaction; Yz, tyrosine 161 on the D1 protein.
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sive character since it reacts only with amino acid side chainsLF-1 cells were grown and PSII membranes prepared as
that are exposed to the surrounding medidrf).( Further- described by Metz and Seibedt5). Tris-washing of PSII
more, chemical modification of histidines and cysteines membranes and determination of chlorophyll concentration
occurs at much lower Pt-TP than DEPC concentration, the were described by Ghirardi et al14). Treatment of
extent of modification can be monitored easily by UV membranes with the histidyl modifier DEPC and with the
spectroscopy, and the nature of the ligand modified and its carboxyl modifier EDC was done as previously reportgd (
environment can be deduced by measuring the relative8). Modification of the membranes with the new histidyl
amplitudes of different absorption bandksl. modifier, Pt-TP, was done in buffer A (20 mM MES buffer,

Our previous work has characterized the high-affinity, Mn- pH 6.5, containing 400 mM sucrose and 20 mM NacCl). Tris-
binding site in Tris-washed membranes (lacking the tet- washed PSII membranes were washed once in buffer A,
rameric Mn cluster and the extrinsic proteins) using an assayresuspended to a final concentration of X2pof Chl/mL,
based on the ability of exogenous Mn to noncompetitively and incubated with different concentrations of Pt-TP for 1 h
inhibit diphenylcarbazide (DPC) photooxidation by PRlJ ( at room temperature in the dark. The reaction was terminated
5, 7, 8. DPC is not photooxidized by PSIlI preparations by the addition of 2 volumes of ice-cold buffer A supple-
containing an intact Mn cluster, and the high-affinity Mn mented with 10 mMp,L-histidine. The membranes were
site is uncovered with the removal of the clust€?)( The collected by centrifugation (4006010 min), washed once,
DPC-inhibition assay measures the effect of added micro- and either resuspended in buffer A or stored in K4 buffer.
molar concentrations of Mngbn the initial rate of DCIP ~ When MnC}, was added to the Pt-TP modification buffer, a
photoreduction measured in the presence of 200 mM DPC,second Tris-washing was performed after the chemical
which normally acts as a donor tozY As mentioned in modification to remove any Mn that had become associated
the accompanying papefd), the high-affinity Mn site with the membrane. DEPC was purchased from Sigma; Pt-
detected by the DPC-inhibition assay is composed of four TP as the chloride salt was obtained from Aldrich (catalog
components (or ligands) associated with two carboxyl and no. 28,809-8).

two histidyl amino acid residues each of which binds an Carboxypeptidase treatment of PSII membranes was

independent .Mn iong—8). If. all four ligands to Mn_t_hat performed with either or both carboxypeptidase A and

we have previously characterized are present, Madtition carboxypeptidase B. Tris-washed spinach PSIl membranes
. o

results in a decrease of about 50% in the rate of DCIP _, 200ug of Chl/mL were incubated with 1:1 w/w carbox-

5?;?%?”;%?2 L(J)rf]?ﬁ(raolrraix dpsgr:‘eemi;ﬁndgfgi cHr?(\eNn?i\gl’ ypeptidase A/Chl and/or 1:4 w/w carboxypeptidase B/Chl
9 9 for 1 h in buffer A at 20°C in the dark. Phenylmethane-

modification (or protease treatment), then addition of MnCl sulfonyl fluoride at 1 mM was added to the incubation buffer

will result in a smaller decrease in the rate of DCIP L : : = .

; . to inhibit possible endopeptidase activity. The reaction was
photoreduction (e.g., see Figure 2, ;@)._Only one of the stopped by addition of 20 volumes of ice-cold buffer B
four bound Mn undergoes photooxidation under the as’Saycontaining 4 mM 1,10-phenanthroline. The membranes were

conditions (4), and this photooxidizable Mn is bound by a X . .
carboxyl re(Lsi():iue proba%ly Aspl70 on the D1 proteiny as _coIIected by centrifugation (4008010 min), washed once

concluded in the accompanying pap@8y Modification in buffer A, and either resuspended in buffer A or stored in
of that carboxyl residue uncovers a new lower affinity, Mn- K4 buffer.. -~

binding site that could be a histidiné3). The other three Absorption spectra of Pt-TP-modified samples were taken
ligands bind Mn that is not photooxidized under the assay With a Carey 5E UV-Vis—NIR spectrophotometer (Varian,

conditions, and some of these Mn may be competitive with Australia). Initial rates of DCIP photoreduction were
Zn and Co 14). calculated from measurements of the initial slope of the

In this paper, we demonstrate that Pt-TP at low concentra- Kinetics at 600 nm withi 3 s of thecommencement of
tions, like DEPC, modifies two of the Mn ligands on the steady-state illumination using the split-beam mode of a

oxidizing side of PSII as detected using the DPC-inhibition DW2a spectrophotometer as describédg). Flash-probe
assay. These ligands are identified as histidines, but flashfluorescence measurements were done with a home-built
studies show that the modifier does affect the affinity of the instrument as described beforE3( 14.

photooxidizable Mn. Double-modification experiments show

that the lower affinity, Mn-binding site uncovered by EDC RESULTS

treatment 13) is not associatiated with a histidyl ligand. On . : : . .
the other hand, modification with Pt-TP at high concentration Brothers and Kosticl(1) used Pt-TP to qu'fy amino acid
residues on cytochrome from both Candida kruseiand

has a secondary effect on the reducing side of PSII, due ; . : o
mainly to modification of cysteine residues (or histidyls in baker; yeast. .Th's work egtabllshed the suitability of the
chemical modifier for binding only to surface-exposed

h hobi i hat interf ith th i . : . -
a hydrophobic environment) that do not interfere with the residues without affecting the basic structure and function

Itl)g;dnlgg v(\:ifll “gg’di;rt?g?;;d identification of the histidine of the protein. Based on this work, we examined the effect
of Pt-TP modification on the high-affinity, Mn-binding site
MATERIALS AND METHODS detectable by the DPC-inhibition assay. Table 1 shows that
modification of Tris-washed PSII membranes with &0
Thylakoids and PSIl membrane fragments were preparedPt-TP caused a decrease in the DCIP photoreduction rate
from market spinach as befor&4) and resuspended in K4 by 200uM DPC to 60% of the rate measured in unmodified
buffer (20 mM MES, pH 6.5, containing 400 mM sucrose, membranes. This decrease is comparable to that observed
15 mM NaCl, and 5 mM MgG). Scenedesmus obliquus upon treatment of the same membranes with 10 mM EDC
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Table 1: Initial and Relative Rates of DCIP Photoreduction by
Control Tris-Washed PSII Membranes That Were Either
Unmodified or Modified with 50uM Pt-TP?

rate of DCIP photoreduction
[umol of DCIP (mg of Chl)* h™1]

control Pt-TP-modified modified/

electron donor PslI Psll unmodified
200 mM DPC 196 116 0.59 005
10 mM MnCh 33 29 0.88

aThe donor was either 200M DPC or 10uM MnCl..

AA (Pt-TP-treated minus untreated)
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FIGURE 2: Absorption difference spectra of Tris-washed spinach
PSII membranes modified with increasing concentrations of Pt-TP
R RSN IR minus unmodified membranes. The absorption spectra were first
0 50 100 150 200 normalized at the maximum chlorophyll absorbance peak (about
680 nm) and then subtracted from the spectrum corresponding to
the unmodified sample. The individual difference spectra represent
Ficure 1. Relative initial rates of DCIP photoreduction by 200 membranes modified with, respectively, from the bottom, 10, 20,
uM DPC measured in the presence and absence of addet¥10 30, 50, 100, 150, and 2Q¢M Pt-TP. Major absorption difference
MnCl,. The measurements were done with Tris-washed spinach peaks can be observed at 247, 280, 328, and 342 nm, close to those
PSII membrane fragments either unmodified or modified with described by Ratilla et al1Q) for model compounds.

different concentrations of the histidine chemical modifier Pt-TP.

Two rise components are apparent. The riglaixis indicates the 1.4 (e T TTTTTTTTITTTTTY
apparent number of unmodified components (Mn-binding ligands)
associated with the high-affinity Mn-binding site that correspond
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to the given relative rates at each Pt-TP concentration, according <§ Tr 3
to Preston and Seiber? (8). g4 08 [ .
4 06 =
(13). On the other hand, as expected, the rate of DCIP < o4l 4
photoreduction by 1uM MnCl, was not significantly 02 [ ]
affected by the same Pt-TP treatment since only the Mn o Dot o]
bound to a carboxyl residue is photooxidized under the assay 0 50 100 150 200
conditions (3). Since DPC donation does not depend on Pt-TP (uM)

the integrity of the high-affinity, M#"-binding site (DPC  Figure3: Ratio between the absorbance changes (modified minus
and Mr?* interact in a noncompetitive mann&), chemical unmodified) at 342 and 328 nm determined with PSII membranes

modification of Mn ligands should not significantly inhibit — as a function of the Pt-TP concentration used during the treatment.
: A ratio of 1.32 is characteristic of modified histidines, and a ratio
DPC donation to DCIP, 8, 14, 14. of 1.14 represents modified cysteines or modified histidines in a

Figure 1 shows the relative rate of DCIP photoreduction -« hydrophobic environment@, 13.

by DPC in the presence and absence oi/lMMnNCI; as a
function of Pt-TP concentration present during modification membranes to determine whether histidines or cysteines were
of Tris-washed membranes. Tiexis on the right side of  being preferentially modified in each concentration range.
the figure indicates the apparent number of unmodified Mn Figure 2 shows the difference spectra of PSIl membranes
ligands detectable by the DPC-inhibition assay. Treatment modified with increasing concentrations of Pt-TP. The
of membranes with increasing concentrations of Pt-TP resultsspectra show absorption maxima at 247, 280, 328, and 342
in a decreasing inhibitory effect of Mh on DCIP photore- nm which closely match the four wavelengths described for
duction, due to an apparent progressive loss of Mn-binding modified histidyls in model compoundsl@. Covalent
ligands. On first inspection, these data do not appear tobinding of Pt-TP to histidyl residues in model compounds
support our previous observation that modification of his- is characterized by AAssd AAgygratio of 1.32, while Pt-TP
tidine residues removes only two of four Mn ligands bound to cysteines yields a ratio on the order of 1.14, (
detectable by the DPC assa) 6ince four ligands seem to  11). However, aAAzsd AAgzg ratio of about 1.1 could also
be eliminated at high Pt-TP concentration. However, further indicate modification of histidyl residues in a more hydro-
analysis of Figure 1 suggests that Pt-TP modification of PSII phobic environment than those characterized by a ratio of
membranes involves two different sites of action since there 1.32 (L1). Figure 3 shows the effect of Pt-TP concentration
seems to be a distinct change in slope at about5iuM during treatment on thA Az AAszs ratio in spinach PSII
Pt-TP. We will show that low concentrations of Pt-T250 membranes. When the treatment is done inu®0 Pt-TP
uM) modify Mn-binding residues, but high concentrations or less, the ratio was over 1.30 (note that the 328 nm peak
(=50 uM) modify residues that do not bind Mn. is in the curve noise and not well-resolved at these low Pt-
To demonstrate this, we initially analyzed the UV absorp- TP concentrations and thus the ratios calculated represent
tion difference spectra of Pt-TP-modified minus unmodified minimumvalues), indicating that mostly histidyls were being
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Table 2: Ratio of the Rate of DCIP Photoreduction by 200 Table 3: Ratio of the Relative Rate of DCIP Photoreduction by 200
DPC Measured in the Presence and Absence giMVnCl,, and uM DPC Measured in the Presence and Absence giNIOMnCl,,
the Corresponding Apparent Number of Mn-Binding Components and the Corresponding Number of High-Affinity, Mn-Binding
(Ligands), as per Preston and Seib&t&)? Ligands
remaining remaining
Mn-binding Mn-binding
Tris-washed PSIl membranes +Mn/—Mn ligands thylakoid treatment +Mn/—Mn ligands
spinach control 0.50 4 control 0.52 4
treated with 10 mM EDC 0.75 2 treated with 50«cM DEPC 0.52 4
treated with 10 mM EDCt 5 mM MnCl, 0.50 4 treated with 30Q«M Pt-TP 0.76 2
treated with 20QctM Pt-TP 0.98 0 treated with 2QuM Pt-TP 0.54 4
treated with 20eM Pt-TP+ 5 mM MnCl,  0.74 2 treated with 30Q«M Pt-TP, 0.98 0
LF1 mutant control 0.72 2 fractionated into PSIl membranes,
treated with 10 mM EDC 0.99 0 Tris-washed, then treated with
treated with 10 mM EDC+ 5 mM MnCl, 0.75 2 500uM DEPC
gggtgg m:n gg&m E:$E+ 5 mM MnCl, 833 (? 2 Thylakoid membranes in this experiment were either untreated

(control) or treated with histidyl modifiers, and the thylakoids were

2 Samples consisted of Tris-washed PSII membranes either from then fractionated into PSIl membranes for assay. The last row describes
spinach or from theS. obliquusLF1 mutant (see Materials and  Tris-washed PSIl membranes derived from Pt-TP-treated thylakoids
Methods). that were subjected to a second modification with G#®DEPC prior

to assay.

modified. However, when the concentration of Pt-TP was
increased above 50M, the ratio dropped to 1.1 or lower, The results are qualitatively the same in spinach and in the
suggesting that the modification of cysteines (or histidyls in LF1 mutant, even though spinach membranes have only two
a hydrophobic environment) was becoming more prevalent. histidyl ligands and mutant membranes lack histidyl ligands
Given that cysteines are not known to bind Mn and that to high-affinity Mn. Since the addition of Mnglto the
histidines in Tris-washed membranes are exposed to themodification buffer protects only half of the ligands in
hydrophilic aqueous medium, these results suggest that Mn-spinach membranes, and none in the LF1 mutant membranes,
binding ligands must be modified by the lower concentrations these results clearly demonstrate that the modification effects
of Pt-TP only. of high concentrations=50 «M) of Pt-TP on the DPC-

To further investigate the concentration-dependent effect inhibition assay are not related to the binding of Mn.
of Pt-TP maodification on Mn ligands, we examined whether  To further define the effect of high concentrations of Pt-
addition of MnC} to the modification buffer protected all TP on the DPC-inhibition assay, we treated thylakoid
apparent ligands from Pt-TP modification. Both spinach PSII membranes with two types of histidyl modifiers, Pt-TP and/
membranes (which contain the full complement of four Mn or DEPC. The thylakoids were subsequently fractionated
ligands, two carboxyls, and two histidyls) and PSll-enriched into PSIl membranes and then Tris-washed prior to the
membranes isolated from thecenedesmus obliquu$-1 application of the DPC-inhibition assay. In contrast to PSII
mutant were used in this experiment. This mutant has only preparations, in which both the oxidizing and reducing sides
two exposed Mn ligands that are detectable by the DPC- of the PSII membrane are exposed to the medilid), the
inhibition assay, and these have been determined to beoxidizing side of PSII in thylakoid membranes is sequestered
carboxyl residues4, 7, 8. Table 2 shows the relative rate in the lumen, and cannot be influenced by modifiers that
of DCIP photoreduction by DPC measured in the presenceonly affect surface-exposed residues. Table 3 shows that
and absence of Mngl(+Mn/—Mn) using control Tris- four Mn-binding ligands are detected in Tris-washed PSII
washed PSIlI membranes, membranes modified with 10 mM membranes derived from unmodified thylakoids, as expected.
EDC in the presence or absence of 5 mM MnGind If thylakoids are treated with 50kM DEPC prior to
membranes modified with 2Q0M Pt-TP in the presence or  fractionation and Tris-washing, the four Mn-binding ligands
absence of 5 mM MnGl Membranes modified in the are still intact, indicating that DEPC does not modify any
presence of MnGlwere subsequently Tris-washed to expose residues, detectable by the assay, on the reducing (stromal)
the protected Mn ligands prior to analysis using the DPC- side of PSIl. However, thylakoids modified with 300 (but
inhibition assay. The last column lists the corresponding not 20)uM Pt-TP, prior to fractionation and Tris-washing,
number of unmodified Mn-binding ligands detected by the show that only two apparent Mn-binding ligands remain. This
DPC-inhibition assay. The full complement of available Mn suggests that, in contrast to DEPC, high concentrations of
ligands is detected by the assay in control Tris-washed PSII Pt-TP must affect residues on the stromal side of PSIl. This
membranes (four ligands in spinach and two in the LF1 hypothesis was confirmed by subjecting Tris-washed PSII
mutant). Modification of the control membranes with 10 membranes derived from Pt-TP-modified thylakoids, as
mM EDC reduces the number of detectable Mn ligands to above, to a second modification with 508 DEPC. This
two in spinach and to zero in the LF1 mutant due to the second treatment should further modify histidyl, Mn-binding
specificity of the modifier for carboxyl residueg)( How- residues located on the oxidizing (lumenal) side of P8)I (
ever, when the EDC maodification is done in the presence of that were not affected by the previous treatment with Pt-TP.
MnClI,, both carboxyl ligands are protected and subsequently As expected, no Mn-binding ligands were detected under
can be detected in spinach or LF-1 membranes washed withthese conditions, indicating that high concentrations of Pt-
Tris for the second time. On the other hand, modification TP do indeed affect residues on the stromal side of PSII,
of the membranes with 200M Pt-TP in the absence of probably cysteines (see Figure 3), which do not bind Mn
MnCl; eliminates all apparent Mn ligands, as in Figure 1. but whose modification affects the apparent number of Mn-
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FiGure 4: The [1 — relative Fna/Fmay] ratio as a function of MnCl, (uM)

added DPC using unmodified control (open circles) andu50 Ficure 5: The [1 — relative Frna/Fmay] ratio as a function of
Pt-TP-modified (closed circles), Tris-washed PSII membranes. [1 added MnCJ using unmodified control (open circles) and &BI
— relative Frna/Fmay] is @ measure of the number of PSII centers  Pt-TP-modified (closed circles), Tris-washed PSII membranes. [1
undergoing an initial light-induced charge separation reaction that — relative Efna/Fmay] is @ measure of the number of PSII centers
do not recombine. Inset: Scatchard plot of the data.yFimercept undergoing an initial light-induced charge separation reaction that
is an estimate of the number of PSII centers undergoing a chargedo not recombine. Inset: Scatchard plot of the data.yFiméercept
recombination reaction following an actinic flash; the slope of the is an estimate of the number of PSII centers undergoing a charge
line is an estimate of the affinitykg) of DPC for the PSII recombination reaction following an actinic flash; the slope of the
membranes. line is an estimate of the binding affinitiK§) of Mn for key amino

acid residues on the PSIl membranes.

binding sites detected by the DPC-inhibition assaiyhe
reader is cautioned about using Pt-TP at concentrations Table 4: Pt-TP Titration of the Estimated Binding AffinitiK{) for
higher than 50uM if high-affinity Mn ligands are to be the High-Affinity Photooxidizable Mn As Determined from
examined Flash-Induced Fluorescence Measurements in Tris-Washed PSI|
’ . . Membranes from Spinach
The accompanying papet3) shows that modification of - K Tiah affin g K iah affin
carboxyl residues with EDC has a selective effect on Mn  [PETP] o high affinity  [Pt-TP] ¢ high affinity

o o . M M M M
binding and photooxidation. We demonstrated the point (M) (M) (M) (M)
clearly by titrating the final fluorescence yield following a 10 8'% 1%% 11'_133

short saturating flash using either DPC or Mp&$ a donor. 20 1.05 200 1.90
Similar experiments are repeated here except with low-
concentration Pt-TP modification in order to probe for the
effects of histidyl residues on both DPC and Mn binding
and photooxidation potential. Figure 4 shows the effect o
increasing concentrations of DPC on {1 relative Efinal
Fmay] (see the accompanying paper for details about this
flash-probe fluorescence technique) in unmodified, Tris-
washed PSII membranes and in Tris-washed membrane
modified with 50uM Pt-TP. The inset is a Scatchard plot
of the data in Figure 4. The slopes of the lines fitted to the

data points in the inset are an estimate of the binding affinity : :
of DPC to the membranes, and tMntercept is a measure TP concentrations on th& of Mn also points to a secondary

of the relative number of active centers. We obtained a value &Ction of Pt-TP that does not involve Mn binding as indicated

of 49 uM for the binding affinity Ks) of DPC to untreated ~ 2POVe.
membranes and 54M DPC for Pt-TP-treated membranes. In the accompanying paper, we were not able to identify
These values demonstrate that Pt-TP treatment does nothe lower affinity ligand to Mn uncovered when the carboxyl
significantly change the affinity of DPC for the membranes. ligand (Asp170 on D1) to the photooxidizable Mn was
On the other hand, the relative number of centers that modified. To test whether this lower affinity ligand is a
photooxidize DPC decreased from about 90% to 70% (seehistidine, we did a double-chemical-modification experiment.
the respective points where the curves cross the ordinate inTris-washed PSII membranes were initially treated either
the inset) following Pt-TP treatment, indicating a secondary with the carboxyl modifier EDC or with the histidyl modifier
effect of the modifier, as suggested by Table 1. Pt-TP, and flash-induced fluorescence measurements were
Figure 5 shows that, in contrast to the results with EDC performed to estimate th€ys for photooxidizable Mn after
modification (see the accompanying paper), Pt-TP modifica- each treatment. Each sample was then complementarily
tion does not inhibit MnGl photooxidation to a significant  treated either with Pt-TP or with EDC in order to completely
extent. The inset does show, however, that the treatmenteliminate high-affinity, Mn-binding sites detected by the
causes an increase in tKg for photooxidizable Mn (from DPC-inhibition assay 74, 8) including the high-affinity
0.62 to 1.47uM), as seen by an increase in the slope of the photooxidizable Mn bound by a carboxyl residue. These
line fitted to the Pt-TP-treated membranes. This increase doubly modified samples were used for a second round of
in Kq had little influence on the number of centers observable flash-induced fluorescence measurements to determine whether

after the modification. We next studied the effect of different

f concentrations of Pt-TP on the binding of photooxidizable
Mn in Table 4 and found that th€, is much more sensitive

to Pt-TP modification at concentrations below &l than
above 50uM. All of these results confirm our hypothesis
ghat only Mn bound to a carboxyl residue is photooxidizable
(13). However, it is clear that modification of histidyl
residues near the carboxyl that binds the photooxidizable Mn
affects theKqy of that Mn. The smaller effect of higher Pt-
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Table 5: Maximum Fluorescence Yiel&{a) and Binding Affinity Table 6: DPC-Inhibition Assay Performed on Tris-Washed Spinach
(Kg) for DPC and Mn As Determined by Flash-Probe Fluorescence PSIl Membranes after Treatment with Carboxypeptidase (CPase) A,
Measurements a Mixture of CPase A and B, the Carboxyl Modifier EDC, and the
2004M DPC _ 104M MnCl, Histidyl Modifier DEPC
PSII membrane treatment Fmax Kda (M)  Frmax Ka («M) h;i”g?gg;%

control 0.780 78.4 0816 10 Tris-washed PSIl membranes  +Mn/—Mn ligands
control, buffer treated once 0.761 1184 0.775 0.8

(1st modification control) control 0.52 4
50 mM EDC modified 0.663 80.8 0.453 20.4 treated with CPase A 0.62 8
504M Pt-TP modified 0636 100.0 0.708 3.6 treated with CPase A and CPase B 0.73 2
control, buffer treated twice 0733 776 0764 0.8 treated with CPase A and CPase B, ~ 1.01 0

(2nd modification control) then treated with 10 mM EDC
50 mM EDC+ 50u4M Pt-TP treated 0.542 54.4 0.415 137  UeatedwithCPase AandCPaseB, 0.76 2
50uM Pt-TP+ 50 mM EDC treated 0.548 124.0 0.445 38.0 then treated with 508M DEPC

aTris-washed PSII membranes were either unmodified (control) or * Note thé"t rtlwcl’ Mnl_ligar(ljds arehr_erj:jO\lled when both peptidases are
modified with EDC, Pt-TP, or both. present and the lost ligands are histidyls.

the modification of both carboxyl and histidyl residues subsequent treatment with EDC completely eliminated Mn

inactivated all ligands to photooxidizable Mn. inhibition of DPC-supported DCIP photoreduction. There-
Table 5 summarizes these results. Modification of Tris- fore, the two proteases in combination remove half the
washed PSII membranes with either 50 mM EDC oS0 observable high-affinity Mn ligands from the membranes

Pt-TP eliminates 1518% of the centers that photooxidize (Table 6), and those ligands are histidines. Their possible
DPC, compared to the loss of only 2.5% of the centers identity is discussed later.
estimated from control samples submitted to the same
conditions (minus the modifiers). A second chemical DISCUSSION
modification with either Pt-TP or EDC increases the number o ) o ]
of inactivated DPC-photooxidizing centers to about 30%, Histidine residues have been implicated as important
Compared to 6% for buffer-treated control Samples_ The Stl’uctu'l’al (':Ol’nponents aSSOC.Iated with Mn b|nd|ng near the
affinity of the membranes for DPC varies between 54 and catalytic site of the @evolving complex of PSII from
124 uM in modified as well as unmodified samples. This chemical modification, proteolytic enzyme treatment, and
variation does not seem to depend on the type of treatment classical mutant studie8<8). Electron spir-echo envelope
but may instead reflect other experimental conditions. TheseModulation (ESEEM;18) and electror-nuclear double
results indicate that neither EDC nor Pt-TP modification has resonance (ENDORL9) studies have confirmed the earlier
a major effect on DPC photooxidation in these membranes; Work by suggesting that one or more nitrogen atoms provide
thus, this activity does not depend on either carboggd, (  ligands to the Mn cluster itself. Tang et alQj, using
16) or histidyl residues. The effect of the same chemical ESEEM, further showed that these nitrogen ligands are most
modifications on high-affinity Mn binding, however, is very likely histidine imidazole nitrogens. S|te-d|recyed mutants
different (Table 5). EDC modification, either before or after have further supported this eviden@i{25). His337 on
Pt-TP, eliminates about 50% of the high-affinity, Mn-binding D1 and His339 on D2 were identified as potential Mn ligands
centers and uncovers the lower affinity, Mn-binding com- from the biochemical studies and studies of #uenedesmus
ponent withKy of 14—40 uM, consistent with the results of ~ ObliquusLF1 mutant , 8), while His332 and His337 on
Table 2 in the accompanying papd3). Modification of D1 were sugge;tgd as a_result of sqe—dwgcted mutant studies
the same membranes with Pt-TP, either before or after EDC,(21-25). A histidine residue, possibly His190 on D2§,
results in inactivation of only 58% of the Mn-binding ~ c¢&n be photooxidized in the absence of functional MR, (
centers, and in a small increase in #gof the remaining  28), in C&"-depleted PSII membrane2q 30), and in PSII
centers. These results confirm that the high-affinity photo- Oz-€volving core complexe=(). It has also been suggested
oxidizable Mn is bound by a carboxyl residue, but rule out thatthis residue binds Mrg(). However, more recent work
the possibility that the lower affinity photooxidizable Mn (32) disputes _these results and attributes the photooxidizable
ligand detected after EDC modification of the membranes residue to Y instead.
is a histidyl residue. Our current study has shown that Pt-TP, a histidyl
Based on their sensitivity to different proteases, the two modifier, has two effects on PSII depending on the concen-
histidyl ligands to high-affinity Mn were identified as His337  tration of the modifier during membrane treatment. At low
on D1 and possibly His339 on D8)( To more accurately  concentrations£50 uM) of the modifier, Pt-TP affects the
establish their identity, we submitted Tris-treated PSII lumenal side of the PSIl membrane and modifies two histidyl
membranes to digestion by carboxypepidase A, carboxypepi-residues that bind Mn with high affinity (Figures-B; Table
dase B, or a combination of both. Carboxypeptidase A alone 3). Modification under these conditions is prevented by the
degrades a quarter of the observable high-affinity Mn site presence of MnGl in the treatment buffer (Table 2),
(8) while carboxypeptidase B alone has no effect (data not indicating specificity for Mn. Furthermore, Pt-TP treatment
shown). Following treatment with a mixture of both does not prevent the photooxidation of DPC (Figure 4) nor
enzymes, however, Mn inhibition of DPC-supported DCIP the binding of photooxidizable Mn (Figure 5; Table 4) to
photoreduction was reduced from 50% to about 25% (Table PSII membranes, but does slightly decrease the affinity of
6), indicating the loss of two ligands. Subsequent treatmentthe latter. Treatment with Pt-TP also fails to remove the
of this material with DEPC had no further effect whereas lower affinity photooxidizable Mn detected after EDC



Histidyl Modification Effects on Mn Binding Biochemistry, Vol. 37, No. 39, 19983573

treatment of Tris-washed PSII membran&%)(demonstrat-  site-specific mutants, have suggested that His332 on D1 is
ing that the residue that binds that particular Mn is not a a good candidate for a ligand to a functional Mn. This
histidine. This in turn leads us to question the conclusion assignment has been supported by other studies using site-
of Blubaugh and Chenia®®) and Magnuson and Andreas- specific mutants32, 24, 43, and at the very least His332
son @4) that the high-affinity component of the Mn titration on D1 seems to be required for the stable assembly and
of the DCIP photoreduction curve in EDC-treated samples function of the Mn center4?). Recently, Chu et al.26)
is due to photooxidizable Mn bound to histidyl residues. It also identified His337 on D1 as a potential ligand to Mn.
is important to point out that the residual photooxidizable In this paper, we have extended our studies by treating
Mn that donates to ¥ after chemical modification with EDC  spinach PSII membranes with a combination of carboxypep-
is distinct from the normal low-affinity, Mn-donation site tidase A and carboxypeptidase B (the latter hydrolyzes
to PSII 14). We conclude that treatment with low concen- arginines) in Table 6. These two proteases complement each
trations of Pt-TP results in the modification of histidine other and will sequentially remove amino acids from the
residues that contribute ligands to the high-affinity binding carboxyl ends of proteins until blocked by the tertiary
of nonphotooxidizable Mn to PSII in a manner similar to structure of the proteirdd). Our carboxypeptidase A and
that of DEPC. B experiments, however, cannot differentiate between His332
High concentrations of Pt-TP-60 M) have an additional  on D1 or His339 on D2 as the second high-affinity ligand
effect that is localized on the stromal side of the membrane detected by the DPC-inhibition assay, but they do eliminate
(Table 3). This low-affinity modification site detected by all other histidines on reaction center proteins. Furthermore,
the DPC-inhibition assay was not protected by Mn(Chble our Pt-TP data support this conclusion since it indicates that
2) and is apparently associated with an ancillary phenomenonboth the histidyl residues detected by the DPC-inhibition
involving the modification of a cysteine residue(s) (Figures assay must be on surface-exposed protein segments. None
2 and 3), the only other residue that can be modified by Pt- of these amino acids, however, appear to be the first ligand
TP, or histidines in a hydrophobic environmedfl, We to Mn in the photoactivation process, a role apparently played
emphasize that Pt-TP modification at high concentration doesby Asp170 on D121, 45. However, the loss of processing
not affect additional residues involved in Mn binding. of the D1 C-terminal extensiorb) or mutation of histidine
Modification of this (these) cysteine residue(s) may facilitate residues on the carboxyl end of the D1 protein does impair
the reaction between bound Pt-TP and an electron-transporO, evolution capacityZ4, 25, 42, 48 While the exact role
component, thus affecting electron transport, or it may causeof these histidine residues in functional Mn binding is still
structural changes due to the introduction of too many Pt- speculative, there is an important function for histidine
TP radicals to the protein structure of the PSIlI complex, residues located near the carboxyl end of the D1, and perhaps
influencing its function. This is supported by the decrease the D2, protein at the catalytic site of the,-€volving
in the rate of of both Mn- and DPC-supported DCIP complex.
photoreduction observed upon modification of the mem-
branes with high concentrations of Pt-TP (52 and 44% of ACKNOWLEDGMENT
the untreated rate with Mn and DPC, respectively, in samples
_treated with 200M Pt-TP; data not shown)._ T_h's decrease Pt-TP and Professor Richard Debus for helpful comments
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