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Evolution Activity'
Scott D. Betts,® Nikos Lydakis-Simantiri¢, Jeannine R. Rossand Charles F. Yocum®'
Department of Biology and Department of Chemistry, démsity of Michigan, Ann Arbor, Michigan 48109-1048
Receied June 1, 1998; Résed Manuscript Receed July 22, 1998

ABSTRACT. The extrinsic manganese stabilizing protein of photosystem Il is required for Mn retention by
the Q-evolving complex, accelerates the rate of &volution, and protects photosytem Il against
photoinhibition. We report results from studies of the in vitro reconstitution of spinach photosytem I
with recombinant manganese stabilizing protein with C-terminal deletions of two, three, and four amino
acids. The deletions were the result of amber mutations introduced by site-directed mutagenesis. Removal
of the C-terminal dipeptide (Glu-GlIn) did not diminish the ability of the manganese stabilizing protein
either to rebind to or to restore high rates of €olution to photosystem Il preparations depleted of the
native protein. Deletion of the C-terminal tripeptide (Leu-Glu-GlIn) resulted in weakened but specific
binding of manganese stabilizing protein to photosystem Il and minimal recoveryefdlution activity.
Removal of the C-terminal tetrapeptide (GIn-Leu-Glu-GlIn) eliminated the ability of the subunit to interact
stably with all of its available binding sites on photosystem I, as evidenced by the fact that this mutant
was totally inactive in restoring £&volution activity. Evidence is presented to indicate that these mutational
effects on the binding and function of the manganese stabilizing protein may be due to major changes in
tertiary structure. The truncation mutations lacking either the C-terminal tri- or tetrapeptide exhibit apparent
size increases of 25 and 40%, respectively, when compared either to a mutant lacking the C-terminal
dipeptide or to the wild-type protein.

Photosynthetic @evolution by plants, algae, and cyano- ing protein, or MSP J). This protein stabilizes binding of
bacteria is dependent on the presence of M, Cand CI two of four Mn atoms to the active site of,8 oxidation,
(1, 2). Ligation of these cofactors by intrinsic protein accelerates the rate ob®volution, and regulates the stability
components of the photosystem Il (PSliaction center  of oxidation state intermediates in the water oxidizing

forms the active site for O oxidation, called the & reaction 6—7).
evolving complex, or OEC. Maximum activity and stability The essential role of MSP in stabilizing Mn retention by
of this site is conferred by three extrinsic proteil®s 4). the OEC suggested that characterization of the binding

The smaller (23 and 17 kDa) of these subunits facilitate jnteractions between this protein and the intrinsic subunits
retention of C&" and CI by PSII, but appear to have no  of the PSII reaction center might provide useful information
direct interaction with either inorganic cofactor. The largest \yith respect to both MSP structure and the location of the
subunit is a 26.5 kDa polypeptide called manganese stabiliz- v cluster itself. Eaton-Rye and Murat8) (used limited
proteolysis to show that removal of the N-termina-116
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Biology, The University of Michigan. PSIlI. Additional information on the MSPPSII interaction

* Department of Biology. came from investigations showing that the binding interaction
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o Sgpg?t%%ﬁt O?thm%;ry. loop of thg intrinsic Chla binding protein ca_llgd CP47.. In

1 Abbreviations: Bis-Tris, [bis(2-hydroxyethyl)amino]tris(hydroxy- ~ these studies, Bricker and co-workers identified domains on
gﬁlthygpethﬁnf; géébb%/ig% _s?]rlum aébumin; CD, circIIDJITaTr d&qmpism; CP47 which interact with bound MSB)( Use of the zero-

, chlorophyll; , 2,6-dichlorg-benzoquinone; , dithio- T :
threitol; EDC, 1-6thyl-3-13-(dimethylamino)propylcarbodiimide; EDTA,  |€Ngth cross-linker EDC has resulted in one or more covalent
(ethylenedinitrilo)tetraacetic acid, disodium salt; IPTG, isoprofp- !mkages bet\’\(een MSP and C_PW-( Amino acid sequenc-
thiogalactose; MES, 2\-morpholino)ethanesulfonic acid; MSP, man- ing of the region of the cross-link by Odom and Brick&)

ganese-stabilizing protein; OEC,®volving complex; PAGE, poly- _ jdentified the N-terminal 70 amino acids of MSP and the

acrylamide gel electrophoresis; PCR, polymerase chain reaction; pET, u—» : . ;
plasmid for expression with T7 RNA polymerase: preMBStO gene E” loop of CP47 as the sites that are involved in the cross-

product and precursor polypeptide of MO, cDNA clone encoding  linking reaction.

preMSP; PS, photosysterRs, Stokes radius; SDS, sodium dodecyl ; : e :

sulfate; SW, PSII membranes depleted of 23- and 17-kDa polypeptides Interactions of MSP Wlt.h .Other |ntr|n§|c subunits of PSI
by washing wih 2 M NaCl: TMA®, tetramethylammonium; Tris, tris- have proven to be more difficult to identify at the same level

(hydroxymethyl)aminomethane. of resolution as the interaction between MSP and CP47 just
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described. For example, Seidletlf has explored an MATERIALS AND METHODS
alternative cross-linking method with MSP in which the
protein in solution is first activated for cross-linking by c
reactions with EDC and sulfdkhydroxy)succinimide and
then added to PSII to initiate formation of cross-linked
products. This approach resulted in formation of cross-links
to CP47 and also to another, small extrinsic subunit of PSII
that has not so far been identified. Enami et &R)(have

used trypsin hydrolysis and peptide sequencing to identify ;5o 1o produce single-stranded template DNA for oligo-

domains of other PSII intrinsic proteins that may interact nucleotide-directed mutagene<28)and dideoxy sequencing
with MSP. Assite in the “E” loop of the other tightly bound, o4~ The first truncation mutant was generated with
Chl a binding antenna protein, CP43, is unmasked and arapigopsis ps® before spinactpstO was cloned in our
exposed to trypsin digestion when MSP is extracted from laboratory. The codon specifying Q245AnabidopsisMSP
PSII, and the C-terminus of the-subunit of cytochrome (Q244 in spinach MSP) was changed from CAA to a stop
b559 is also exposed to trypsin digestion by MSP extraction. codon, TAA. This single nucleotide substitution also
The data on MSPPSII interactions that have accumulated introduced eHpal restriction endonuclease site (GTTAAC).
so far can be interpreted to suggest that there is more thariThe codon for E246 in spinach MSP was changed from GAG
one site for MSP binding in PSII. This interpretation is to TAA. Similar strategies were employed to introduce stop
consistent with the finding that there are two copies of MSP codons that yielded the other C-terminal amino acid trunca-
per PSII reaction centerl8—15). It is thus plausible to  tions reported in this paper. All mutations were confirmed
assume that one copy of MSP has a strong interaction withby DNA sequencing.
the large extrinsic loop of CP47, while the second copy may  Expression System and Growth Conditiofiie construc-
bind to another PSII subunit [CP43, the cytochrdb&9 o tion of pET expression vectors with inserts of either
subunit, or the small intrinsic subunit that cross-links to MSP Arabidopsis ps@ or Spinacmsto was described previous|y
in the experiments reported by Seidldrl)]. Binding of (20, 21). These clones encode the full-length precursor
two copies of MSP to different core subunits in PSIl would protein of MSP, denoted preMSP. OverexpressiopsiiD
imply that two domains in the protein are required for binding was induced by addition of IPTG to log-phase cultures of
to PSII. In this context, evidence exists to indicate that the E. coli strain BL21(DE3)pLysS transformed with various
C-terminal domain of MSP is also important in binding of pET(pskO) plasmid constructs. All cells were cultured in
the protein to PSIl. Chemical modification of MSP (bioti- | B medium supplemented with ampicillin (5@/mL) and
nylation) has demonstrated that amino groups in the C- chloramphenicol (2%g/mL).
terminal half of MSP are buried in the PSII-bound protein  gynression and Purification of Deletion Mutant&rowth
(16). Replacement of a conserved Val residue by Ala at ¢qongitions were employed that promote processing of the
position 235 (13 residues from the C-terminus) affected preMsP transit peptide [rotary shaking of bacterial cultures
assembly of the mutant protein to PSII af@, but notat 4t 150 rpm after induction of protein expression with-20
room temperaturel(7). Drastic truncations that remove 30 30uM IPTG (20, 21)]. Mature, overexpressed MSP’s were
or more amino acids from the MSP C-terminus [Betts, S. gyantitatively solubilized from inclusion bodies by incubation
D. (1996) Ph.D. Thesis, University of Michigan; Seidler et i, 3\ urea, and then purified by anion-exchange chroma-
al. (18)] eliminate the protein’s ability to bind to PSII. Last, tography using a Pharmacia FPLC system fitted with
introduction of a His-tag at the C-terminus interferes with Resource-Q or Mono-Q columns, also @ M urea in the
normal binding of MSP as evidenced by a requirement for equjlibrating and eluting buffers2(). The C-terminal
additional protein to produce fully saturated binding of MSP tryncation mutants lacking three and four amino acids
to PSII, and by the distinctive sigmoidal appearance of the presented difficulties in purification. The urea-solubilized
His-tagged protein’s PSII binding curvéq). proteins were substantially, but not completely, purified by
We have used the technique of MSP overexpressi@h in ~ anion-exchange chromatography3 M urea as described
coli coupled with site-directed mutagenesis to examine the above. Insufficient yields were achieved following removal
role of the protein’s C-terminus in binding to PSII and of urea by dialysis or by dilution and subsequent anion-
restoration of activity. As we report here, the results of our exchange chromatography in the absence of urea. Even
experiments show that the two terminal amino acids of though these mutant proteins are soluble in urea-free solvent,
spinach MSP are not essential for the protein’s biological they appear to aggregate on the anion-exchange column in
activity. However, site-directed mutagenesis to remove the the absence of urea, and therefore this final nondenaturing
conserved Leu residue at position 245 dramatically reduceschromatographic step was, of necessity, omitted in the
the ability of MSP to restore ¥D oxidation activity, and  purification of these mutants.
removal of Q244 abolishes MSP rebinding to PSll and as a Assay and Reconstitution SystemBhotosystem |I-
consequence eliminates restoration gfe®olution activity. enriched thylakoid membrane fragments and derivative
These phenomena can, in part, be ascribed to structuralpreparations lacking the 17- and 23-kDa extrinsic proteins
changes in mutant proteins lacking the terminal tri- and (“salt-washed”) or all three extrinsic proteins (“urea-washed”)
tetrapeptides. That these species have undergone a substamere prepared from spinach leaves as described previously
tial structural change is evidenced by a decrease in their(20). Oxygen evolution activity was measured polarographi-
respective elution volumes on a calibrated size-exclusion cally at 25°C using a Clark-type ©electrode. The assay
chromatography column. medium and conditions were described in28fthe electron

psbO Clones and Site-Directed Mutagenesi$ie plasmid
onstructs used here for mutagenesis and expression of
spinach and\rabidopsis ps® were described previousI2(,
21). The deduced amino acid sequence Avhbidopsis
preMSP was reported ir2(), and that for spinach preMSP
corresponded to the sequence of mature wild-type spinach
MSP reported inZ2). The phagemid pBluescript SKwas
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acceptor was 60M DCBQ. Only the 4-min Q yield
values (micromoles of Qper milligram of Chl) are reported

here. Urea-washed PSIl membranes were incubated with

varying amounts of recombinant MSP according to the
procedure in Betts et al1{) under the conditions specified
in the figure legends. Reconstitution mixtures were diluted
20-fold into the assay cuvette immediately beforg O
evolution assays. Samples were prepared for SBAGE
analysis by centrifugation (10 min, 120f)and washing (2
volumes of assay buffer and recentrifugation) to remove

Betts et al.

Table 1: Aligned C-Terminal Amino Acid Sequences of Wild-Type
and Mutant Recombinant M3P

protein sequence
wild type (spinach) WYAQLEQ@
wild type (Arabidopsig -——-G—-———@
E246@ (spinach) ————— @
L245@ (spinach) -————@
Q245@ Arabidopsiy -—-G@
Q244@ (spinach) -——@

aDashes indicate conserved amino acid residues in all sequences;
@ symbolizes a naturally occurring or engineered stop codon in the

unbound protein. The washed pellets were resuspended tdMSP sequence. The apparent discrepancy in numbering of an otherwise

a final concentration of 1 mg of Chl/mL.
Binding of theArabidopsismutant protein, [Q245@]MSP,
was also attempted by dialysis to slowly remove denaturant.

Standard reconstitution conditions were used, except the

concentration of Chl was 0.1 mg/mL and urea was present
(1.7 M) at the start of dialysis. Samples (820Q) were
dialyzed against 100 volumes of 0.4 sucrose, 50 mM MES
(pH 6), 20 MM Cad, 60 mM NacCl, and 5% betaine (w/v).
Dialysis was performed in two 3-h steps with stirring at 22
°C in the dark.

Reconstituted, washed PSIlI samples were analyzed by

SDS-PAGE (10% acrylamide) according to Piccioni et al.
(25). Urea (4.7 M) was included in all gels. Under these
conditions of electrophoresis, soluble, purified MSP samples
are observed to migrate at slightly higher rates than MSP
that is associated with PSIl membranes (compare, for
example, lanes “WT” and “SW” of Figure 4), presumably
because of proteinprotein interactions in the more complex
PSII membrane samples.
scanned using an LKB 2222-010 UltroScan XL laser
densitometer, and relative amounts of PSII-bound MSP were

determined by integration of peak areas as described previ-

ously 17).
Size-exclusion chromatography experiments to estimate
the molecular masses of wild-type and mutant proteins were

Coomassie-stained gels were

highly conserved amino acid sequence (for example, L245 in Spinach;
Q245 inArabidopsi3 is due to deletion of a single amino acid (P4) in
spinach MSP.
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Ficure 1: Reconstitution of PSII with [E246@]MSP. (A) Urea-
washed PSIl samples were reconstituted with the indicated molar
ratios of [E246 @]MSP to PSII. After incubation at 22, unbound

protein was removed by centrifugation and washing. Triangle,

0

carried out using a Superose 12 column attached to a FPLOE246@]MSP; SW, control salt-washed PSII with native MSP. The

system. The column was equilibrated with 20 mM Bis-Tris
(pH 6.4) containing 100 mM NaCl. The column was

calibrated with a set of standard proteins [aprotinin (6.6 kDa),
cytochromec (13 kDa), carbonic anhydrase (29 kDa), and
bovine serum albumin (66 kDa)] obtained from Sigma
Chemical Co. The void volume of the column was deter-
mined from the volume required to elute Blue Dextran. Each

arrowhead on the right indicates that the truncated protein has an
increased electrophoretic mobility. (B) Unwashed reconstitution
mixtures were assayed (4 min @eld) after 30 min reconstitution
incubation at £C (triangles) and again after an additibdah at

22 °C (squares). The control (100% yields) with wild-type MSP
was 10.8«umol of O,/mg of Chl.

residue of spinach MSP is not required for the protein’s

molecular mass determination was repeated twice, and theactivity. _ _ _
average elution volume was used to estimate the molecular As a next step in analyzing the MSP C-terminus, the codon

mass of a particular protein.
RESULTS

for E246 in spinactpskO was changed to a stop codon to
eliminate the C-terminal dipeptide, E-Q, from the protein.
The resulting recombinant protein, E246@, was overex-

Table 1 presents the sequences of the mutations describeg@ressed and purified as described under Materials and

in this paper. By combining data from recombinant spinach
and Arabidopsis MSP species, it has been possible to
systematically examine the effect on biological activity of
removing one amino acid at a time from the C-terminus of

Methods. Results from representative experiments to assess
the ability of E246@ to rebind to PSII and to reconstitute
activity are presented in Figure 1. Increasing amounts of
E246@ MSP were incubated with PSII for 30 min on ice

MSP. The results of experiments presented elsewhere showollowed by an additional 60 min at room temperature.

that recombinant spinach amrabidopsisMSP’s exhibit
identical activities with respect to both binding and activity

Figure 1A presents a gel showing the rebinding of the
protein to PSIl. Unbound MSP was removed by centrifuga-

reconstitution assays when a MSP-depleted PSII preparatiortion and washing of PSIl membrane pellets. As can be seen,

isolated from spinach was employex6). SinceArabidopsis
MSP lacks the C-terminal GIn residue (Table 1) present in
the spinach protein, the published reconstitution results with
the former specie®26) demonstrate that the C-terminal GIn

in comparison to the wild-type protein (lane SW of Figure
1A), the mutant protein exhibits a slightly faster migration
rate through the SDSpolyacrylamide gel than does the
corresponding wild-type protein. This behavior is consistent
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with a reduction in size and/or charge of the mutant protein. A

Figure 1A also shows that rebinding of MSP to PSII appears

to be largely unaffected by the deletion mutation. Addition 1 2 4 9 10 17 21 A SW

of 2 mol of protein/mol of PSII reaction center, followed by — —— e e @ — 47 kDa
washing and electrophoresis, shows that the amount of P —————— 43
protein retained by PSII is similar to that detected in the

native PSII preparation. e WT
Figure 1B shows the oxygen evolution activity of recon- “ !\ L245@
stitution mixtures after 30 min on ice (triangles) and again ——— s LHCP
after an additionlal h atroom temperature (squares). These e B - =
assays were taken before centrifugation to remove unbound
protein. Here, it can be seen that full reconstitution of
activity at room temperature occurs, as expected, at 2 mol B
of MSP/mol of PSII reaction centerl8—-15), whereas a ' T
similar restoration of activity at the lower temperature
requires incubation with approximately a-3-fold excess
of E246@ MSP over what is required at 22. These data
show that residue E246 is not required for the biological
activity of MSP. Deletion of E246 does not block restoration
of activity to wild-type levels, but this amino acid does
influence the ability of the protein to bind productively to
PSIl at 4°C. A similar behavior has been previously
reported for the mutation V235AL7).
To further assess the function of E246, we created another =
mutation that created a charge reversal (E246K) at this 0 ' - : 1o
position in the MSP sequence. The protein bearing this Moles L245@ / Mole PSI|

mutation rebinds ”O”T‘a"Y tp PSII, and activity res.toratl.on FiIGURe 2: Reconstitution of PSII with [L245@] spinach MSP at

at room temperature is similar to that observed with wild- 22°c_(a) SDS gel showing rebinding of mutant protein to uswPSlI
type MSP and with E246@ (see Figure 1). Taken together, membranes. Numbers above lanes represent moles MSP per mole
the results just described indicate that E246 is dispensableof PSIlI in the incubation step before washing to remove unbound

with respect to MSP binding to PSII at room temperature, protein. (B) Circles represent the amount of MSP bound relative
df tivati f the OEC ell to a wild-type control sample prepared by incubating MSP-depleted
and 1or reactivaton or the as well. PSII with 5 mol of wild-type MSP/mol of PSII reaction center,

Proceeding systematically to the next residue in the followed by washing to remove excess, nonspecifically bound
C-terminal sequence of spinach MSP, we examined the protein. The amount of wild-type MSP retained by PSII under these

consequences of deleting the tripeptide L-E-Q. The results conditions is about 2 mol/mol of reaction cent&r). The squares

of rebinding and activity reconstitution assays using the represent the activity yield reconstituted by L245@ as a percent of

. g ivi i i ing wild- P
truncation mutant L245@ are presented in Figure 2. Data Egg_asjjmz g;%j/an%pg rg(r:]%hstututed with saturating wild-type MS

produced in the binding assay (Figure 2A) show that the
L245@ mutation has a substantial effect on MSP binding to than does the truncation mutation L245@. At the highest
PSII (circles in Figure 2B). An apparent saturation of concentrations of protein used, no more than about 50% of
binding at the wild-type level can be achieved only upon wild-type levels of MSP rebinding can be obtained (Figure
incubation of between 17 and 21 mol of L245@ per mole 3B, circles). Also shown in Figure 3B are the results of
of MSP-depleted PSII. The activity assays (squares) produceactivity assays conducted on PSIl samples reconstituted with
results that indicate that even when amounts of L245@ spinach Q244@ (squares). Insofar as we can determine from
stoichiometric with the amounts of native wild-type protein a series of experiments with the mutant protein, there is no
are rebound to PSII, only very small amounts of activity detectable restoration of @&volution activity, even when
(<20%) are recovered. Therefore, these data indicate thatthere is clear evidence for rebinding of about 50% of the
deletion of the C-terminal tripeptide produces two rather amount of wild-type levels of MSP to PSII. In the absence
dramatic effects on MSP function. First, the mutant protein of activity restoration, we cannot be certain that the binding
can rebind to PSII, but excessive stoichiometries of addedwe observe with mutant does not arise from adventitious,
protein are required to achieve binding at wild-type levels, rather than specific, reassociation of MSP with PSIl. The
indicating a defect in the ability of the protein either to gel lane of Figure 3A marked by reveals the level of
assemble into PSII or, once assembled, to remain bound.contaminants in this preparation that were impossible to
Second, the data of Figure 2 show that when a native remove by our purification methods. We estimate that these
stoichiometry of bound MSP (2 mol/mol of reaction center) polypeptides constitute a contamination of about 10% (data
is achieved, no more than about 20% of wild-type activity not shown).
is recovered. The effect of the equivalent deletion from the C-terminus
A further truncation of spinach MSP was carried out by of ArabidopsisMSP, producing the mutant Q245@ (Table
producing and overexpressing the mutant Q244@. Resultsl), was also tested. Removal of the two amino acid sequence
of experiments to analyze the consequences of this mutationL-E from the C-terminus ofArabidopsisMSP completely
are shown in Figure 3. The data show that the additional abolished the ability of the overexpressed protein to bind to
truncation produces an even greater effect on MSP bindingspinach PSII (Figure 4). The wild-typrabidopsisprotein
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A Table 2: Molecular Masses and Stokes Radii of Wild-Type and
. Mutant Spinach MSP’s Estimated from Size-Exclusion
SW 0 1 2 5 10 15 20 A SW 47kD Chromatography Elution Volumes
- - a
—— — - — - 43 protein molecular mass (kDa) Stokes radiusi(A)
- —— - - wild-type MSP 41 310
F ™ Np— __,_..—-— WT E246@ 42 31.1
~ 244 L245@ 52 33.5
— Q244@ Q244@ 58 34.5
— LHCP a Standards used were bovine serum albuRin 35.5 A), carbonic
N i s i —_— anhydraseRs = 20.1 A), and cytochrome (Rs = 16.3 A) (28).

been mixed with a large excess of [Q245@]MSP. This band
B did not obviously increase in staining intensity with increas-
ing amounts of added protein, and we suggest that it most

100l ' I Y likely represents residual [Q245@]MSP associated nonspe-
cifically with PSIl. Regardless of its identity or origin, it
sl 180 clearly bound to PSII only in trace amounts and did not
& T activate oxygen evolution.
B el 1eo s To further explore the consequences of the truncation
2 . . > mutations described here, we carried out experiments in
i wl — - w & which these proteins were characterized by size-exclusion
Z . 1" 2 chromatography, as described under Materials and Methods.
3 ol 1o g Result§ of thesg experiments show that the two §pinach
truncation mutations (L245@, Q244@) produce proteins that
elute from the size-exclusion column with diminished
0 B 10 ™5 20 ° volumes as compared to the wild-type protein (data not
Moles Q244@ / Mole PSII shown). In contrast, E246@ does not produce a significant

FiIGURE 3: Reconstitution of PSII with [Q244@] spinach MSP at difference in the elution volume compared to wild-type MSP.
22°C. Symbols, conditions, and activities are as given in the legend To ensure that the size increase for these mutations is not

to Figure 2. due to fortuitous aggregation of the protein on the column,
— additional experiments were done in which urea was included
o QQ = = in the elution buffer at a concentration of 3 M. This
O N ® wd =D pa . . .. . . _
-7 concentration, which is sufficient to dissolve MSP inclusion
-—s body aggregates, yielded a slight increase in the estimated

molecular mass (data not shown), rather than a decreased
—— 33 . . . .

wik 2R ——_w size, as would be expected if aggregation of the protein were
FiGure 4: SDS-PAGE analysis of urea-washed PSII following Oc_lczﬁmng Onl the_column.f lecul d of Stok
dialysis in the presence of [Q245@}abidopsisMSP. The molar he actual estimates of molecular masses and of Stokes
ratio of [Q245@]MSP to PSlI is indicated above the lanes (10, 20, radii derived from gel filtration experiments are presented
and 30). As a control, an identical PSII sample was dialyzed with in Table 2. These data indicate that C-terminal tri- and
5 mol of wild-type ArabidopsisMSP per mole of PSIl. Unbound  tetrapeptide truncations of MSP lead to changes in solution

protein was removed by centrifugation and washing. Other symbols :
are as follows: A, [0245@]MSP used for reconstitutions: WT, structure that produce proteins that are less compact than

wild-type ArabidopsisMISP used for the control reconstitution; sw, the wild-type species. The data presented in Table 2 suggest
salt-washed spinach PSII preparation. The arrowhead in the figureas well that wild-type MSP is itself larger than would be
indicates the increased electrophoretic mobility of the mutant predicted on the basis of its calculated molecular mass (26.5
protein. kDa). The estimated Stokes radii shown in Table 2 are
typical of globular proteins with molecular masses in the
range 46-45 kDa (wild type and E246@), and 565 kDa
(L245@ and Q244@328, 29). Previous experiments with
MSP have shown that the protein exhibits an anomalously
large size by electrophoresis on polyacrylamide gels under

MSP. We also attempted assembly?o&bidopsidQ245@]- ggggftlijéwg Ei’ néjigmnss@ and by gelfiltration under native
MSP under other conditions without success. These included T
renaturation of the mutant protein by dialysis before mixing DISCUSSION
with urea-washed PSIl and also by combined refolding/  In addition to an essential role for the first 16 amino acids
assembly by dilution into a urea-washed PSII suspension.of MSP in binding to PSII §), the only other structural
Failure of theArabidopsisMSP mutant Q245@ to bind to  feature in the protein that previously has been shown to be
spinach PSII provides additional evidence for an essentialrequired is the intramolecular disulfide bridge between
role of the C-terminal sequence of the spinach protein in residues C28 and C527) (higher plant numbering), the
conferring specificity for photosystem Il. only two Cys residues in all MSP’s examined so far.
We observed a faint band of protein comigrating with MSP Reduction by mercaptoethanol of this disulfide in isolated
which was visible in each washed sample of PSII that had spinach MSP denatured the protein and eliminated its ability

(Figure 4, lane marked WT) migrated with increased
electrophoretic mobility as compared with wild-type spinach
MSP shown in the right lane of the gel in Figure 4. The
Arabidopsistruncation mutation (labeled in the figure)
migrates at a slightly higher rate than does nafivabidopsis
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to rebind to PSII 80). Subsequent reoxidation of reduced type MSP. However, when polarographic assays of such
MSP regenerated the disulfide bridge and restored thesamples are carried out, the results show that only minimal
protein’s binding ability. We have shown that deletion of levels (<20%) of activity are recovered.
the disulfide bridge by eliminating the Cys residues using  The consequences of removing Q244 (spinach) or Q245
site-directed mutagenesis does not interfere with PSII binding (Arabidopsi$ are even more severe. These mutations
or MSP function 21). We have interpreted this result to drastically reduced or eliminated the ability of MSP to
indicate that the-S—S— bridge is necessary to stabilize MSP interact productively with its binding sites on spinach PSII.
structure in solution. We have also completed a character-These deletions are also distinguished from other MSP
ization of the effects on MSP activity of retention of the mutations that we have described here and elsewhere in that
signal peptide and of a mutation placing a Met residue aheadthey appear to partially or fully impair the ability of MSP to
of the Glu at the N-terminus of the protein (Betts et al., recognize all of its binding sites on PSII.
manuscript in preparation). Although these mutations modify =~ The models for MSP secondary structure content proposed
binding efficiency, they do not abolish it. by Xu et al. 83) and by Shutova et al38) hypothesize that
Owing to its inaccessibility to biochemical probing, less MSP contains substantial (337%) amounts of3-sheet,
is known about the C-terminus of MSP than is known about based on the far-UV CD spectrum of the protein. The
the N-terminus of the protein. A domain in the C-terminal C-terminus is predicted to be one of the regions which is
half of MSP, Lys159-Lys186, was protected from biotinyl-  comprised ofs-sheet, so it is possible that the defects created
ation when bound to PSII, and another long sequence ofby deletion of Leu and GIn from the C-terminus are related
amino acids, Lys196Lys236, extending almost to the to disruption of a secondary structural domain that is essential
C-terminus, was not protected from biotinylation by associa- either for MSP binding to PSII or for formation of the MSP
tion with PSII 32). Extension of the C-terminus of spinach tertiary structure in solution that can bind effectively to PSII.
MSP with six His residues weakened, but did not abolish, The data from size-exclusion chromatography experiments
binding of the His-tagged protein to PS9). Other than (Table 2) provide some insights into the nature of the defects
these observations, nothing was known previous to this reportcreated by the C-terminal truncations of L245 and Q244.
about the involvement, if any, of the C-terminal amino acid The increased sizes of these mutant proteins would suggest
sequence of MSP in binding to PSII, and of its possible that some change in protein folding or stability is caused by
function in promoting recovery of ¥ oxidation. the C-terminal truncations, so it is possible that the C-
Results from reconstitution studies reported here, using terminal tri- and tetrapeptides of MSP are required for the
truncation mutants of MSP, indicate that two amino acids at solution structure of MSP that assembles efficiently into PSII.
the C-terminus proper may be deleted from the spinach If this is so, then these amino acid residues may not play a
protein without major effects on the ability of MSP to rebind role in the direct formation of either H-bonds or hydrophobic
to PSII and reconstitute &evolution activity. The results  interactions with amino acid residues associated with the
of these experiments indicate that neither Q247 nor E246 isintrinsic subunits of the PSII reaction center. Rather, these
absolutely essential for the MSP solution structure that is amino acids may be essential for formation of the MSP
capable of rebinding to the proper sites on PSII, nor for the solution structure whose conformation is required for correct
protein’s ability, once bound, to restore efficient electron- docking with the binding sites on intrinsic protein compo-
transfer function to the OEC. The data of Figure 1 do show nents of PSII, and for subsequent changes in MSP conforma-
that removal of E246 weakens MSP binding at low temper- tion that may be necessary for productive assembly of the
ature, but this impairment can be compensated for by additionprotein into PSIl. This suggestion is in accord with the
of an excess of the mutant protein, a finding similar to that intramolecular cross-linking data of Enami et &5), who
obtained with the temperature-sensitive mutant V235A.( found that E246 of MSP forms an EDC-catalyzed cross-
These mutations appear to affect MSP assembly; oncelink to K48 in MSP in solution, whereas in the PSll-bound
assembled, the subunit remains bound under normal storagerotein, E246 cross-links to K190. The authors propose that
and assay conditions. Therefore, we would conclude thatthe shift in cross-linking could indicate that MSP changes
while E246 may be involved in some way in the productive conformation on binding to PSII, a phenomenon that has
folding and assembly of MSP, this residue is not sufficiently been detected by the FTIR isotope editing experiments of
important so as to create a major disruption of MSP function Hutchison et al. 36).
upon its deletion. It is significant that the estimated sizes of two of the
Substantial alterations in MSP activity are observed on C-terminal truncation mutants (L245@ and Q244@ of Table
deletion of the tri- (L-E-Q) and tetrapeptides (Q-L-E-Q) from 2) are very similar to the size estimated for native MSP
spinach MSP, and the corresponding tetrapeptidérabi- dissolved in 2.5-3 M urea @1). This urea concentration is
dopsis(the Q245@ mutation that removes Q-L-E). These optimal for forcing the release of MSP from its PSII binding
deletions either greatly weaken (L245@, Q244@ in spinach) sites. It is therefore somewhat surprising that these truncated
or abolish (Q245@ irArabidopsi$ MSP binding. As can proteins, despite their increased sizes, retain some capacity
be seen from the data in Figure 2, the mutant protein L245@ to rebind to PSIl. On account of the disparity in these
can be shown to exhibit biphasic binding behavior when observations, we have to consider the possibility that the
added to PSII, and these experiments ultimately require thetruncations have induced unfolding of a structural feature
presence of a large excess (ca—2B mol/mol of PSII or domain present in the unassembled wild-type protein that
reaction center) of the mutant protein during the incubation normally resists unfolding in 2:53 M urea. In fact, we are
step with PSIIl. After washing to remove nonspecifically unable to find a precedent for retention of binding function
bound protein, the ratio of bound L245@ MSP to PSIl in any protein subunit whose overall size has changed as
reaction centers is in fact equivalent to that observed for wild- much as we estimate to be the case for L245@§%) and
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Q244@ (-40%). This alteration in size, whatever its nature, 4.
is apparently sufficient to produce a substantial impairment
in the assembly or stable binding of both copies of a truncated
protein to its respective pair of binding sites in PSII. This
is consistent with the results3%, 36) that indicate a
conformational change occurs in MSP during binding to PSII.

The hydrodynamic properties of the MSP mutants we
describe here, when taken together with our earlier results
(21) on analytical gel filtration behaviors of MSP and of
mutant proteins, cannot be reconciled with the behavior that
would be expected of a globular protein whose calculated
molecular mass (from the DNA sequence) is on the order of
26.5 kDa. The present data extend the original characteriza-
tion of MSP’s anomalous behavior, first reported in experi-
ments using SDSpolyacrylamide gel electrophoresi3lj.
Proteins exhibiting abnormally high molecular masses during
electrophoresis, or on gel filtration columns, have been
previously documented, and a survey of the properties of
these proteins, in light of the emerging properties of MSP,
is instructive. Weinreb et al.29) list the properties of a
number of proteins, including microtubule-associated proteins
(MAPSs), proteins that bind to calmodulins, kinase, and
phosphatase inhibitors, and other proteins all of whom exhibit
lower mobilities on SDSpolyacrylamide gels, and elution
volumes on gel filtration chromatography that are inconsis-
tent with their calculated molecular masses. The majority
of these proteins have acidit'g the biological function of
most of them is to participate in protetiprotein interactions,
and, where available, data from circular dichroism spectros-
copy indicate the presence of substantial amounts of random 22.
coil. In addition, at least in the case of certain of these
proteins R9), an extended rather than globular solution
structure is observed. This may explain the behavior of MSP
and the truncation mutants in size-exclusion chromatography
experiments, and the anomalous values obtained for the
Stokes radii of the mutant and wild-type proteins (Table 2).
Manganese stabilizing protein I[p= 5.2 31)] has been
proposed to contain large amounts of random coil, based on
data from circular dichroism experiments that were used by
two groups to deconvolute these results into predictions of
secondary structure conteBB(34). Results of cross-linking
experiments show clearly the existence of a close interaction 2r.
between MSP and other PSII proteins. On the basis of these ,g
observations, at least, it would appear that MSP belongs to
the same family as the other proteins described above. For 29.
these proteins, it is suggested that the unusual gel filtration
behavior that produces anomalously large molecular mass ~°*
estimations arises from the very unusual solution structures 34
of these proteins, which have been proposed to be either
“natively denatured” 37) or, more recently, “natively
unfolded” @9). Such behavior on the part of MSP would
be consistent with the recent demonstration that upon binding 33.
to PSII, the protein undergoes a structural change involving 34
a net gain of secondary structurgs). Experiments are in
progress to further characterize the solution behavior of MSP 35.
to determine in more detail whether it is closely allied with
other proteins that are natively unfolded in solution.
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