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A low L-arginine metabolizing enzyme (L -A M E ) activity leading to ornithine, urea and
additional products not identified so far could be detected in photosystem II (PS II) m em 
branes of spinach and of the chlorophyll deficient tobacco mutant Su/su. The detectable
L-AM E activity was very low in untreated PS II membranes, but increased significantly
(about 10 fold) when the extrinsic peptides (psbO , P and Q gene products) were removed suggesting that the L-AM E is exposed at the lumen side o f PS II. It was possible to isolate
the detergent-solubilized protein from CaCl2-washed PS II membranes of spinach by a com 
bination of anion and cation exchange columns. On the basis of SDS PAGE the protein was
hom ogenous and had an apparent molecular mass of 7 kDa. N-terminal sequencing of the
polypeptide gave a contiguous sequence of 20 amino acids showing no hom ologies to PS II
polypeptides as yet sequenced. After chromatography o f the L-AM E on an anion exchange
column at pH 9.5 (last purification step) a completely inactive enzyme was obtained. Maximal
reactivation was achieved by dialyzing the protein against H epes-N aO H buffer in the pH
range of 6.5 to 7.5 containing 100 m M chloride or sulfate (being the most effective anions).
The L-AM E activity was totally dependent on manganese added to the reaction mixture.
Moreover, there were indications of a second cation binding site being more sequestered and
requiring bound Ca2+ or Mn2+ for activity (Sr2+ was less effective and Mg2+ was ineffective).
There are indications that the protein contains a redox active group - possibly an aminoacid-derived quinonoid (based on a redox cycling assay with glycine and nitroblue tetrazolium). The capability of this PS II associated protein to bind the cofactors of water oxidation
and having a redox active group (preliminary results) suggests that this protein might be
functional in photosynthetic water oxidation. This is further supported by the fact that the
isolated L-AM E has a low catalase activity.

Introduction

The overall reaction catalyzed by the thylakoid
em bedded PS II complex is the oxidation of water
and the reduction of plastoquinone with 0 2 reAbbreviations: L-AM E, L-arginine metabolizing en
zyme: Ches. 2-(N-cyclohexylam ine)-ethanesulfonic acid:
Chi. chlorophyll; DM , dodecyl-ß-D-maltoside; Hepes,
N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic
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LHCP. light harvesting chlorophyll a/b protein complex:
MSP. manganese stabilizing protein; PQQ. pyrroloquinoline quinone: PS II. photosystem II: SB 12. sulfobetaine 12 (N-dodecyl-N,N-dimethyl-ammonio-3-propanesulfonate; TPQ, topaquinone: Tricine, N-tris(hydroxymethyl)methylglycine; Tris, tris(hydroxymethyl)aminomethan; TTQ, tryptophan-tryptophan quinone; W OE.
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leased as by-product. The process of photochemi
cal charge separation is fairly well understood,
while the process of water oxidation requiring Mn,
Ca2+ and C l- has remained uncertain in several
aspects. A lthough substantial efforts have been
made, the exact site of Mn, C a2+ and Cl- binding
in PS II is unknown (see recent reviews: Debus,
1992: R utherford et al., 1992; Boussac and R uther
ford. 1994). This is mainly due to the fact that Mn
(C a2+ and C1“ ) is rapidly lost when PS II com
plexes are totally dissociated. Therefore, identifi
cation of the Mn binding site by isolating a Mnretaining polypeptide proved impossible. Most
groups working in this field favour the reaction
center peptide D l in connection with D2 and/or
other known PS II peptides, such as CP47, as the
site of water oxidation (see recent reviews: Pakrasi
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and Vermaas, 1992; Vermaas, 1993). Their model
is mainly based on results obtained by site directed
mutagenesis (Diner et al., 1991). It implies that a
separate Mn, Ca2+ and C l- binding protein(s) is
not present in PS II and that Mn is bound at the
interface of D l and one or two other known PS II
peptides. In contrast, our PS II model suggests that
the major (although not necessarily only) m anga
nese binding protein in PS II is indeed a separate
and not yet recognized polypeptide in PS II. O ur
initial idea was that the water oxidizing enzyme
(W OE) might have evolved from a substrate dehy
drogenase type enzyme (Pistorius, 1993). If this
were the case, then this protein might possibly
have retained a cryptic Mn-requiring activity being
measurable independently from its physiological
water oxidizing activity in the light. If such an ac
tivity were detectable, it could be used to isolate
the protein from PS II.
With this strategy we successfully detected and
isolated an L-arginine metabolizing enzyme (LAM E) which is present in highly purified PS II
complexes from the thermophilic cyanobacterium
Synechococcus sp. and which catalyzes with a very
low rate the conversion of L-arginine to ornithine,
urea, and additional not yet identified products.
Moreover, we could show that this L-AM E re
quired added Mn (M n2+ or Mn3+) and C l- for its
activity implying that the protein can indeed bind
Mn as well as C L and thus might be a possible
candidate for the W OE (Ruff and Pistorius, 1994).
To obtain further support for our hypothesis
suggesting the presence of a separate major Mn
binding protein in PS II, it is essential to also iden
tify a corresponding L-AM E activity in PS II com
plexes of higher plants, where photosynthetic and
respiratory electron transport are present in sepa
rate compartments. Here we report on the identifi
cation of such an L-AM E activity in PS II com
plexes from spinach and tobacco as well as on the
isolation, partial characterization and partial se
quencing of this protein isolated from PS II com
plexes of spinach.
Materials and Methods

Spinach was purchased from local m arkets and
the tobacco m utant Sii/su which has a reduced
light harvesting chlorophyll a/b protein complex
(LHCP), was grown in the green house and is the
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same as previously described (Specht et al., 1987).
Isolation of PS II membranes, chlorophyll deter
m ination, m easurements of photosynthetic 0 2
evolution, and washing of PS II membranes with
NaCl or CaCl2 were perform ed according to
Specht et al. (1987 and 1990). Tris washing of PS
II m em branes was done by mixing two parts of
PS II m em branes with one part of 2.4 m Tris-HCl.
PH 8.3, or 2.4 m Tris-acetate, PH 8.3. A fter incuba
tion for 30 min at 4 °C, this mixture was centri
fuged at 50 000 x g for 30 min, and the resulting
pellet was resuspended in 20 mM Hepes-NaOH,
pH 6.5, containing 15 m M NaCl, 5 m M MgCl2 and
400 mM sucrose. PS II core complexes and reaction
center complexes were isolated according to Haag
et al. (1990) and McTavish et al. (1988), respec
tively.
L-AM E activity measurements; L-AME activity
was determ ined by incubation of the various sam
ples at 60 °C for 5 h (or for shorter times when
L-AM E activity was high). The reaction mixture
contained in a total volume of 3 ml: 33 mM TricineNaO H , pH 8.5, 10 mM L-arginine-HCl, 16.6 mM
N aOH (for adjustment to pH 8.5), 0.5 m M MnCl2,
and the sample. After incubation for 5 h, the reac
tion was stopped by adding 0.1 ml 3 m H 2S 0 4 and
centrifuged for 10 min at 10 OOOxg. In the result
ing supernatant the products ornithine (Ratner,
1962) and urea (Coulombe and Favreau, 1963)
were determ ined by colour tests. Variations from
this standard assay procedure are given in the
legends to the Tables and Figures.
M n3+ was used after solubilization of 53 mg
M n(acetate)3 in 2 ml 150 m M sodium pyrophos
phate. The concentration of M n’+ in the filtered
solution was determ ined according to Kenten and
M ann (1955).
For determ inating catalase activity, the L-AME
was dialyzed overnight against 10 mM HepesNaOH, pH 7.5, containing 100 mM NaCl. 1 mM
MnCl2 and 0.02% DM. Subsequently the catalase
activity of the L-AME was measured in a Clarktype electrode (Rank Brothers) at 37 °C. The reac
tion mixture contained in a total volume of 3 ml:
50 mM Hepes-NaOH, pH 6.5, 240 mM H 20 2,
0.5 mM M nCl2 (when indicated) and L-AME
(4.2 p,g protein).
Protein was determ ined with bicinchoninic acid
according to Smith et al. (1985). The protein deter
m inations of PS II preparations were perform ed
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after trichloroacetic acid treatm ent. SDS PAGE
was perform ed according to Schägger and von
Jagow (1987) and silver staining according to
Heukeshoven and Dernick (1988). For SDS PAGE
the protein samples were denatured in buffer as
described by Heukeshoven and Dernick (1988) at
100 °C for 5 min.
The redox cycling assay for detection of quinonoid groups (decarboxylation of glycine is coupled
to reduction of nitroblue tetrazolium to its
formazan) was basically perform ed as described
by Paz et al. (1988) with one modification: R e
duced BSA was omitted. The reaction mixture
contained in a total volume of 1.1 ml: 2 m glycineNaOH, pH 10.0, 0.24 mM p-nitroblue tetrazolium
and the L-AME. After incubation for 1 h at 60 °C
formazan formation was determ ined as absorb
ance at 530 nm. For detection of possible noncovalently bound PQQ the enzymatic assay ac
cording to Geiger and Görisch (1987) was used.
2,4-dinitrophenylhydrazine treatm ent of the LAM E was perform ed according to van der M eer
et al. (1986 and 1987).
For amino acid sequencing, the L-AME was
concentrated in a Centricon 3 tube (Amicon) at
4 °C (coated with 0.1% Tween 20 - Pierce, se

quencing grade). Subsequently 0.2 nmoles of the
protein were sequenced on a pulsed liquid phase
sequenator Model 477 A with online HPLC sys
tem 120A (Applied Biosystems) as described in
Bökenkam p et al. (1994).

Results

Detection o f an L -A M E activity in PS II
membranes from spinach and from tobacco
PS II m em branes (BBY complexes - Berthold
et al., 1981) from spinach and tobacco were iso
lated as described by Specht et al. (1987), and
L-AM E activity was quantified by measuring orni
thine production from L-arginine in the presence
of added MnCl2 as described under Materials and
Methods. In Table I the L-AME activity detecta
ble in PS II m em branes from spinach and from
tobacco (the tobacco m utant Su/su having a re
duced LHCP complex was used) is given. The LAM E activity in most PS II preparations (BBY
complexes) is very low and sometimes hardly de
tectable but increases substantially when PS II
m em branes were washed with NaCl to remove
the two smaller extrinsic peptides and further

Table I. Photosynthetic 0 2 evolving and L-AM E activities of PS II membranes from spinach and from the chloro
phyll deficient tobacco mutant Su/su. L-AM E activity was determ ined in PS II membranes before and after removing
the extrinsic peptides by various wash procedures. For spinach two representative experiments (marked a and b)
are given to document the variable activity in untreated PS II membranes.
Treatment

PS II membranes
(BBY)
PS II membranes
after washing with
1.5 m NaCl
PS II membranes
after washing with
1.5 m CaCl2
PS II membranes
after washing with
0.8 m Tris-HCl.
pH 8.3
PS II membranes
after washing
with 0.8 M Trisacetate. pH 8.3
n.d.. not determ ined.

himol ornithine formed/
mg Chlxh]

Tobacco mutant Su/su
L-AME activity
Photosynthetic
0 2 evolution
[jimol O? evolved/
[jimol ornithine formed/
mg Chlxh]
mg Chlxh]

336

0.15a

0.69b

446

0.33

252

0.95a

1.22b

413

1.46

34

2.76a

1.5 l b

n.d.

3.04

n.d.

4.33

n.d.

2.94

Photosynthetic
0 2 evolution
[|imol 0 2 evolved/
mg Chlxh]

Spinach
L-AME activity
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increased when all three extrinsic peptides (psbO .
P and Q gene products) were removed by CaCl2
washing. This increase in activity by removing the
extrinsic peptides was most pronounced, when the
activity in untreated PS II membranes was low due
to tight binding of the extrinsic peptides (compare
the two experiments given for spinach PS II mem
branes in Table I). To make sure that the increase
in detectable L-AME activity is truely due to re
moval of the extrinsic peptides and not due to a
chloride or calcium effect on the L-AME activity
(see below) the extrinsic peptides were removed
by washing with 0.8 m Tris-HCl, pH 8.3, or Trisacetate, pH 8.3, instead by washing with CaCl2.
Both Tris treatm ents also gave the expected substantial increase in detectable L-AM E activity.
Therefore, it can tentatively be concluded that the
L-AME becomes better accessible for the hydrophilic substrate L-arginine in the absence of the
three extrinsic polypeptides - suggesting that the
L-AME protein is exposed at the lumen side of
PS II.
To obtain further proof that the L-AM E truly is
a constituent of PS II complexes, 0 2 evolving PS
II core complexes from spinach were prepared ac
cording to the procedure described by Haag et al.
(1990). These core complexes (having an 0 2 evolv
ing activity of 1040 |imol O? evolved/mg C hlxh)
had an L-AM E activity of 3.6 (imol ornithine
formed/mg C h lx h (or 0.38 (imol ornithine formed/
mg protein xh). On chlorophyll basis this value is
about twice as high as the corresponding average
value obtained with spinach PS II m em branes
(BBY). Moreover, it was possible to show that
PS II reaction center complexes from spinach isolated according to McTavish et al. (1989) also possessed L-AM E activity (0.25 [.imol ornithine
formed/mg protein xh) - suggesting that the LAM E protein is tightly associated with the D l/
D2 heterodimer.
Optimization o f the assay conditions fo r detecting
the L -A M E activity in PS II membranes
Initially we had substantial difficulties to detect
L-AME activity in PS II membranes from plants
in a reproducible manner. Therefore, substantial
efforts were made to optimize the assay condi
tions. These experiments were perform ed with
CaCl2 washed PS II membranes from the tobacco

m utant Sti/su having a reduced LHCP, and the re
sults are presented in Figs 1 and 2. As the results
in Fig. 1 clearly show, the L-AME activity is hardly
detectable when the reaction proceeds at room
tem perature but becomes detectable, when the
tem perature was raised above 50 °C - suggesting
that the L-AM E activity in plants has no physio
logical relevance, since only being detectable at
elevated tem peratures. The tem perature optimum

^
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<
^
j:
^
Temperature [°C]
Fig. 1. L-AM E activity o f CaCl2 washed PS II m em 
branes (tobacco) as a function o f temperature. The reac
tion proceeded for 5 h at the temperatures given in the
figure. All other conditions were the same as given
under Materials and Methods. At 60 °C the L-AM E ac
tivity corresponded to 1.3 (.imol ornithine formed/mg
C h lx h (CaCl2 washed tobacco PS II membranes were
used: 126 (ig Chi were present in the reaction mixture).

^
!_§
<
<
c*
L-Arginine [mM]
Fig. 2. L-AM E activity of CaCl2 PS II membranes (to
bacco) as a function of L-arginine concentration. The
reaction proceeded for 5 h at the L-arginine concentra
tions given in the figure. All other conditions were the
same as given under Materials and Methods. In the pres
ence of 10 mM L-arginine the L-AM E activity corre
sponded to 1.2 (rmol ornithine formed/mg C h xh (CaCl2
washed tobacco PS II membranes were used: 91 (ig Chi
were present in the reaction mixture).
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for this reaction is in the range of 60 to 65 °C. The
enzyme activity starts to decrease above 65 °C and
was about zero at 80 °C. Because of this rather
peculiar but very pronounced tem perature effect
we chose for regular assay conditions a tem per
ature of 60 °C. The enzyme is very stable at this
tem perature, and the L-AME activity is linear
with time for more than 20 h (not shown). The
significant effect of elevated tem perature on LAM E activity of this protein is most likely due to
a conformational change improving the capability
of this protein to bind the hydrophilic substrate
L-arginine.
In Fig. 2 the dependence of the L-AM E activity
on L-arginine concentration is given. The enzyme
shows a proper Michaelis-Menten behaviour giv
ing a hyperbolic saturation curve with the sub
strate L-arginine (K M value is 4 m M L-arginine) supporting the conclusion that the activity which
we measure is indeed an enzyme catalyzed reac
tion. D-arginine is not a substrate. The detectable
L-AM E activity of PS II membranes is very low
without addition of manganese to the assay mix
ture. MnCl2 as well as Mn3+ pyrophosphate (con
centrations between 1 to 10-4 m are optimal - not
shown but see Fig. 6). As the results of Fig. 1 show,
significant L-AME activity can only be detected at
tem peratures between 50 and 75 °C. U nder such
conditions the PS II associated Mn would dissoci
ate and become diluted into the reaction mixture.
Thus, for L-AME activity measurements, Mn addi
tion to the reaction mixture is required.

was dialyzed overnight against 10 m M potassium
phosphate buffer. pH 7 (3 changes of buffer), to
remove the ionic detergent which in great excess
would disturb chromatography on ion exchange
columns. A fter dialysis 0.02% of the nonionic de
tergent dodecyl-ß-D-maltoside (DM) was added to
keep the hydrophobic proteins in solution. For re
moval of the undissolved proteins, the solution
was centrifuged for 15 min at 50,000 xg.
Purification of the L-AME was achieved by a
combination of three anion exchange columns (LA M E only binds at pH values above 9) and two
cation ion exchange columns (L-AME binds well
at pH 6.5) used in alternating order. After centrif
ugation, the above supernatent fraction was ap
plied to a D E A E Sepharose A 50 column (size:
3x40 cm, equilibrated with 10 mM potassium phos
phate buffer, pH 7, containing 0.02% DM). At
pH 7 a substantial amount of the solubilized pro
teins bound to the column, while the L-AME did
not bind or only poorly bound and was mainly in
the initial eluate. To increase recovery, the column
was washed with 10 m M potassium phosphate,
pH 7, containing 300 mM NaCl and 0.02% DM.
The initial eluate and this eluate were combined
and then dialyzed against 10 m M Hepes-NaOH,
pH 6.5. A fter adding 0.02% DM, the sample was
subm itted to chromatography on a SP-Sephadex
C50 column (size: 3x30 cm, equilibrated with
10 mM Hepes-NaOH, pH 6.5, containing 0.02%
DM). A fter applying the sample and washing the
column with the same buffer, the L-AME was eluated with a linear NaCl gradient (0 to 500 mM
NaCl in the above buffer, volume 300 ml). At a
NaCl concentration of about 300 mM the main
L-AM E fractions were eluated in a sharp peak.
The fractions with L-AME activity were combined
and dialyzed against 20 m M potassium phosphate,
pH 7.0.
A fter adding 0.02% DM, the above sample was
applied to a second anion exchange column:
D E A E Sepharose CL 6B column (size: 2x10 cm.
equilibrated with 20 mM potassium phosphate
buffer. pH 6.5, containing 0.02% DM). As above,
since the L-AM E did not bind to this column
under the chosen conditions and was present in
the initial eluate, the purpose of this column was
removal of impurities which bound. Subsequently,
the L-AME sample was dialyzed against 10 m M
Hepes-NaOH, pH 6.5. After adding 0.02% DM,

Purification o f the L -A M E from PS II membranes
o f spinach
For the purification of the L-AME, CaCl2
washed spinach PS II membranes were used as
starting material. The majority of the L-AM E pro
tein remains associated with PS II m em branes af
ter CaCl2 washing, and only minor am ounts are
found in the wash solution. For solubilization of
the PS II associated L-AME, CaCl2 washed PS II
m em branes corresponding to 300 mg Chi were
suspended in 20 mM Hepes-NaOH, pH 6.5. con
taining 15 m M NaCl. 5 m M MgCl2. 400 m M sucrose,
to give a Chi concentration of 1.0 mg Chl/ml. To
this suspension 1% (w/v) of the ionic detergent
sulfobetaine 12 (SB 12) was added. A fter incuba
tion for 1 h with stirring at 4 °C. the suspension
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the sample was applied to a second SP-Sephadex
C50 column (size: 1x15 cm, equilibrated with
10 mM Hepes-NaOH, pH 6.5, containing 0.02%
DM). After washing with 10 m M Hepes-NaOH,
pH 6.5, containing 0.02% DM, the L-AM E was
eluated with 10 m M Hepes-NaOH, pH 6.5, con
taining 500 mM NaCI and 0.02% DM. The frac
tions containing L-AME activity were dialyzed
against 10 mM Ches-NaOH, pH 9.5, containing
0.02% DM, and subsequently applied to a R E 
SOURCE Q column of 1 ml coupled to a FPLC
system (Pharmacia - several runs with about
100 f.ig protein) as the final purification step. The
L-AME was eluated with two linear NaCI gra
dients (first gradient: 0 to 100 m M NaCI in the
above buffer, volume 60 ml, and second gradient
100 to 1000 mM NaCI in the above buffer, volume
20 ml). At 20 mM NaCI an L-AME fraction was
eluated containing no impurities detectable by
SDS PAGE (see Fig. 3) and at 350 mM NaCI an
L-AME fraction was eluated which was aggre
gated with additional proteins (not shown). For
further use the L-AME fractions eluated at 20 mM

Fig. 3. SDS polyacrylamide gel pattern o f protein sam
ples after the various purification steps o f the L-AM E.
Protein samples (A to F contained 2 ^g protein and G
contained 20 (ag protein) from the various purification
steps were submitted to SDS PAGE (14% SDS poly
acrylamide gel in a Tris-Tricine buffer system according
to Schägger and von Jagow, 1987) and subsequently
silver stained. A: SB 12 extract, B: protein sample after
D E A E Sephadex A50 column, C: after first SP-Sepha
dex column C50. D: after D E A E Sepharose CL 6B col
umn, E: after second SP-Sephadex C50 column, F: puri
fied L-AME protein after R E SO U R C E Q column, and
G: same sample as F, but 10 times more protein. For
the purified L-AME two runs are given with a 10 fold
difference in protein content to demonstrate that the iso
lated protein is homogenous on the basis of SDS PAGE
and to show which of the small peptides enriched during
purification corresponds to the L-AM E. Occasionally an
aggregate or artefact band could be obtained in the
upper part of a gel (see F: upper band).
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NaCI were collected and concentrated by dialysis
against 10 m M Ches-NaOH, pH 9.5, containing
0.02% DM and 40% polyethylene glycol 20,000.
The results of such a purification are given in
Table II.
Comments on purification
In the previous paper on the purification of the
L-AM E from PS II complexes of the thermophilic
cyanobacterium Synechococcus sp. we reported on
the use of a Mn2+ charged chelating Sepharose col
umn (Ruff and Pistorius, 1994). For reasons un
known such a column could not be used success
fully for purifying the L-AME from spinach PS II
complexes. Therefore, it was necessary to develop
a new purification scheme. Since the L-AM E pro
tein is hydrophobic, binds cations as well as anions
(see below) and has a tendency to strongly aggre
gate with other proteins, purification proved to be
extremely difficult. A nother problem was that the
L-AM E became inactivated to various degrees
during the chromatographic procedures. The most
significant inactivation occurred when conditions
were chosen in such a way that the L-AME would
bind to an anion exchange column (pH 9.5) - as
in the last purification step. Fortunately, this inacti-

Table II. Purification o f the L-AM E from CaCl2 washed
PS II membranes of spinach. L-AM E activity in the sam
ples obtained after the various purification steps was
determ ined as described under Materials and Methods.
For better comparison, all samples were dialyzed against
10 mM Tricine-NaOH, pH 8.5. Since the L-AM E ob
tained after chromatography on a R ESO U R C E Q col
umn at PH 9.5 was inactive, the L-AM E was reactivated
by dialysis against 10 m M Hepes-N aO H , pH 6.5, contain
ing 100 m M NaCI and 0.02% DM. The L-AM E activity
value obtained after this treatment is given in paren
thesis. 1 unit of enzyme corresponds to 1 (.imol ornithine
formed/h (at 60 °C) under standard assay conditions as
given under Materials and Methods.
Purification step

Protein
L-AME activity
Total
Total
Specific activity
[units] [units/mg protein]
[mg]

CaCl 2 washed
PS II membranes
536
759
SB 12 extract
DEAE-Sephadex A 50
312
column
SP-Sephadex C50 column I
21
DEAE-Sepharose CL 6 B
column
4.2
SP-Sephadex C50 column II
2.5
R E S O U R C E 0 column
0.42

150
167

0.28

659
46

2.11

92

21
0 (44)

0.22
2.19
21.9
8.4
0 (104)
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vation could be reversed by dialyzing the inactive
protein overnight against 10 mM Hepes-NaOH, in
the pH range of 6.5 to 7.5, containing 100 mM
NaCl and 0.02% DM (see below). Since the LAM E activity determ ined throughout the purifica
tion strongly depended on the treatm ent of the
sample (other proteins, detergent, ions present
and buffer used), the specific activities in Table II
give only a rough approximation. Because of the
small yield we have not tried to optimize the assay
conditions for every purification step - except for
the last purification step in which a totally inactive
L-AM E protein was obtained.

in agreem ent with the results obtained by SDSPAGE. Comparison of the N-terminal L-AME se
quence to other so far sequenced PS II polypep
tides revealed no homology. Thus, it can be con
cluded that this protein is an additional, so far
unidentified PS II associated peptide (de Vitry
et al., 1991;Pakrasi and Vermaas, 1992). Moreover,
since no significant homology was detectable to
chloroplast DNA (Shinozaki et al., 1986), it can
further be concluded that the protein is nuclear
encoded.

Absorbance spectrum o f the L -A M E
Apparent molecular weight
The L-AM E protein was poorly stained by Coo
massie Brilliant Blue, but could be well detected
by silver staining (Heukeshoven and Dernick,
1988). The protein shows a rather problematic
behaviour on SDS polyacrylamide gels. In a 10
to 12% SDS polyacrylamide gel the protein mi
grates faster than the tracking dye bromophenol
blue, while it does not migrate into the gel when
the polyacrylamide concentration was increased
above 17% (using the Laemmli system Laemmli, 1970). Best results were obtained using
a 14% SDS polyacrylamide gel and Tris-Tricine
buffer system according to the procedure de
scribed by Schägger and von Jagow (1987). Using
this SDS PAGE system, it could be dem onstrated
that during purification a protein was enriched
running in the lower part of such a gel (Fig. 3). On
this basis the protein seems to be homogenous and
has a molecular mass of approximately 7 kDa.
When the protein (after R ESO U R CE Q column)
was chrom atographed on a Superose 12 column
(Pharmacia), an apparent molecular mass of 20 to
35 kDa was obtained (see discussion).

In Fig. 4 the absorbance spectrum of the puri
fied L-AM E is given. The L-AME exhibits an
absorbance band in the ultraviolet, centered at
280 nm - either as a well defined peak (L-AME

N-terminal sequence o f the L -A M E
Wavelength [nm]

For further characterization the L-AME protein
was submitted to N-terminal sequencing. It was
possible to obtain a contiguous sequence of 20
amino acids which is given below: A la - G lu - A la G ly - T h r - S e r - A s p - A sn - A r g - G ly -L e u - A la Leu - Leu - Leu - Pro - lie - lie - Pro - Ala - . Since
no subsequence was obtained, it is highly likely
that the purified L-AME was homogenous. This is

Fig. 4. Absorbance spectrum o f the isolated L-AME. B e
fore recording the absorbance spectrum of the isolated
L-AM E (after R E SO U R C E Q column - containing
7.8 fig protein), the enzyme was dialyzed against 10 m M
Ches-N aO H . pH 9.5. containing 20 m M NaCl (------ ) or
against 10 mM C hes-NaOH . pH 9.5. containing 100 mM
NaCl ( ------ ) or against 10 m M Hepes-NaOH. pH 6.5.
containing 100 mM NaCl ( .... ). All buffers contained
0.02% DM.
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in 10 mM Ches-NaOH, pH 9.5, containing 0.02%
DM) or as a shoulder (L-AM E in 10 m M HepesNaOH, pH 6.5, containing 0.02% DM). In the visi
ble region the L-AME shows a broad absorbance
band in the 400 to 500 nm region with maxima at
409, 418, 448 and 479 nm and a small absorbance
band centered at 672 nm. The absorbance is
greatly variable depending on the buffer and the
corresponding preparation resulting in quantita
tive as well as qualitative changes. The protein was
fluorescent showing a fluorescence band in the
range of 650 to 750 nm when excited at 405 nm
(not shown).
Detection o f a redox active group
While working with this protein, there were in
dications that the protein might contain a redox
active component - possibly an amino-acid-derived quinonoid (see recent reviews: Duine, 1991;
Klinman and Mu, 1994; M clntire, 1994). Support
of such a possibility came from a redox cycling
assay in which decarboxylation of glycine is cou
pled to reduction of nitroblue tetrazolium to its
formazan (Paz et al., 1988). Under the reaction
conditions as given under Materials and Methods
2.1 [ig or 4.2 ^ig purified L-AME gave an absorb
ance change at 530 nm (formazan formation) of
0.24 or 0.40, respectively - indicating that such an
o-quinone group (PQQ, TPQ or TTQ ) could be
present in the here isolated protein. Since the bio
assay for detection of noncovalently bound PQQ
(Geiger and Görisch, 1987) was negative (not
shown), the component in the protein giving a pos
itive result in the redox cycling assay must be a
covalently bound TPQ or TTQ or a similar group.
The conclusion that the redox active group is cova
lently bound is also supported by the observation
that prolonged incubation of the L-AM E at 60 °C
does not result in activity loss and thus not in loss
of the organic cofactor. Although all purified LAM E samples gave a positive result in the redox
cycling assay, formazane formation relative to pro
tein concentration was variable - most likely due
to different accessibility and to different redox
states of the group. Thus, an exact quantification
of the redox active group on the basis of this assay
was not possible. This aspect requires further work
when more homogenous L-AME is available.
The absorbance in the visible region of the LAM E could possibly be attributed to such an
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amino-acid-derived quinonoid group (see for com
parison the absorbance spectrum of the TTQ con
taining methylamine dehydrogenase from bacte
rium W3A1 - Kenney and Mclntire, 1983).
Presence of such a group would also explain the
variation in the absorbance spectrum observed in
samples of different purifications - suggesting
that the group can be present in different redox
states. This is supported by the finding that pro
longed incubation of the L-AME in an 0 2 atm o
sphere alters the absorbance spectrum (Fig. 5).
Treatm ent of the L-AME with 2,4-dinitrophenylhydrazine for 16 h in an 0 2 atmosphere most likely
leads to a cofactor adduct (Fig. 5). This result is
also in favor of a quinonoid being associated with
the L-AM E. since 2,4-dinitrophenylhydrazine can

W avelength [nm]

Fig. 5. Influence of 0 2 and of phenylhydrazine on the
absorbance o f the L-AM E. Before recording the ab
sorbance spectrum, the L-AM E was submitted to the
following treatments: A: L-AM E (3.1 [_ig protein) in 1 ml
50 mM sodium phosphate, pH 7.0, containing 0.02% DM
was incubated for 16 h at 60 °C in a stream of oxygen.
Absorbance spectrum before (------ ) and after treatment
(.... ). B: To L-AM E (7.8 ^ig protein) in 1 ml 50 mM
sodium phosphate, pH 7.0, containing 0.02 % DM , 50 j.il
o f a saturated 2,4-dinitrophenyl-hydrazine solution was
added. Subsequently, the mixture was incubated for 16 h
at 60 °C in a stream of oxygen and then dialyzed against
50 mM sodium phosphate, pH 7.0. containing 0.02%
DM to remove unbound 2,4-dinitrophenylhydrazine.
Absorbance spectrum before (------ ) and after treat
ment (.... ).
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be used as a probe for identification of quinonoids
(van der M eer et al., 1986 and 1987).

—O'-

Characteristics o f the L -A M E reaction
The isolated protein catalyzes the conversion of
L-arginine (/CM value: 4.7 mM L-arginine) but not
of D-arginine to ornithine and urea (ratio of ornithine to urea production was in the range of 1 to
1.24) and additional so far not identified products.
Maximal L-AM E activity of the purified protein
was obtained at about 60 °C (not shown). Thus,
the tem perature dependence was about the same
as that given in Fig. 1 for the L-AME activity de
tectable in PS II membranes. When the isolated
enzyme was pretreated for 1 h at 60 °C, and activ
ity measurem ents were subsequently perform ed at
40 °C, the pretreated L-AME had an about 2 to
3 fold higher activity than the enzyme without pre
treatm ent at 60 °C - corresponding to about 30%
of the activity obtained when the assay was per
formed at 60 °C. This finding suggests that the
conformational change caused by the elevated
tem perature was only partly reversed by lowering
the tem perature (not shown).
The L-AM E activity is totally dependent on
manganese added to the reaction mixture (Fig. 6).
The dependence of the isolated L-AME on Mn
added to the reaction mixture is very similar to the
requirem ent of the L-AME still incorporated into
PS II membranes. The concentrations required for
obtaining 50% of maximal activity was 0.05 mM
MnCl? or 0.5 mM Mn3+ pyrophosphate for the iso
lated L-AME and 0.1 mM MnCl2 or 0.2 mM M n3+
pyrophosphat for the L-AME incorporated into
PS II membranes. These results show that the iso
lated L-AME can bind di- as well as trivalent Mn.
However, from these results it can not be con
cluded that the enzyme has a higher affinity for
Mn2+ than M n '+, since Mn3+ was added in che
lated form. Besides Mn we tested a num ber of
other transient metals (such as F e’+, Co2+, Ni2+,
Cu2+ and Z n2+) for their influence on the L-AME
activity (not shown). Among these only CoCl2 had
a minor stimulatory effect (giving 12% of the ac
tivity reached with MnCl2). W hether this means
that Co2+ could support a low L-AME activity of
this protein or has just a potentiating effect
(increasing a residual Mn concentration at the
active center by displacing Mn from nonfunctional

<

w
<
-1
g

Fig. 6. D ependence of the isolated L-AME on man
ganese. The L-AM E activity was determined as de
scribed under Materials and Methods with the corre
sponding changes in Mn addition to the reaction mixture
as indicated in the Figure. MnCl2 or M n’+ pyrophos
phate was used. In the presence o f 0.5 mM MnCl? the
L-AM E activity corresponded to 27 [.tmol ornithine
formed/mg protein xh . A partially purified L-AME
preparation was used: 20 j.ig protein were present in the
reaction mixture.

cation binding sites) can presently not be ans
wered.
When in the presence of a suboptimal MnCl2
concentration in the reaction mixture (0.05 mM in
stead of 0.5 mM MnCl2) various alkali earth metals
were added to the reaction mixture, then an inhi
bition of the L-AME activity could be observed.
At 2 mM concentration an inhibition of 56%, 30%,
13% and 13% was obtained with MgCl2, CaCl2,
SrCl2 and BaCl2, respectively. As expected, MgCl2
was more inhibitory than CaCl2, SrCl2 or BaCl2,
because the chelate structure of Mg2+ is closest to
that of Mn2+.
An indication of a possible second cation bind
ing site came from experiments in which the LAM E was submitted to elevated tem perature
(75 °C) in the presence of EDTA to remove tightly
bound cations and subsequent dialysis to remove
EDTA. A fter such a treatm ent addition of MnCl?
to the reaction mixture was not sufficient to obtain
maximal activity. Maximal activity was only ob
tained after incubating the L-AME in the presence
of CaCl2 at 50 °C for 30 min followed by a dialysis
treatm ent, before L-AME activity was determined
under standard assay conditions (presence of
MnCl2 in the reaction mixture). Mn2+ was about
equally effective as Ca2+ under the chosen condi
tions. while Sr2+ was less effective and Mg2+ inef-
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fective - suggesting that this more sequestered
cation binding site has a broader specificity than
the other cation binding site (Table III). These re
sults indicate that the protein has two cation bind
ing sites: To obtain maximal L-AM E activity, one
site (being easily accesssible) requires bound Mn
(high specificity - only Co2+ gives a m inor activ
ity) and the other site (being m ore sequestered)
requires bound Ca2+ or Mn2+ (Sr2+ being less ef
fective and Mg2+ being ineffective). On the basis
of these results it can be concluded that optimal
conditions for L-AME activity are given when the
protein contains either M n -M n or M n -C a.
Besides the cation requirem ent the enzyme
showed a complex dependence on chloride for ac
tivity. This requirem ent became most obvious,
when a totally inactive L-AME was obtained after
chromatography on an anion exchange column at
pH 9.5 - most likely due to partial or complete
loss of chloride from the protein at alkaline pH.
Partial reactivation could be achieved by dialyzing
the enzyme against 10 mM H epes-N aO H in the pH
range of 6.5 to 7.5. However, maximal activity was
only reached when NaCl (about 100 m M ) was
added to the dialysis buffer. Adding NaCl to the
reaction mixture was not sufficient, a prolonged
dialysis (overnight) in the presence of NaCl was
necessary to reach maximal activation after chlo
ride depletion - implying that a slow conform a
tional change of the protein was required to conTable III. Influence of various cations on the activity of
an L-AM E which was submitted to an ED T A -heat treat
ment prior to the activity measurements. The L-AM E
was incubated at 75 °C in the presence o f 10 i t i m E DTA
for 1 h and subsequently dialyzed against 10 m M HepesNaO H . pH 6.5, containing 0.02% DM , at 4 °C overnight.
A fter dialysis the L-AM E was incubated with the cat
ions (1 mM) as indicated in the Table at 50 °C for 30 min.
Thereafter the enzyme was dialyzed against 10 mM
H epes-N aO H , pH 6.5, containing 100 i t i m NaCl and
0.02% DM, at 4 °C overnight, and the L-AM E activity
(0.5 mM MnCl2 added to the reaction mixture) was d e
termined as described under Materials and Methods.
Additions made after
the EDTA-heat treatment
of the L-AME
None
1 it im
1 mM
1 mM
1 ITIM

CaCl2
MnCl?
SrCl2
MgCl2

L-AME activity
[j.imol ornithine formed/
ml enzyme xh]
0.81
3.45
3.29
2.15
0.97
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vert the inactive to the active enzyme. Comparison
of various halides (Fig. 7) showed that chloride
and bromide were most effective in promoting this
conformational change. However, chloride proved
to be superior, because activation with chloride
was possible over a broad concentration range,
while activation with bromide was only success
ful in a narrow concentration range between 50 to
100 m M NaBr. Above this concentration a strong
reduction of activity was observed. Chloride also
became inhibitory at higher concentrations, but by
far less than bromide. Iodine had only a m inor
stimulatory effect, and fluoride was inhibitory at
all concentrations tested.
When testing other anions besides halides for
their effectiveness in promoting the activation
process of the enzyme, we observed that sulfate
was as or occasionally even more effective than
chloride in promoting the activating conform a
tional change of the protein. This suggests that the
slow conformational change required to convert
the inactive to the active L-AM E can be acceler
ated by a number of anions (also by acetate and
phosphate - although to a lesser extent than by
sulfate), but chloride and sulfate proved to be
most effective. The effect of sulfate on the L-AME
activity became most obvious when prior to the

Halides [mM]
Fig. 7. Influence of halides on L-AM E activity. Before
determining activity, the L-AM E was dialyzed overnight
against 10 m M Ches-NaOH, pH 9.5, containing 0.02%
DM. Thereafter, the L-AM E was dialyzed against 10 mM
Hepes-N aO H , pH 6.5, containing 0.02 % DM and the
halides as indicated in the Fig. L-AM E activity was d e
termined (0.05 mM MnCl2 added to the reaction mix
ture) as described under Materials and Methods. The
L-AME dialyzed against buffer containing 100 mM NaCl
had an activity of 421 ^imol ornithine formed/mg pro
tein xh. A partially purified L-AM E preparation was
used: 19 [ig protein were present in the reaction mixture.

648

A. E. G au et al. ■ Mn R equiring l-A rginine M etabolizing Enzym e in PS II

sulfate treatm ent the enzyme was treated with
CaCl2 to obtain maximal saturation of the more
sequestered cation binding site. U nder such condi
tions sulfate proved to be substantially more stim
ulatory than chloride. The reason most likely is
that sulfate could remove Ca2+ from the easily ac
cessible site (requiring Mn binding) more effec
tively than chloride by forming poorly soluble
C a S 0 4 (not shown).
Detection o f catalase activity associated with the
L -A M E protein
A very low catalase activity is detectable when
the L-A M E is incubated with hydrogen peroxide.
For these experiments the L-AM E was dialyzed
overnight against 10 mM Hepes-NaOH, pH 7.5,
containing 100 m M NaCl, 1 m M MnCl2 and 0.02%
DM. At 37 °C the m easurable catalase activity
corresponded to 31 or 43 |imol 0 2 evolved/mg pro
tein x h in the absence or presence of MnCl2 added
to the reaction mixture, respectively. These results
suggest that a low Mn mediated catalase activity
(see for Mn catalase e.g. Shank et al., 1994) is asso
ciated with the purified L-AM E protein.
Discussion

As the results show, we were able to develop
an effective purification procedure for the L-AME
protein starting with CaCl2 washed PS II m em 
branes from spinach. One of the advantages work
ing with plants instead of cyanobacteria is that the
starting material (PS II membranes) could more
easily be obtained in large quantities. However,
since the protein strongly aggregates with other
proteins, the yield of homogeous protein still re
mained rather low. On the basis of SDS PAGE the
spinach L-AM E has an apparent molecular mass
of 7 kDa - thus superficially belonging to the
family of low molecular weight proteins in PS II
(Pakrasi and Vermaas, 1992). It is difficult to de
tect, since it is poorly stained by Coomassie Bril
liant Blue. It is stained by silver, but the extent of
staining is variable and depended greatly on con
ditions. We are uncertain whether the value of
7 kDa is the true molecular mass. Since the protein
binds cations and anions, we think that the exten
sive ion binding might reduce SDS binding to the
protein and as a consequence the apparent molec
ular weight obtained by SDS PAGE could be sub

stantially lower than the correct value. W hether
the molecular mass of 20 to 35 kDa obtained by
chromatographing the detergent solubilized LAME on a Superose 12 column represents the cor
rect value for the monom er or represents a
multimeric form of the protein is presently also
uncertain. We feel that the correct molecular
weight of this protein can only be obtained after
identificating and sequencing the gene coding for
this protein. It was possible to obtain a N-terminal
sequence of 20 amino acids of this protein. Since
there is no homology to any of the known PS II
peptides and also no homology to DNA of plastides, it can be concluded that this peptide is an
additional, nuclear encoded and so far uniden
tified PS II peptide.
The protein can exist in a form without detecta
ble L-AME activity (obtained after chrom atogra
phy on an anion exchange column at pH 9.5 (most
likely due to partial or complete chloride loss) and
a form having L-AM E activity (maximal activity
obtained after dialyzing the inactive protein
against Hepes buffer in the pH range of 6.5 to 7.5,
containing anions, such as chloride or sulfate). It is
typical for many m em brane bound enzymes when
solubilized by detergent that they can exist in sev
eral possible conformations depending on deter
gent, lipids and ions present and also on buffer
used (Gennis. 1989). Such a protein can be
trapped in a m etastable state under a certain set
of conditions being unable to reach a stable and
active configuration unless conditions are chang
ed. Conversion from one state to another fre
quently is a rather slow process. In the case of the
L-AME a prolonged dialysis treatm ent under ade
quate conditions is required.
Besides the effect of certain anions on the LAM E activity prom oting the active conformation
of the L-AME protein, specific cations are re
quired for activity. Maximal L-AME activity is ob
tained when the protein contains Mn (M n:+ or
Mn3+) bound to an easily accessible site and Ca2+
or Mn2+ bound to a more sequestered site. Addi
tion of manganese to the reaction mixture is an
absolute requirem ent for detection of L-AME ac
tivity (only Co2+ gives a minor activity) - clearly
showing that this protein can effectively bind
manganese.
Converting the inactive to the active L-AME
(dialysis treatm ent in the presence of certain an

A. E. G au et al. ■ Mn R equiring L-Arginine M etabolizing Enzym e in PS II

ions) caused a significant change in the absorbance
of the protein - mainly in the 300 nm region. In
terestingly, an absorbance change in this region
has also been described to occur during the S-state
transition of the water oxidizing enzyme (Dekker,
1992). Since the L-AME has a low absorbance in
the visible region (in the 350 to 500 nm region),
the question arose whether the protein might con
tain an organic prosthetic group. On the basis of a
redox cycling assay which was developed for de
tection of quinonoids (see recent reviews: Duine,
1991; Klinman and Mu, 1994; M clntire, 1994), it
can be concluded that the isolated L-AME con
tains a redox active group - possibly such as TPQ
or TTP (but not noncovalently bound PQQ, since
the bioassay for PQQ gave negative results). This
group is only detectable in the redox cycling assay
when the reaction was perform ed at elevated tem 
peratures (60 °C) - suggesting that the group in
the isolated protein is not easily accessible for
glycine and/or nitroblue tetrazolium binding. The
presence of such an amino-acid-derived quinonoid
might explain why the interaction of the protein
with ions required for L-AM E activity is rather
complex - suggesting multiple interrelationships
between the protein, the suggested o-quinone
group, and the various ions.
W hether the low L-AME activity of this protein
which we are able to measure, has any physiologi
cal significance, is related to an ancient activity of
this protein or is just an artificial activity can pres
ently not be answered. Since the L-AM E activity
is only detecable at elevated tem peratures, it is
more likely that the activity is nonphysiological.
However, this activity provides an effective assay
for detection and isolation of this PS II associated
protein and enabled us to determ ine the affinities
which this protein has for specific ions, via activity
measurements. This is a great advantage, since ion
binding studies with detergent solubilized mem
brane proteins are practically impossible.
When the ion requirem ent for the L-AM E ac
tivity was compared to the ion requirem ent for the
water oxidizing enzyme (W OE) activity (Debus,
1992; Boussac and Rutherford, 1994), then a sig
nificant similarity became obvious. Therefore, the
question arises whether this agreem ent is coincidently or could imply that the PS II associated LAM E protein might provide ligands for the Mn
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cluster. The possibility of this protein being in
volved in water oxidation is supported by the ob
servation that the protein most likely contains a
quinonoid which could be a candidate for the or
ganic radical involved in the S-state transition
(Boussac and Rutherford, 1994). Moreover, detec
tion of a low catalase activity associated with the
L-AME protein also is a support for a functional
role in water oxidation, since it is well docum ented
that the WOE has a low catalase activity (Frash,
1992).
Our results suggest that a so far unrecognized,
rather low molecular weight protein which most
likely contains a redox active group of an o-quinone type and which has a capacity to bind ions,
such as Mn, Ca2+ and C l”, is associated with the
Dl/D2/cytochrome b559 complex. We suggest that
this combination represents the water plastoquinone oxidoreductase. In this respect it is relevant
to m ention that Zim merm ann et al. (1993) sug
gested that results obtained by ESEEM of Cu con
taining amine oxidases (containing TPQ) seem to
be similar to ESEEM results of the Mn S2 signal.
It might also be relevant to mention that in the
TTQ containing methylamine dehydrogenase
from Methylobacterium extorquens (Christoserdov
et al., 1990) TTQ is located on the small subunit
of the multimeric enzyme (two subunits of 13 kDa
and 2 subunits of 40 kDa) - comparable to our
model of PS II which suggests that a small poly
peptide with a redox active group and a capacity
to bind Mn, Ca2+ and C1“ is associated with D l/
D2 heterodimer. If the here examined PS II asso
ciated L-AME should eventually turn out to be
functional in water oxidation (a genetic approach
is required for additional proof), then research on
the interplay of the redox active organic cofactor
(most likely an o-quinone having metal chelating
properties - Schwederski et al., 1990) with the in
organic cofactors of water oxidation might help to
obtain a final understanding of the mechanism of
this reaction.
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