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ABSTRACT. The structural association of the spinach 17-kDa extrinsic protein of photosystem Il with other
extrinsic and membrane-bound components of the photosystem was investigated by labeling the 17-kDa
extrinsic protein with the amino-group-specific reagéhydroxysuccinimidobiotin both on intact
photosystem Il membranes or as a free protein in solution. After isolation of the biotinylated molecules,
the modified 17-kDa proteins were allowed to rebind to photosystem Il membranes which were depleted
of the 17-kDa component. Differential binding of the protein biotinylated in solution compared to
unmodified 17-kDa protein or 17-kDa protein modified on PS || membranes was observed. This indicated
possible steric or ionic interference because of biotinylated lysyl residues present on the protein modified
in solution. Biotinylated sites on the different modified 17-kDa proteins were identified by trypsin and
Staphylococcu¥8 protease digestion, followed by affinity chromatography enrichment of the biotinylated
peptides and analysis of the peptide fragment mixture by nanospray liquid chromatogtapiem mass
spectrometry. Four lysyl residues that were modified when the protein was biotinylated in solution were
not biotinylated when the protein was modified on the PS || membr¥ie K, 19K, and1°%). These
residues appear to identify a protein domain involved in the interaction of the 17-kDa protein with the
other components of the photosystem.

Photosystem Il (PS s composed of both intrinsic and  and 17 kDa) leads to a significant loss of oxygen evolution
extrinsic protein components, which participate in the that can be compensated for with calcium and chloride ions,
photoenergetically driven oxidation/reduction reaction of the 33-kDa extrinsic protein is required for the high rates of
photosynthesis. Associated with this oxygen-evolving com- oxygen evolutiorin zizo and in isolated PS Il preparations
plex in higher plants are three extrinsic membrane proteins, (9, 10).

with molecular masses of 33, 24, and 17 kDa, that are |, pigher plants, the presence of the 33-kDa component
elnco_?ﬁd g); th@sdtol,7pit[i)3, andps_bQ genest,), respectlvslyb is required for binding of the 24-kDa protein. Similarly, the
(1). The 24- an -kDa proteins can be removed by presence of the 24-kDa component is needed for the 17-
treatment with 1.0 M NaCI_._Thls results in a dramatically kDa protein to bind to the comple£ ). The high-resolution
IF?wer oxygef.\nt-he_vollvu:g ability of IP tS I memt?_lr?neﬁ).( b crystal structures of the 17-kDa proteih2( 13) exhibit a
ac(:accc?:]e:iysr?e d \I/isa ?gc;;gtﬂﬁgoivaﬁr:ot?weczf :!ulwﬁ i?l?kDZ compact 4-helix bundle core with an N-terminal domain
mp " : : which was not fully resolved in the crystal structure (Figure
protein @) or through the addition O.f calmqmXand_chIorlde 1A). The N-terminal 12 amino acid residues had earlier been
E?a)\;ci;e rgl? \;?Il;{rfze.r?g;? acpggiel(r;)regru ILG:C?_T?ehan; €N identified as being necessary for the binding of the 17-kDa
' j ) protein to PS Il {4). The loss of these residues led to a

While the loss of the two smaller extrinsic components (24 . " . .
marked decrease in the ability of this component to bind to

: : : the photosystem. However, it is unclear if the N terminus of
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are not labeled when the 17-kDa protein is associated with
the PS Il membrane. These residues appear to define a site
of interaction between the 17-kDa protein and PS II.

MATERIALS AND METHODS

Isolation of PS Il Membranes and the 17-kDa Protein
Chloroplasts were isolated from spinach bought at a local
market (6). The Chl concentration was measured by the
method of Arnon 17). Oxygen-evolving PS Il membranes
were prepared by the method of Berthold et &4B)( with
the modifications described by Ghanotakis and Babcb8k (
Typical preparations had a Chlb ratio of 1.9-2.0.

The 17-kDa protein was removed (along with the MSP)
from PS Il membranes by extraction with 40% MeOH and
1.0 M NaCl, in 50 mM Tricine-NaOH at pH 9.0. The
presence of 40% MeOH minimizes the removal of the 24-
kDa protein, while the high pH and salinity suppress the
activity of the released prolyl endoprotease. PS Il membranes
were incubated for 10 min at*4, followed by centrifugation
at 3000@ for 20 min. The supernatant was collected and
dialyzed against a 100:1 volume of deionized water. After
dialysis, the extract was concentrated te2lmL with a
centrifugal ultrafiltration device (Centricon 20, 10-kDa cutoff,
Polysciences, Inc.). The concentrate was then loaded onto a
CM-Toyopearl 650 M chromatography column and eluted
with a 0—250 mM NacCl gradient in 20 mM Na-KPLQat
pH 6.5. The MSP eluted in the void volume of the column
along with a small amount of contaminating 24-kDa protein,
while the 17-kDa protein eluted at about 100 mM NaCl (data
not shown).

Analytical PAGE of the PS Il proteins was performed
under conditions described by Delepelaire and ClR20i6
gradient 12.520% polyacrylamide gels. The resolved
proteins were electroblotted onto PVDF membranes (Im-
mobilon-P, Millipore Co.). After blocking fo2 h with 5%
nonfat dry milk in 150 mM NaCl and 10 mM Tris-HCI at
Ficure 1: Structure of the 17-kDa protein (PDB 1VYK). (A) pH 7.4, the blots were washed extensively with 150 mM

Cartoon diagram showing the 4-helix bundle and the relatively o h .
unstructured N-terminal domain. Note that residé#&-33Y are NaCl and 10 mM Tris-HCI at pH 7.4. For immunological

not resolved in the current structure. The fouhelixes are labeled ~ detection, a monoclonal antibody, FCC2L), was used as
I—IV. A total of 14 lysyl residues are present in the protein; these the primary antibody and an anti-mouse IgG-peroxidase
are shown in a space-filling representation superimposed upon theconjugate was used as a secondary antibody. 4-Chloro-1-

cartoon diagram. All 14 of these lysyl residues are labeled when 55nhthol an wer Vi lize th roxi _
the protein is modified in solution. (B) Four lysyl residues, which IaabF()aI(E)dob:ngslzDZ ere used to visualize the peroxidase

are not accessible to the modification reagent when the protein is S o o
labeled while associated with the PS 1l membrane, are shown in  Modification of the 17-kDa Protein with NHSBiotin. For

magenta with their residue numbers. In this view, helix IV is biotinylation of the 17-kDa protein while it is associated with
partially obscured and is not labeled. PS II, PS Il membranes were centrifuged and resuspended
In this study, NHS-biotin was used to modify the 17- in 300 mM sucrose, 10 mM Mggl15 mM NacCl, and 50
kDa extrinsic protein both in association with the PS Il mM Tes-NaOH at pH 7.0 at 1.0 mg of Chl/mL and kept at
membranes and as a free protein in solution. Rebinding 0—4 °C throughout the procedure. Exposed amino groups
experiments indicated that the unmodified 17-kDa protein (lysyl residues and the N terminus) on the 17-kDa protein
and 17-kDa protein that was modified while associated with were labeled with NHSbiotin as described?@), with the
PS Il rebound equivalently, while the 17-kDa protein that modifications that the NHSbiotin concentration during
was modified in solution exhibited defective rebinding labeling was 5QuM and the labeling time was 1.5 h. The
kinetics. To map the location of the residues modified by labeling reaction was stopped by the addition of Tris-HCI
NHS—biotin treatment, the different biotinylated 17-kDa at pH 6.8, to a concentration of 50 mM. The residual NHS
proteins were isolated and digested with either trypsin or biotin was removed by washing the membranes twice with
Staphylococcud/8 protease; the peptide fragments were 300 mM sucrose, 10 mM Mggl15 mM NaCl, and 50 mM
isolated by affinity chromatography and were then analyzed Mes-NaOH at pH 6.0 (resuspension buffer). The biotinylated
by nanospray LC-tandem mass spectroscopy. Four lysyl 17-kDa protein was then purified as described above.
residues UK, K, 19K, and 1K) are labeled with NHS Labeling of the purified 17-kDa extrinsic protein in
biotin when the 17-kDa protein is modified in solution but solution was performed in a similar manner at a protein
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concentration of 13&g/mL in 300 mM sucrose, 10 mM
MgCl,, 15 mM NaCl, and 50 mM Tes-NaOH at pH 7.0.
The labeling reaction was stopped by the addition of Tris-
HCI at pH 6.8, to a concentration of 50 mM, and the residual
NHS—biotin was removed by centrifugal ultrafiltration in a
Centricon 20 device with a 10-kDa cut off (Polysciences,
Inc.). The purified proteins were quantified using an extinc-
tion coefficient of 12 mM?* cm™t at 277 nm 23).

Rebinding of the Modified 17-kDa Proteins to PS Il
Membranes.The rebinding of unmodified and modified
versions of the 17-kDa protein to PS Il membranes, which
were depleted of only the 17-kDa protein, was performed.
Depleted membranes were prepared by incubating PS 1l
membranes with 20% MeOH, 100 mM NacCl, and 50 mM
Mes-NaOH at pH 6.034) for 1 h. After centrifugation to

recover the 17-kDa protein-depleted membranes, they were
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washed twice with and resuspended in resuspension buffer FIGURE 2:  Reconstitution of 17-kDa protein-depleted PS II

Varying amounts of the different 17-kDa protein preparations
were incubated with 17-kDa protein-depleted membranes.

membranes with control and modified 17-kDa protei®@.Control
17-kDa protein, M) 17-kDa protein modified on the membrane,
and (a) 17-kDa protein modified in solution. These results indicate

After incubation for 30 min, the 17-kDa protein-reconstituted  that, while the control 17-kDa protein and the 17-kDa protein which
membranes were recovered by centrifugation at 14060 had been modified on the membrane bind equivalently to 17-kDa
5 min and washed twice with resuspension buffer. After PEmECeREE T Lo oy Average of at lbast
centrlfugat!on, the membrane pellet was rgsuspended iNihree experiments, error bars £1.0 SD. '
resuspension buffer and the Chl concentration was deter-
r;"a\ngg' _?\htotall of 15”g| of CQII Waj Ioadg(\jlggr Ianebfor approximately 200 nL/min before reaching the column. A
- The gels were electroblotted onto PVDF membranes 75, gradient was used to obtain good peptide separation.
and probed with the FCC4 antibody as described above. Afterg, o A’ consisted of 95% water, 5% acetonitrile, and 0.1%
drying, the “Western” blots were scanned (300 dpi resolution, ¢, mic acid, and buffer B was 95% acetonitrile, 5% water,
256 gray-scale levels), and the mteg_rated optlcal QenS|t|esand 0.1% formic acid. Mass spectrometry results were
of the 17-kDa bands were determined using SigmaGel 5764 with the GPMAW software package (Lighthouse
version 1.0 (Jandel Scientific, Inc.). The bound amounts of 5,4 Sweden) and the MASCOT software suite (Matrix

17-kDa protein were normalized to the amount present in geiance | td.). PYMOL was used for production of molecular
unwashed PS II membranes. The PS Il concentration was

estimated assuming 260 Chl/PS 25].

Protease Digestion and Purification of Biotinylated Pep-
tides.For mass spectrometry, a sample of each biotinylated
protein was brought to 10% TCA and the protein precipitate
was collected by centrifugation, then washed twice with cold
100% acetone, dried under vacuum, and dissolved in 8 M
urea and 400 mM ammonium bicarbona®8)( The solu-
bilized protein was then diluted to 2.0 M urea and 100 mM
ammonium bicarbonate and digested overnight &@Wwith
either trypsin orStaphylococcu¥8 protease. The final 17-
kDa protein/protease ratio was 25:1. The digestion was
stopped by the addition of a protease inhibitor cocktail
(Sigma Chemical Co.) prior to purification of the biotinylated
peptides on a SoftLink Resin monomeric avidin column

(Promega), which was prepared according to the instructions

of the manufacturer.

The peptide sample was loaded on the avidin column, and

the column was washed with 5 column volumes of 100 mM
NH4HCG; at pH 7.0. The bound biotinylated molecules were
then eluted with 10% acetic acid. The eluent fractions were
pooled and frozen, followed by lyophilization. The lyophi-
lized peptides were resuspended in 100of 0.1% trifluo-
roacetic acid and frozen at80 °C.

For liquid chromatographytandem mass spectrometry
analysis, a Waters CapLC coupled to a Q-TOF Il mass

graphics (http://pymol.sourceforge.net/).

RESULTS AND DISCUSSION

The ability of the NHS-biotin-modified proteins to bind

to PS Il membranes is shown in Figure 2. The 17-kDa
protein-depleted PS Il membranes were incubated with
various amounts of either unmodified or NHSBiotin-
modified 17-kDa proteins. The membranes were washed
extensively, and the amount of bound 17-kDa protein was
analyzed by PAGE followed by “Western” blotting, probing
with the FCC4 monoclonal antibody, color development, and
image analysis. The unmodified 17-kDa protein bound freely
to PS Il membranes, with saturation appearing to occur at
about 1 mole of 17-kDa protein/mole of PS Il. The binding
of 17-kDa protein which had been modified with NHS
biotin while associated with the PS Il membranes was
indistinguishable from that observed with the unmodified
protein. This indicated that the lysyl residues labeled when
the 17-kDa protein was modified on the membrane did not
inhibit rebinding. Reconstitution with the 17-kDa protein that
had been modified in solution, however, yielded a radically
different binding curve. Binding of this protein was markedly
inhibited and exhibited only a minor increase throughout the
range of protein ratios examined during the reconstitution.
This result indicates that modification of the lysyl residues
exposed when the 17-kDa component was labeled in solution

spectrometer was used. The samples were injected onto alramatically alters the ability of the modified protein to bind

75 um i.d. x 10 cm spraying capillary packed with/6m
Cis beads. The flow rate was set toud/min split to

to PS Il. The binding that was observed with this protein
preparation may be the result of a nonspecific interaction
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Table 1: Assignments of Peptides Observed after Trypsin or
Staphylococcu¥8 Protease Digestion of 17-kDa Protein Labeled
on the Photosystem || Membrane with NH8iotin

Table 2: Assignments of Peptides Observed after Trypsin or
Staphylococcu¥8 Protease Digestion of 17-kDa Protein Labeled in
Solution with NHS-Biotin

Amass from Amass
observed predicted peptide modified from
mass (ppm} assignment K observed predicted peptide modified
Trypsin Digest mass  (ppm} assignment K
1390.58 58 2D—%R + 1 biotin K Trypsin Digest
1440.72 28 9IT—101K + 1 biotin %K or %K¢ 1068.67 66 9T —98K 4 1 biotin %K
1483.79 13 52A—63K + 1 biotin 53K 1227.61 8 124 13K + 1 biotin 12K
1552.70 58 69K —"R + 1 biotin 5K 1390.70 29 2D—%R 4 1biotin 3K
1896.92 32 1Y —12% + 1 biotin - 12K 1440.79 21 10K + 1 biotin %K or %K¢
1944.01 5 54/ —68R + 1 biotin 53K 1483.78 20  2A—8K + 1 biotin %K
2072.09 10 54/ —6% + 1 biotin 63K 1552.78 0 69K —7°R + 1 biotin 69K
2093.96 38 138y —149G + 1 biotin K 1587.83 25 8V —9K + 1 biotin  9Kcor %K
2542.24 16 1035—-12% + 1 biotin 11K 1666.82 12 8T—-10K 4 2 biotins °%K and 8K
2666.30 4 1265—-147K + 1 biotin 13K 1896.98 0 M —12% 4 1 biotin 12K
2670.38 4 10K —12K + 1 biotin 1K 1943.99 10 5W-—%R+ 1biotin 8K
2907.47 0 124 147K + 1 biotin 12K 2186.12 5 87y —10K + 2 biotins K and %K
V8 Protease Digest gggggg gg ﬁzgjji‘é i i E!Ot!” i;OK
1640.69 37 LX—1E 4 Lbiotin 2% : fotin 19
2684.32 19 37TR—58E + 1 biotin 53K 2865.41 3 1y 13 + 2 piotin 12K and 12K
2940.28 61 107 —181F 4 1 biotin 1%, 2%, or 12K V8 Protease Digest
2940.42 13 107 —131F 4 1 biotin  119K,¢ 12, or 125K 825.50 27 144/ —145G + 1 biotin K
101 —10 ioti 10 10
a Predicted l2nass determined from the amino acid sequence of the%%ig'gg ié 48;K758E65_—i-12bit;|tci)rt]|ns 53:15 LR
;gitctjl\rligrg;ell\r/ll.slﬂ\?20|sotoplc mass’ Labeled lysyl residue, ambiguity 274037 47 107 _129E 41 b!ot!n 110K, 123 ¢ or 125K
i 2940.50 3 W18 + 1 biotin %K, 12%,° or 12K
3166.59 6  0L—13E 4 2 biotin 1%, 12%K,¢ or 12K ¢
with the PS Il membrane. Similar binding kinetics were 4563.50 59 1L —ME+ 2biotin MK, 12K, 012K, or BK

observed earlier in studies that documented the necessity of 2 predicted mass determined from the amino acid sequence of the
mature protein? Monoisotopic mass: Labeled lysyl residue, ambiguity

the N terminus of this protein for its binding to PS I4).
In an effort to understand which domains on the 17-kDa reselved by MS/MS.

protein are interacting with PS Il, we have identified the

regions of this component that were differentially labeled removed by the column washing buffer. The high sensitivity
with NHS—biotin. Tables 1 and 2 list the peptide assignments and nonquantitative nature of nanospray-tf@hdem mass
obtained by digestion of the 17-kDa protein that had been spectrometry allows the detection of some possibly very
labeled on and off of the membrane, respectively. minor peptide components. It should also be noted that, in

In these studies, two proteases, trypsitstaphylococcus  some instances, both modified and unmodified versions of
V8 protease, were employed. The use of different proteasesthe same peptide were identified. Consequently, it is apparent
which differentially cleave the 17-kDa protein, increases the that different lysyl residues were modified on different
number of peptides that can be analyzed in these experimentsindividual 17-kDa protein molecules. This labeling hetero-
Increasing the number of peptides that can be analyzedgeneity is similar to the results obtained for modification of
increases the probability that a representative and morethe 33-kDa, manganese-stabilizing protein, with NH#®tin
complete sample of proteolytic fragments will be obtained (27), N-succinimidyl propionate, 2,4,6-trinitrobenzene sul-
for analysis. fonic acid @8), and glycine methyl estefeDC (29).

Overnight digestion of the modified 17-kDa proteins with  The 17-kDa protein contains 14 lysyl residues (Figure 1),
either trypsin orStaphylococcus/8 protease yielded a 10 of which were observed to be biotinylated when the
mixture of completely and partially digested proteolytic protein was modified while associated with PS Il (Table 1).
fragments. Such peptide mixtures can be analyzed with highThese residuesiK, 53K, 63K, 6%, 98K, 110K, 12¥ 125 13%
mass accuracy by nanospray t@ndem mass spectrometry. and'#4’K, are consequently exposed to the bulk solvent and
Modification with NHS-biotin leads to the addition of the labeling reagent. We have taken a very conservative
226.08 Da/modified lysyl residue. The amino acid sequence approach in identifying the labeled residues. All peptide
information from the analysis of collision-induced daughter assignments are based on tandem mass spectrometry se-
ions allows the identification of the specific NH®iotin- guence information, which identifies the specifically modified
modified lysyl residues. The Mascot Program suite (http:// lysyl residue(s). It should be noted that Table 1 contains two
www.matrixscience.com) and GPMAW version 6.0 (Light- V8 protease peptides that were observed at a nominal mass
house Data) were used to facilitate peptide assignments. of 2940 Da. Both of these were assigned to the peptitie-

For the protein that was modified while associated with *E, which contained one biotin modification. This peptide
the PS Il membrane, 11 biotinylated tryptic peptides and 4 contains three possible biotinylatable lysyl residug%,
biotinylated V8 protease peptides were identified. In addition, 12K, and **K. Analysis of the tandem mass spectrometry
a number of nonbiotinylated peptides were observed (datadata indicated that one of these peptides contained a
not shown). These results highlight the fact that, while the biotinylated'>K and the other contained a biotinylaté&k.
monomeric avidin column enriches the protein samples for Table 2 lists the peptide assignments made for peptides
biotinylated peptides, some nonbiotinylated peptides are generated by proteolytic digestion of the 17-kDa protein that
retained by the matrix of the column and are not fully had been biotinylated in solution. The 14 biotinylated tryptic
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peptides and 7 biotinylated V8 protease peptides were ponents of PS Il. IlChlamydomonasthe 17-kDa protein
observed. All 14 lysyl residues which are present in the 17- can bind to its functional site on the photosystem indepen-
kDa protein 3K, 53K, 8K, %, 90K, 96K, 98K, 101K 10| dently of the other extrinsic protein84). While this ability
10K, 12, 12, 13K, and*’K) were identified as modified is not observed in higher plants, it does highlight the
on the 17-kDa protein that was biotinylated in solution. These possibility that intrinsic PS 1l components may interact
results indicate that, in solution, all lysyl residues present in directly with the extrinsic 17-kDa protein.
the protein are exposed at the protein surface and are
accessible to the bulk solvent and the labeling reagent. =~ REFERENCES
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