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ABSTRACT. In solution, Manganese Stabilizing Protein, the polypeptide which is responsible for the structural
and functional integrity of the manganese cluster in photosystem Il, is a natively unfolded protein with
a prolate ellipsoid shape [Lydakis-Simantiris et al. (19B&chemistry 38404—414; Zubrzycki et al.
(1998)Biochemistry 3713553-13558]. The C-terminal tripeptide of Manganese Stabilizing Protein was
shown to be critical for binding to photosystem Il and restoration ge@lution activity [Betts et al.
(1998)Biochemistry 3714230-14236]. Here, we report new biochemical, hydrodynamic, and spectroscopic
data on mutants E246K, E246STOP, L245E, L245STOP, and Q244STOP. Truncation of the final dipeptide
(E246STOP) or substitution of Glu246 with Lys resulted in no significant changes in secondary and
tertiary structures of Manganese Stabilizing Protein as monitored by CD spectroscopy. The apparent
molecular mass of the protein remained unchanged, both mutants were able to rebind to photosystem I,
and both proteins reactivate,@volution. Manganese Stabilizing Protein lacking the final tripeptide
(L245STOP), or substitution of Glu for Leu245 dramatically modified the protein’s solution structure.
The apparent molecular masses of these mutants increased significantly, which might indicate unfolding
of the protein in solution. This was verified by CD spectroscopy. Both mutant proteins rebound to
photosystem Il with lower affinities, and activation of, @volution was decreased dramatically.
Enhancement of these defects was observed upon removal of the final tetrapeptide (Q244STOP). These
results indicate that Leu245 is essential to maintaining Manganese Stabilizing Protein’s solution structure
in a conformation that promotes efficient binding to photosystem Il and/or for the subsequent steps that
lead to enzyme activation. Based on an analysis of the properties of C-terminal mutations, a hypothesis
for structural requirements for functional binding of Manganese Stabilizing Protein to photosystem Il is
presented. Effects of C-terminal mutations on the UV spectrum of Manganese Stabilizing Protein were
also examined. Mutations that alter solution structure also affect a 293 nm absorption shoulder which is
assigned to the only tryptophan residue, Trp241, in the protein, and this absorbance feature is shown to
be a useful indicator of alterations to the Trp241 environment.

Oxidation of HO to molecular @, protons, and electrons  cluster, part of the so-called,@volving complex (OEC),
is catalyzed by photosystem Il (PSlih higher plants, algae,  which accumulates the oxidizing equivalents necessary for
and cyanobacteria (for reviews, see réfand2). Substrate  H,O oxidation during a sequence of redox reactions. These
H,O binds on or near a redox-active tetranuclear manganeseaeactions, termed the S-state cycle by Joliot and K3)k (
are the subject of mechanistic modefs §) that are now
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reduced, to approximately one-third that of the intact system residue in MSP, can be used to monitor changes in the
(16). Rebinding of MSP to PSII restores normal OEC activity environment of the protein’s C-terminus.

and Mn cluster stability at physiological Ctoncentrations.

Similarities between the effects of MSP removal and of CI  MATERIALS AND METHODS

depletion on functional and spectroscopic properties of PSII

form the basis of a proposal by Bricker and Frankel that . 'Selation of PSIl MembranesPSII membranes were
MSP functions to regulate MrCI~ interactions by facilitat- ~ isolated from market spinach by the method of Berthold et
ing CI- retention in the vicinity of the OEC1(). al. (28) with modifications 29). Intact PSIl membranes were

Biochemical removal of native MSP and subsequent frozen in liquid N immediately after preparation and kept
binding of mutated proteins overexpressecEincoli have &t —70°C until use. Extraction of 17 and 23 kDa polypep-

; ; ; . tides was carried out as described in 3¢f and MSP was
been employed to examine the role of certain amino acid ) )
residues in binding of MSP to PSII and in reactivation of extracted as described in r82 The MSP-depleted PSI!

0, evolution (reviewed in ret1), and overexpressed C-and Samples were stored a{70°C in 0.4 M sucrose, 200 mM

N-terminal His-tagged proteins have also been characterized\@Cl: 50 mM MES (pH 6.0). Extracted MSP was further
(17). These proteins reconstitute PSII activity to normal Purified by anion exchange chromatography (see below) and

levels, although C-terminal His-tagged MSP showed a used as contrpl alor_lg_ with recombinant \(vild—type MSP.
sigmoidal binding/reactivation curvé?). Information on the Oxygen evolution activity was measured using a Clark-type

) ; ; ) electrode under conditions described in28f Typical rates
;?:g l\o/lfutpa?al?lvﬁron:gl;z\(l);dl\/iﬁg fygizrgniz?nng z;tr(:]?nsye for intact PSIl, NaCl-washed PSIl, and urea-washed PSlI
acids by proteolysis and showed that the truncated proteinWere 591&‘_5?0’ 40&5.00’ and about 20@mol of G, (mg
was unable to bind to PSII1g). The role of the Msp  ©Of Ch)™ h™ respectively.
C-terminus in binding and restoration of PSII activity was ~ Mutation of psbO Gene and Transformation of E. coli
examined using truncation mutants lacking the terminal di-, Cells. For construction of the L245E mutation, the oligo-
tri-, and tetrapeptides1@). This study revealed that the nucleotide STGAATTCCTTTTATTGCTCCTCTTGTG-
terminal dipeptide, -EQ, is not necessary for MSP function, CATACC-3, based on the antisense strand at the C-terminal
but further truncations resulted in dramatic decreases in€ncoding region of MSP (the underlined triplet indicates the
binding and reactivation capacities of the mutated MSPs. change to glutamic acid), was designed and synthesized (Life
Intramolecular cross-linking studies by Enami and co- Technologies, Gibco BRL custom primers). This oligonucle-
workers showed that C-terminal amino acid residues of MSP otide contains on&coR| endonuclease restriction site three
are in van der Waals contact distance from residues nearnucleotides after the stop codon pghO. One more oligo-
the N-terminus when MSP is in solution and that this nucleotide (SCCATATGGCAGCTTCATTACAAGCATC-
structural conformation changes when MSP is bound to PSII 3), identical to the sense strand of thetO gene at the'5
(20, 21). Conformational changes in MSP upon binding to encoding region, was synthesized. The coding region was

PSIl were also detected by an isotope-editing technique usingamplified by polymerase chain reaction using the oligo-
FTIR spectroscopy2Q). nucleotides above as primers. Polymerase chain reaction

In solution, MSP exhibits an unusual behavior that is Products were cut witfEcoRl and BanHl, and the 0.3 kb
detected by SDSpolyacrylamide gel electrophoresis and by EcoRI—BanHI fragment was gel-purified and cloned into
gel filtration. Although the protein’s molecular mass from ECORI- andBanHI-cut pET 8c vector containing wild-type
the DNA sequence is 26 540 D23), MSP migrates at about ~ PSHO (31, 39. The resulting pET vector containingshO-

33 kDa on SDS gels2d), and is even larger (41 kDa) (L245E) was inserted into BL21(DE3)pLysS coli com-
according to its elution behavior on gel filtration columns petent cells. Q244@, L245@, E246@, and E246K mutants
(19, 25. Manganese Stabilizing Protein is acidid fp 5.2 were constructed as described in 16f All mutations were
(24)]. Simulations of its far-UV CD spectrum at room confirmed by DNA sequencing, and the integrity of over-
temperature predict a secondary structure consisting pre-expressed MSP was examined by Edman analysis of the first
dominantly (-50%) of turns and random coil, with a small ~ five N-terminal amino acids.

(7—10%) a-helical and a relatively larger{35%) 5-sheet Isolation and Purification of Natie and Recombinant
component 25—27). Last, MSP is thermostable; solution MSP.Native MSP extracted by incubation of NaCl-washed
structure and functional properties are recovered after PSIlin 2.6 M urea/200 mM NaCl refolded slowly by dialysis
extensive (2 h) incubation at high temperatures°@p(25). against 100 mM tris(hydroxymethyl)aminomethane (pH 8.0),
Taken together, these properties (acidiclpgh content of 10 mM NaCl for 5 h. Then, a second dialysis step was carried
turns and random coil, anomalous behavior in gel electro- out against 50 mM MES (pH 6.0), 10 mM NacCl for 5 h.
phoresis and gel filtration experiments, thermostability) The dialyzed protein was then diluted with an equal volume
indicate that MSP belongs to a group of proteins that are of 50 mM MES (pH 6.0), 10 mM NacCl, 5% betaine (buffer
said to be “natively unfolded”25). MES-A), centrifuged (4000§) 30 min), and loaded onto a

In this communication, site-directed mutagenesis has beenResource Q column (Pharmacia Biotech) equilibrated with
combined with biochemical and spectroscopic methods to MES-A. A step gradient (30 mM, 150 mM, and 500 mM
identify amino acids at the C-terminus of MSP that are NaCl) was applied, and pure native MSP was eluted at the
critical for binding to PSII and reactivation of,@volution. intermediate NaCl concentration. Recombinant MSP was
Experiments are presented which correlate the biochemicaloverexpressed by isoprop§ip-thiogalactopyranoside induc-
behavior of MSP mutants with accompanying structural tion of transformedE. coli cells as described in re30.
changes induced by the mutations. It is also shown that alnclusion bodies containing mature MSP were isolated by
293 nm UV absorption band, assigned to the sole tryptophansonication of bacterial cells, centrifugation, and subsequent
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washing with dodecyl maltoside as described in 82f field (Neuroscience and Cell Biology Department, Robert
Purified inclusion bodies were then solubilized by 3.0 M Wood Medical School, Piscataway, NJ). More experimental
urea, and the unfolded MSP was loaded on a Resource Qconditions are provided in the figure legends. For the near-
column equilibrated wit 3 M urea, 20 mM Bis-tris (pH 6.4), UV CD, MSP samples were transferred to 1 cm wide
5 mM NacCl, 5% betaine (Urea-A). A linear gradient (5 mM cuvettes, and 10 scans (33250 nm) were averaged and
to 250 mM NacCl) was applied, and recombinant MSP was corrected for the base line. The spectra were then normalized
eluted at about 120 mM NaCl. A second chromatographic to the spectrum of the most concentrated sample. Optical
step was then applied to further purify MSP. The conditions spectroscopy was carried out at room temperature on an
used for this step varied to accommodate the elution behaviorOLIS-modified Cary-17 instrument. All samples were in 10
of the different MSP species. Recombinant wild-type MSP mM KH,PQO,, pH 6.0, except for unfolded wild-type MSP
was refolded after the first FPLC step by dialysis against 50 which was transferred by dialysis 8 M urea, 50 mM MES,
mM MES (pH 6.0), 10 mM NacCl, loaded onto a Resource pH 6.0, 50 mM NaCl. Other experimental conditions are
Q column equilibrated with MES-A buffer, and eluted by a given in the figure legends.

Step gradient as described above for native MSP. For the Size-Exclusion Chromatographyor size-exclusion chro-
mutant proteins, refolding by dialysis was omitted, and a matography, a Superose-12 column (Pharmacia HR 10/30)
step gradient (30, 60, 200, and 500 mM NaCl) was applied attached on a Pharmacia FPLC system was equilibrated with
after reloading the protein onto a Resource Q column 20 mM Bis-tris (pH 6.4), 150 mM NaCl. Blue dextran was
equilibrated with Urea-A buffer. Pure MSP was eluted at ysed to determine the void volume of the column. The elution
200 mM NaCl. Then, refolding was carried out as described yglumes of bovine serum albumin (66 kDa), carbonic
above. Sample purification was monitored by SBBAGE  anhydrase (29 kDa), cytochromé12.4 kDa), and aprotinin

using the Neville buffer systen88). Protein concentrations (6.5 kDa) were determined and used to construct a calibration
were estimated spectrophotometrically at 276 nm using ancyrve.

extinction coefficient of 16 mM! cm™ (8).

Rebinding and Reacttion AnalysesNative, recombinant
wild-type and mutant MSPs were mixed with uresalt-
washed PSII (0.2 mg of Chl/mL) at ratios from 0.5 to 10
mol of MSP/mol of PSII, and the reconstitution mixture was
incubated at room temperature, in the dark; foh as
described in ref30. Then, the reconstituted samples were
transferred to ice, and Levolution activity was measured
with a Clark-type electrode as described in28f The final
concentration of the sample for the, ®@volution activity
measurements was 1@ of Chl/mL in 0.4 M sucrose, 50

RESULTS

Leu245 Is Critical for MSP Binding and Function.
Truncation of the C-terminal tripeptide, -LEQ, caused a
reduction in the shortened protein’s ability to rebind to PSII
and to restore activity, and removal of the C-terminal
tetrapeptide (-QLEQ) magnified these effect$)( However,
the question of whether loss of a specific amino acid, rather
than removal of the entire tripeptide, was responsible for
altered MSP activity has not been addressed. To accomplish

mM MES (pH 6.0), 60 mM (CH),NCI, 20 mM CaC} this, biochemical and structural properties of native and wild-
(SMTC) with 600uM 2,6-dichlorop-benzoquinone as the type recombinant MSP were compared with those of (1)
electron acceptor. Two types of experiments were carried mutant proteins lacking the C-terminal di-, tri-, or tetrapeptide
out: estimation of the rates of @volution stimulated by ~ and with (2) mutant proteins in which specific residues were
saturating white light and measurements of the totafi€ld changed. In these experiments, MSP-depleted PSIl was
in 4 min under 80% light saturation. The former experiment reconstituted with mutated and wild-type proteins, binding
monitors the rate of PSII turnover whereas the latter monitors capacities were determined, and activity restoration was
the stability of the reactivated system. To quantify the binding assayed. Effects of mutations on MSP secondary structure
ability of MSP wild-type and mutants, reconstituted samples Were examined by far-UV CD spectroscopy, and changes
were washed by centrifugation (40@)@0 min) to remove in tertiary structure were probed by near-UV CD, size-
the unbound MSP and resuspended in SMTC at a final €xclusion chromatography, and optical spectroscopy. In the
concentration of 1 mg of Chl/mL. Coomassie-stained SDS first set of experiments, residue Leu245 was changed to Glu.
ge|s of these Samp|es were ana|yzed by S|gmage| (Jandeﬂ-his residue was targeted, since its removal in tripeptide
Scientific). The 47 kDa band was used as an internal standardruncation experiments was shown to produce a substantial
to correct for inconsistencies in sample loading and electro- alternation to hydrodynamic and activity properties of the

phoresis.
CD and Optical Spectroscopyor CD spectroscopy, an
AVIV 62DS instrument was used as described in 2&f

resulting MSP mutant1@).

Figure 1A presents an SDS gel that summarizes results
from a L245E-PSII rebinding experiment. To exclude the

Before data acquisition, the instrument was calibrated with possibility that rebinding defects were due to damaged-urea

1 mg/mL (+)-10-camphorsulfonic acid3@). For both far-

salt-washed PSII samples, reconstitution was also performed

and near-UV CD, previously refolded MSP samples were with native and recombinant wild-type MSP—-3 mol of

dialyzed against 10 mM KHPO;, pH 6.0, for 5 h. For far-
UV CD, MSP samples were adjusted to 1M and
transferred@ a 1 mmwide quartz cuvette. A total of 20

MSP/mol of PSII). A rebinding efficiency of 95110%, as
compared to salt-washed PSII, was consistently observed
(data not shown), attesting to the integrity of the urealt-

scans (256184 nm) were averaged, and the resulting washed material. Figure 1B shows results of densitometric
spectrum was corrected for the base line (average of 20 scansinalyses of rebinding experiments with L245E and for a
of 10 mM KH,PQO,, pH 6.0 solution). Circular dichroism  series of MSP mutants including Q244@, L245@, E246@,
spectra were analyzed by several programs [SELCON, and E246K. These data show that mutations or truncations
CONTIN (35—37)], kindly provided by Prof. Norma Green- that include Leu245 cause dramatic changes in MSP binding.
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Ficure 1: (A) Coomassie-stained SB¥AGE of usw-PSll
samples reconstituted with L245E MSP. The mol of MSP/mol of

PSII used for reconstitution is indicated at the top of the lanes; 30

ug of Chl was loaded in each lane. (B) Binding curves for usw-
PSiII reconstituted with C-terminal MSP mutants. SBBAGE gels
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FiIGURe 2: Recovery of @ evolution by usw-PSIl samples
reconstituted with MSP mutants. The total amount ep@duced
during 4 min of nonsaturating illumination was expressed as a
percentage of the amount of, @roduced by a salt-washed PSII
sample under the same conditions f28ol of O,/mg of Chl, 100%
control). The residual activity of usw-PSII was subtracted from the
activities of the reconstituted samples. Each data point is the average
of three measurements; the error for each data point is ap-
proximately +5%.

Table 1: Oxygen Evolution Activity of PSIlI Reconstituted with
Wild-Type and Mutant MSPs

mutants  activity (% control) mutants  activity (% control)
wild type 80-85 (2) E246@ 70 (2)
E246K 75 (2) L245@ 8 (23)
L245E 36 (10) Q244@ 0 (10)

a2The 100% activity (sw-washed PSIl) wasb00 umol of O, (mg
of Chl)~* h™%. Numbers in parentheses designate mol of MSP/mol of
PSII for the reconstituted samples assayed.

E246K mutants support the earlier observation that the

of reconstituted samples were analyzed by densitometry, and theC-terminal dipeptide -EQ is not essential for MSP function.
binding efficiency of MSP mutants was expressed as the percentageSaturation of Qyield occurred at 2 mol of MSP/mol of PSII
of MSP in sw-PSlI (100% control). The 47 kDa band was used as for both mutants, with the E246K-reconstituted sample giving

an internal standard.

Deletion of -LEQ (L245@) or substitution of Leu245 with
Glu (L245E) reduces the affinity of MSP for PSII, as is

slightly higher activity. On the other hand, substitution of
Leu245 with Glu produced a severe reduction efy@ld in
the reconstituted enzyme. At 2 mol of MSP/mol of PSII,

evident by the lower slopes of the corresponding binding only 8-10% of activity was restored even though 50% of
curves in Figure 1B. The mutant L245E shows a higher the control level of MSP was bound; activity increased to

efficiency of binding to PSIl (90% at 10 mol of MSP/mol
of PSII) as compared to the truncation mutant L245@70
75%, see also ref9). By way of comparison, removal of

about 40% of the control at 10 mol of MSP/mol of PSII.
Removal of the C-terminal tripeptide (-LEQ) resulted in even
more pronounced damage to MSP’s ability to reactivate O

the sequence -QLEQ (Q244@) causes an even more dramatiproduction. Only 10% of control activity was restored at
reduction of MSP binding capacity, as evidenced by the 9—10 mol of MSP/mol of PSII in samples that showed 70%

Q244@ binding curve shown in Figure 1B35% of control
binding at 10 mol of MSP/mol of PSII; see also r&9).
The data in Figure 1B also reinforce the conclusib®) (hat
the C-terminal dipeptide (-EQ) is not required for binding
of MSP to PSII. Removal of the dipeptide (E246@) or
substitution of Glu246 with Lys (E246K) causes only minor
changes in the binding efficiency of MSP.

The ability of the mutations shown in Figure 1 to restore
PSII activity is summarized by the data of Figure 2; total
O, production durig a 4 min nonsaturating illumination of

of control rebinding (Figure 1; see also tE). Removal of

the tetrapeptide -QLEQ resulted in complete loss of enzyme
activity (Figure 2). Initial rates of @production were also
assayed for all reconstituted PSII samples under saturating
illumination. Rates of @evolution activity obtained in PSII
samples reconstituted with saturating amounts of MSP are
shown in Table 1; in general, the activity vs MSP concentra-
tion curves obtained from these experiments (data not shown)
closely paralleled the corresponding §eld curves pre-
sented in Figure 2.

reconstituted samples is presented as a percentage of the Modification of Leu245 Causes Unfolding of MSFhen

control (sw-PSll, 100%). The high/Qields for E246@ and

the effects of C-terminal mutations on MSP secondary
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Table 2: Predicted Secondary Structure Components of MSP Based
on Far-UV CD Spectra
protein o-helix p-sheet turns/random coil total
wild type 7 44 49 100
E246K 5 44 47 96
E246@ 11 33 56 100
0
@
5 fl
(0] / *
o / \
g F oA
2 [\ N WT
‘© s \ KRR RRHOONK
= n
a @ / s [ \
= o 72* - FERVEN E246K
LE §) 7 A/A/ “ IAAM ‘AMAA/ A“M AMAA‘“
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= £ / s 5ol E246@
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Qg L245E
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Ficure 3: Far-UV CD spectra (protein solution minus buffer) of T e e,
C-terminal MSP mutants (10M protein in 10 mM KHPO,, pH !
6.0). Each spectrum is the average of 20 scans. Experimental !
conditions: scan width, 250184 nm; time constant, 1 s; bandwidth, / [EPURS VR RN S RS RS SPI R

1.5 nm; temperature, 25C; path length, 1 mm. Each spectrum 250 260 270 280 290 300 310 320 330
was smoothed by the adjacent averaging method (mean value of 2
adjacent points as the new data point) after analysis of the spectrum Wavelength (nm)

for prediction of the structural contents. Ficure 4: Near-UV CD difference spectra of C-terminal MSP

ined by f h mutants. Each spectrum is the average of 10 scans. Scan width,
structure were examined by far-UV CD spectroscopy, the 250-320 (WT) or 330 nm; path length, 1 cm. Other experimental
results shown in Figure 3 were obtained. These spectra carconditions as in Figure 3. Spectra are normalized to correct for

be divided into three sets: those showing normal MSP concentration differences.
secondary structure (wild type and E246K); spectra of
modified secondary structure (E246@); and spectra indicativevalues 6, 27). For E246K, the secondary structure predic-
of unfolded proteins (L245E, L245@, Q244@). By com- tion closely resembles wild-type MSP whereas E246@ is
bining these data with the results in Figures 1 and 2, tentativepredicted to contain an apparent increasendielix and
correlations between MSP secondary structure in solutionrandom coil at the expense @gi-sheet. Due to lack of
and its ability to bind to PSII and reactivate the &volving structural data from unfolded proteins in the databases used
reaction can be made. Mutants retaining minimal secondaryfor structure predictions, L245E, L245@, and Q244@ CD
structure (E246K and E246@) are able to bind and to spectra could not be analyzed in a consistent, reliable way.
reactivate PSII with efficiencies comparable to wild-type However, very little secondary structure can be expected to
MSP, while mutants with far-UV CD spectra resembling existin these mutants since their CD spectra are very similar
thermally unfolded MSP 25) either bind to PSII with to those of thermally unfolded wild-type MSP, and of other
considerably lower affinity and minimal restoration of unfolded proteins from a variety of sourcez5( 34.
activity (L245E and L245@) or bind very weakly and are Near-UV CD spectroscopy provides information about the
completely unable to reactivate PSIl (Q244@). It must be tertiary structure of a protein3g). Aromatic amino acids
emphasized that binding, as determined by SP3GE, (tyrosine, tryptophan, and phenylalanine) absorb at charac-
could also represent nonphysiological, unspecific associationsteristic wavelengths, and their CD spectra depend on the
of MSP with usw-PSII if this adventitious association is protein environment. Thus, changes in tertiary structure
strong enough to withstand removal from PSIlI by the affecting the environment of these amino acids will, in
washing steps before gel electrophoresis as described undegeneral, change the corresponding near-UV CD spectra.
Materials and Methods. Figure 4 shows the near-UV CD spectra of wild-type MSP
Simulations of the CD spectra in Figure 3 using SELCON and C-terminal mutants. The CD spectrum of E246K again
and CONTIN software 35, 39 resulted in secondary resembles the wild-type CD spectrum; both spectra show
structure predictions shown in Table 2. Wild-type secondary the characteristic peaks assigned to tryptophan (294 nm) and
structure prediction agrees well with previously reported tyrosine (285 nm). The E246@ spectrum shows the same
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Table 3: Apparent Molecular Masses for MSP Wild Type and
Mutants Based on Size-Exclusion Chromatography

wild type 41 19, 25, this work

E246K 41 this work E246K

L245E 62 this work

E246@ 42 19, this work

L245@ 52 19, this work E246

Q244@ 58 19, this work /\

A
mutants apparent molecular mass (kDa) reference WT
@

peaks, but has a distorted appearance when compared to the
spectrum of wild-type MSP. Near-UV CD spectra of L245E,
L245@, and Q244@ do not contain any peaks, and are very
similar to the spectrum obtained for wild-type MSP at 90

°C (25).

Q244@
The data of Figure 4 indicate that the correlation between ]
MSP secondary structure content and function would appear L245E ]
L245@
~—

WT in urea

[ 7/

Absorbance

to be valid for tertiary structure as well. To see if this is so,
structural predictions from near-UV CD spectroscopy were
tested by size-exclusion chromatography. Previous research
(19) showed that removal of the C-terminal dipeptide did B
not affect the apparent molecular mass of MSP, but further
truncations caused apparent unfolding of the protein and,
consequently, higher apparent molecular masses. It could not
be determined at that time whether the increase in the
apparent size of MSP was due to the loss of several amino 250 260 270 280 290 300
acids, or to the loss of a critical amino acid residue.
Therefore, effects of mutations at the C-terminus of MSP
on the apparent mass of the protein were examined. Table 3GURE 5: (A) UV spectra of C-terminal MSP mutants (10

o rotein in 10 mM KHPGO,, pH 6.0). Experimental conditions: scan
shows that E246K MSP exhibits the same apparent mOIGC”|a'€vidth, 240-310 nm: room temperature; path length, 1 em. The

mass as wild-type protein, while L245E yields an apparent yertical line is used to mark the position of 293 nm. Spectra are
molecular mass of 62 kDa. It is interesting that this value is normalized to correct for concentration differences. (B) Difference
even greater than the apparent mass of L245@. spectrum of wild-type MSP minus Q244@.

UV absorption spectroscopy can be employed to monitor , . ,
structural changes in proteindd), owing to the sensitivity ~ More of the tyrosine residues in MSP seque; 40. The

of aromatic amino acids to changes in the local residue 'ésidue adjacent to Trp241, Tyr242, may be responsible for
environment (i.e., exposure of hydrophobic regions to the 287 nm shoulder, but contributions from other tyrosine

solvent). These changes can take the form of blue shifts of'€Sidues to this spectral feature cannot be excluded.
spectra and/or changes in the amplitude of characteristic

absorption peaks30). Figure 5A presents UV spectra of DISCUSSION

wild-type MSP and of the mutants described above. The A prior examination of the properties of MSP mutants with
peaks contributing to the MSP UV spectrum are not well truncated C-terminal di-, tri-, and tetrapeptides showed that
resolved except for the characteristic shoulder at 293 nm although the terminal dipeptide (-EQ) of MSP was unneces-
which arises from tryptophan absorption. Unfolding of wild- sary for binding and restoration of PSII function, removal
type MSP with urea results in loss of this shoulder, indicating of the C-terminal tri- or tetrapeptide decreased MSP’s ability
that the hydrophobicity of the environment of the single MSP to bind to PSIl and to restore ;Gevolution activity (9).
tryptophan residue, Trp241 (40), is altered by urea exposure.These experiments defined the requirements for C-terminal
Comparison of the UV spectrum of native wild-type MSP peptides, but the essential role(s) of particular amino acids
with the spectra of mutant MSPs (Figure 5A) shows that in these peptides was (were) not established. To resolve this
the E246K mutation does not affect the Trp241 shoulder, question, additional mutations were designed at the MSP
whereas the E246@ mutation causes a slight decrease irfC-terminus in which Leu245 was replaced by Glu, and
amplitude and a small shift (about 1.5 nm) to the blue. Glu246 was replaced by Lys, without affecting the total
However, mutation/truncation of the C-terminal tripeptide length of MSP.

or tetrapeptide results in complete disappearance of the 293 The data in Figures 1B and 2 show that the biochemical
nm shoulder. The difference spectrum of wild-type minus behaviors of E246@ and of E246K are similar to that of
Q244@ is shown in Figure 5B. Similar difference spectra wild-type MSP with respect to binding affinity and activity
can be obtained by subtraction of the L245E and L245@ restoration. The CD spectra of these mutants reveal a change
spectra from a wild-type MSP spectrum (data not shown). in secondary structure only for E246@, where a gain of
The major features of this difference spectrum are a positive a-helix and random coil is predicted at the expensg-sheet
peak at 293 nm and a shoulder at about 287 nm. The peak(Table 2). Reconstitution of PSIl with this mutant is
at 293 nm originates from Trp241 whereas the shoulder attemperature-sensitivel9), and its CD spectrum is very
287 nm is due to changes in the local environment of one or similar to that of the V235A MSP mutant, whose reconstitu-

L | L | . 1 i 1

Wavelength (nm)
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tion activity is likewise temperature-sensitiv&lf. The near- Table 4: Alignment of C-Terminal MSP Sequence: Conserved

UV CD spectra of E246K and E246@, presented in Figure Residues Are Indicated by a Dash, and the Residue at Position 245
4, also show either no change (E246K) or small changesls Indicated in Italic Boldface Type

(E246@) in overall tertiary structure, and size-exclusion species C-terminal sequence
chromatography reveals no significant differences in the eukaryotes S. oleragea VKIEGVWYAQLEQ
apparent molecular masses of these proteins (Table 3). Taken S. tuberosum o N I
together, these results suggest that Glu246 is unnecessary P. satbum - Q-- -

for MSP’s structure and function. Enami et &0( 21 have X' ?ﬁj'ﬁ:ﬁ;" T :8: T
shown that intramolecular cross-linking occurs between C. reinhardtii VT L K
Glu246 and Lys48 when MSP in solution was reacted with E. gracilis | -TS------ I SPSK

EDC, whereas PSll-bound MSP yields a Glu246/s190 prokaryotes S. elongatus T

cross-link 0, 21). Our results for residue 246 of the spinach g‘ygfcuhlﬁgjsﬂs - L_\</'RQ_ FI FG %\lR'D?S\?A

protein show that interactions between Glu and other amino Anabaena PCC7120 - --R-1F - -RE

acids of MSP, either in solution or bound to PSII, can be

abolished without affecting the protein’s structure and important conclusion from the work presented here is that

function. MSP function is impaired if Leu245 is absent, and because
In contrast, Leu at position 245 is critical for MSP’s  truncation of the C-terminal tetrapeptide (-QLEQ) results in

solution structure and for its ability to bind to PSII; removal an enhancement of the effects involving Leu245, GIn244 may

of the C-terminal tripeptide, or substitution of Glu for Leu, also be important for MSP function. Work is in progress to

results in a substantial disruption of MSP secondary and resolve this issue.

tertiary structure, as is evidenced by CD spectra (Figures 3 o oonsequence of disruption of the tertiary structure of

and 4) and_by INCreases in the apparent molecular masSysp by C-terminal mutations is the decrease and/or shift to

(Table 3). Slzg-exclusmn chromatograpiyd M urea was .. the blue of the 293 nm UV band assigned to Trp241. In wild-

necessary to increase the apparent molecul_ar mass of Wlld-type MSP, this band is relatively well resolved, but disap-

type MSP to that of L245@30), and conversion of Leuto o015\ 1non exposure of the protein to urea (Figure 5A).

'Cl';r|1u had an leven more drr]amgt:\t;l effect on thg ap parf?_nj[ MAaSS\1utation or truncation at Glu246 does not substantially affect
unf%slg ,\r/legg t(:s‘o;u%gfeslt t(szte alsoulzriezrzljyin BeQ)InSRL:asIS:?sm to the 293 nm absorption band, except for a small shift (about
from SDS—PAGEpin 4y7 M urea sho%v that L245.E miarates 1.5 nm) to the blue caused by mutation E246@. This blue

' 9 shift is consistent with the small change in the near-UV CD

more slowly than wild-type MSP (Figure 1A), whereas : .
L245@ migrates slightly faster (data not shown, but see ref spectrqm of this mutant, as com_pared to E24.6K and to wild
type (Figure 4). However, mutation or truncation at Leu245
19)I'-he structural changes in MSP due to mutations at Leu245Or GIn244 produces a complete loss of the 293 nm band,
cause a significant degcrease in PSII binding affinity (Figure These results suggest that Trp241 in wild-type MSP resides
1B) L245§ binding saturates (about 90% (?fwild ty e)gat a in a hydrophobic environment that is disrupted by modifica-
i 9 0 yp tions of Leu245 and GIn244. Thus, a clear correlation exists

L?Egin()f ;altgr;:gzl Z{ gﬂbizin;c())lfymo]? vSv:II d‘_’}/heéeg ?/eLISZiE;%]e between the tertiary structure of MSP and its UV absorption
g 0 yp at 293 nm. Changes in the 293 nm band also correlate with

same MSP/PSII ratio. These results may reflect both specific . . . .
and adventitious binding of MSP to PSII, such as has beent)haeng '?ghrzr;c')f\igeohnﬁv'?; c;{lgﬂszPMrglgagts;Cthe (zz\zﬁjortptlc;n
reported for wild-type recombinant MSP after treatment at E246K, E246@) thatycan efficiently relgind o PSII ;/Ed,
high temperature2§). If so, reconstitution data on Leu245 reactivate @ evolution. The model for MSP solution

mutants might be interpreted in two ways. First, the protein . . .
g P y P structure of Bricker and Frankel Q) proposes that in solution

may bind specifically to its native sites on PSII, at a lower : . ;
- ; MSP contains 1P-strands which form mostly antiparallel
ff h I fol ly. R - . : . :
affinity than wild type, but cannot refold properly. Restora p-sheets. In this model, Trp241 resides in the fifiatrand

tion of volution woul ratm rate (L245E) or . . L . .
on of O, evolution would occur at moderate (L245E) o which also contains Leu245 as its final residue. If this strand

very low (L245@) levels. Alternatively, Leu245 mutants may . . ) o
bind to both native and adventitious sites on PSII, with the 'S part of_a hydrophobic sequence in MSI_D_tha_t IS critical for
adventitious sites having affinities comparable to those of the solution structure necessary for specific binding to PSlI,

the native sites. Residual,@volution activity would be €N Leu245 may be required to maintain this structure.
restored only to those centers that have MSP bound to nativeMUtations or truncations affecting this residue would cause
sites. It is interesting that the slopes of the binding curves Structural changes, possibly by exposing this domain to the
of L245E and L245@ are the same, but the restoration of SOIvent, as evidenced by changes in the 293 nm UV
O, evolution activity by L245E is higher than for L245@. aPsorption band reported here. The C-terminal dipeptide is
Although neither hypothesis can be eliminated at present, "0t predicted to participate in these hydrophobic interactions,
both of them are consistent with a proposed two-step and this is con_sstentv_wth fallure_of mutations at_thls position
mechanism for MSP functiom@). According to this model, O affect the biochemical behavior of the protein.

MSP first binds to PSIl, and then, in a second step, The C-terminal sequences of several MSP species are
conformational changes occur which result in a stable, aligned in Table 4. Leu245 is conserved in all eukaryotes
functional MSP-PSII interaction. If the first hypothesis is  [with the exception ofE. gracilis where a conservative
correct, one would expect mutations at Leu245 to affect the substitution (lle) has been made] and is conservatively
second step in this mechanism, whereas if the secondsubstituted (lle or Val) in prokaryotes. Several other hydro-
hypothesis is correct, the first step will be affected. The phobic residues of the C-terminus of MSP (Val235, Ile237,
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Gly239, Val240, Trp241, Tyr242, and Ala243) are also

16.

conserved or conservatively substituted. This suggests that 17- - ,
18. Eaton-Rye J. J., and Murata, N. (198®)chim. Biophys. Acta

these residues form a hydrophobic strand which could
interact with residues near the MSP N-terminus to produce
the prolate ellipsoid shape of MSP that has been revealed
by hydrodynamic studie<B). Our data on Leu245 support
the idea that this ellipsoid conformation is stabilized in
solution by weak hydrophobic interactions. Addition of a
single charge (as in the case of L245E) or deletion of Leu245
disrupts that solution conformation. In light of the conserva-
tion of amino acid sequence identity, it is possible that any
mutation within the conservative hydrophobic residues of
the C-terminal-strand of MSP will cause severe structural
and functional changes. It is also possible that the ellipsoid
conformation of MSP is relatively easy to disrupt because
this conformation must be altered as part of the mechanism
for assembly of MSP into PSIR(, 29. The necessity for a
flexible solution conformation, which would facilitate protein
protein interactions, has been proposed to be the origin of
the unusual behavior of natively unfolded proteidd)(
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