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ABSTRACT. Photosystem Il (PSII) is a multisubunit transmembrane protein complex that oxidizes water
and evolves @ A tetranuclear manganese cluster associated with integral membrane subunits of PSII
catalyzes water oxidation. The 33-kDa water-soluble PSII subunit, or manganese-stabilizing protein (MSP),
stabilizes the @evolving manganese cluster and acceleratesvOlution. Spinach PSIl can be depleted

of native MSP under conditions which retain a functional manganese cluster. Reconstition of MSP-
depleted PSII with recombinant MSP was equally efficient at 4 an82 Replacement of Val235 (a
conserved residue near the C-terminus of MSP) with Ala inhibited assembly of MSRCathit not at

22 °C. Once assembled, [V235A]JMSP remained bound to PSIlI everf@tahd in the presence of low
concentrations of urea. Results from far-UV circular dichroism spectrometry indicated that [V235A]-
MSP was destabilized by low temperature to a greater extent than the wild-type protein. However, the
effect of temperature on the secondary structure of both the mutant and wild-type proteins was small
compared to the temperature-independent destabilization of secondary structure induced by the mutation.
These results demonstrate that the V235A mutation introduces an activation energy barrier for assembly
of MSP into PSII, and it is suggested that the mutation acts by inhibiting isomerization of one or more
prolyl peptide bonds required for assembly.

Photosystem Il (PSI) oxidizes HO as a source of The CI-stabilized manganese cluster is kinetically im-
electrons for the photosynthetic electron transfer chain, paired in MSP-depleted PSII. Specific extraction of MSP
evolving @ as a byproduct. Water oxidation is catalyzed from salt-washed PSIl membranes reduced the maximum rate
by a cluster of four manganese atoms that bind to one orof O, evolution to 40-50% (Betts et al., 1994; Miyao &
more subunits in the reaction center of PSIl [see Debus Murata, 1984b). A similar result was obtained wheiQ
(1992)]. The 33-kDa manganese-stabilizing protein (MSP), the gene encoding MSP, was deleted from the genome of
one of three extrinsic subunits of PSII, stabilizes the O Synechocystisp. PCC6803. Photosystem Il in thylakoid
evolving manganese cluster. Effects of MSP extraction on membrane samples obtained fronpsbOdeletion mutant
PSII activity have been characterized using PSIl membraneof Synechocystisvolved Q at 36% of the rate measured
preparations first washed with 1 M NaCl, which releases for wild-type PSII (with DCBQ as the electron acceptor;
the 17- and 23-kDa extrinsic subunits; subsequent exposureBurnap et al., 1992).

of salt-washed PSII membranes to either 1 M Gat2—3 The absence of MSP from PSII also reduces the long-
M urea specifically releases MSP. However, MSP-depleted term stability of PSII activity. The steady-state rate of O
membranes resuspended in low”GQloncentrations {10 evolution decays faster during prolonged illumination in

mM) rapidly lose half of the manganese atoms required for MSp-deficient PSII bothin zizo andin zitro (Betts et al.,

O, evolution (Kuwabara et al., 1985; Miyao & Murata, 1994; Engels et al., 1994; Mayes et al., 1991; Philbrick et
1984a; Ono & Inoue, 1984). In contrast, storage of MSP- 3|, 1991). This inhibitory effect of intense light on sustained
depleted PSII in the presence of high, nonphysiological O, evolution activity likely results from the accumulation
concentrations of Cl (>~100 mM) preserves a functional  of strongly oxidizing electron transfer cofactors in PSII due
manganese cluster (Bricker, 1992; Miyao & Murata, 1984b; to limited rates of electron donation from the kinetically
Ono & Inoue, 1983). impaired manganese cluster (Vass et al., 1992). Reconstitu-
tion of PSII with MSPin vitro suppresses the kinetic lesion
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1 Abbreviations:  Bis-Tris, bis(2-hydroxyethyl)iminotris(hy- ~ assembly of MSP into PSlin vitro (Betts et al., 1994;
droxymethyl)methane; BSA, bovine serum albumin; CD, circular Kuwabara et al., 1985; Miyao & Murata, 1984b; Seidler,
dichroism; Chl, chlorophyll; DCBQ, 2,6-dichlomp-benzoquinone; . i i ;
DTT, dithiothreitol; EDTA, (ethylenedinitrilo)tetraacetic acid disodium ]}994{.’ SEIdIefr f;lg:écrlel’ _Zt1990t). Eﬁortshto re'?(;e tf:fe V(?”tc\),\lljs
salt; MES, 2-N-morpholino)ethanesulfonic acid; MSP, Manganese- 'UnNctions o 0 IS structure have identhie 0
stabilizing protein; OEC, @evolving complex; PAGE, polyacrylamide ~ Structural features, both near the N-terminus, that are required

gel electrophoresis; PCR, polymerase chain reaction; pET, plasmid for for binding of the subunit to PSII: an intramolecular disulfide

expression with T7 RNA polymerase; preM$8bOgene product and ; ;
precursor polypeptide of MSRsbOCDNA clone encoding preMSP; bridge, which forms between Cys28 and Cys51 (Tanaka &

PS, photosystem; SDS, sodium dodecyl sulfate; TM#etramethy- Wada, 1988), and the first 16 amino acids of the polypeptide
lammonium; Tris, tris(hydroxymethyl)aminomethane. (Eaton-Rye & Murata, 1989). Seidler (1994) observed an
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inhibitory effect on MSP assembly when a six-residue His of 50 mM MES (pH 6) containing 10 mM NaCl. Insoluble
tail extended the C-terminus of spinach MSP. By compari- material was removed from the retentate by centrifugation
son, an even longer extension of the N-terminus, which also (4800@, 4 °C, 10 min), and MSP was purified from the
included six contiguous His residues, had no effect on supernatant fraction by FPLC anion-exchange chromatog-
assembly of MSP into PSII. Here we report the character- raphy (:=mL Mono-Q column, Pharmacia). The column
ization of an MSP mutant with a conditional assembly defect was equilibrated with 50 mM MES (pH 6), 10 mM NacCl,
induced by a mutation near the C-terminus. This mutant and 5% betaine. A NaCl gradient was applied to the column,
assembled efficiently into PSII when vitro reconstitution and the major peak contained pure MSP in about 100 mM
experiments were carried out at 22; however, assembly  NaCl. The concentration of MSP used in reconstitution
was inhibited at 4°C. The mutation was identified as a experiments was determined by the Lowry assay (Lowry et
single amino acid substitution of Ala for a conserved Val al., 1951). Sucrose (0.4 M) was added and samples were
near the carboxy terminus of the protein. The effect of this stored at—70 °C.

mutation was examined with respect to MSP folding, Purification of PSII MembranesPhotosystem Il mem-

assembly, and function. branes were isolated from thylakoids by detergent extraction
according to the method of Berthold et al. (1981) with three
EXPERIMENTAL PROCEDURES modifications (Ghanotakis & Babcock, 1983; Ghanotakis et

al., 1984a,b). The three extrinsic proteins were extracted
from PSIl membranes as described in Betts et al. (1994).
The 17- and 23-kDa extrinsic subunits were released from
ePSII membranes by incubation in 2 M NaCl, and native MSP

was extracted from salt-washed PSII membranes by incuba-
tion in 2.6 M urea/200 mM NacCl.

Cloning of Spinach psbOSpinachpsbOwas amplified
by PCR from a spinach cDNA library (gift of W. Gruissem
and J. Norita) using synthetic primers whose sequences wer
based on the nucleotide sequencepsbO (Tyagi et al.,
1987). AnNcd restriction cloning site was introduced at

the position of the translation initiation codon, &coR1 N .
b Reconstitution of PSII and Measurement efEdolution.

restriction cloning site was introduced immediately upstream : . .
of theNcd site, and a seconHcaR1 site was introduced in Urea-washed PSIl membranes were incubated with either
wild-type or [V235A]MSP for 30 min at 4£°C and then

the 3 noncoding sequence. No changes were made to the = -
coding sequence. transferred to 22C for an additional 1 h. Reconstitution

. . medium included 50 mM MES-NaOH (pH 6), 0.4 M sucrose,
The PCR product was cloned mto the TA cloning vector, 20 mM CaC}, 60 mM NaCl, 10Qug BSA/ML, 2% betaine
pCRII (Invitrogen), and the resulting construct was used to

transformEscherichia coliXL1. Transformants were screened (w/v), and MSP. Photosystem Il membranes were present

: . at 0.2 mg of Chl/mL (1uM PSII reaction center complexes
by dl_deoxy DNA sequencing (_Sa.n_ger etal, 1977). Aclone based on 250 Chl/PSII). Reconstitution mixtures at 4 or 22
of wild-type psbOwas identified; its DNA sequence was

) . ; °C were diluted 20-fold (final Chl concentration was A¢Y
\entical 10 .;h:‘gr;%tegsbgbgi%' Stoh (1981). A second i) into 0.4 M sucrose, 50 mM MES-TMAOH (pH 6), 60
most likel plcaused b V;PCR erlror yI'Vrl1e muaaltion cl:)nvlerted mM TMACI, and 20 mM CaCf (SMTC) equilibrated to

y y ) room temperature. The assay buffer (SMTC) was supple-

chon 235 frpm GTG to GCG, encoding Ala instead of the mented with 10Q:g of BSA/mL and the electron acceptor,
wild-type residue Val. DCBQ

The two cDNA clones were subcloned into tNed and Oxygen evolution was measured polarographically using
EcaRlI sites of the expression vector, PET8c (Studier et al., 4 Clark-type @ electrode (YSI-4004) at 25C. The rate of
1990). The resulting pET(psbO) constructs were used 10 gaady-state Pevolution was measured 30 s after the
transform theE. coli expression strain BL21(DE3)pLysS.  gtart of saturating illumination in the presence of 304
Conditions for bacterial growth, induction pEbOexpres- DCBQ. The stability of @ evolution activity (“Q; yield”)
sion, and cell storage were the same as described previouslyyas measured as the totab @roduced during 4 min of
(Betts etal.,, 1996). ThesbOgene encodes preMSP, which  :ontinyous illumination (80% of saturation) in the presence
when expressed under these conditions is processed efys gog «M DCBQ.
ficiently _and correctly byE. coli, yielding the mature Analysis of Reconstituted PSIl Membranes by SPSGE
polypeptide (Betts et al., 1994). _ . and Densitometry PSlI-bound MSP was quantified by laser

Purification and Folding of MSP.Inclusion bodies were  densitometry of Coomassie-stained polyacrylamide gels. PSII
purified from cell lysates and dissolved in urea as described membranes were sedimented to remove unbound MSP
previously (Betts et al., 1994). MSP was purified from the (1200@y, 4 °C, 10 min) and washed once in assay buffer.
supernatant fraction of the solubilized inclusion bodies by Samples were analyzed by SBBAGE (10% acrylamide/
FPLC anion-exchange chromatography. The column (6-mL 4.7 M urea) according to the method of Piccioni et al. (1982)
Resource Q, Pharmacia) was equilibrated with 20 mM Bis- using the Neville buffer system. Coomassie-stained gels
tris (pH 6.4), 3 M urea, 5% betaine, and 10 mM NaCl (buffer were scanned using a laser densitometer (LKB 2222-010
A). A NaCl gradient was applied to the column, and eluted UltroScan XL). Absorbance of the laser beam at 663 nm
MSP (in~100 mM NaCl) was diluted with buffer Ato 1 was recorded, and the amount of MSP in PSII samples was
mg/mL. The concentration of MSP was estimated from the quantified by digital integration of densitogram peaks.
absorbance at 276 nm using an extinction coefficient of 16 \ithin the range of MSP concentrations analyzed, the

mM~ (Xu & Bricker, 1992). relationship between staining intensity and protein concentra-
Urea was removed from MSP preparations by dialysis. tion was linear (data not shown).
The first two dialysis steps (23 h each, £C) were against Circular Dichroism SpectrometryMSP was prepared for

15 volumes of 100 mM Tris (pH 8) containing 100 mM  CD spectroscopy by gel filtration chromatography (Superose-
NaCl. The final dialysis step (2C) was against 20 volumes 12, HR 10/30 column, Pharmacia) in 10 mM K®O,—
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Ficure 1: Assembly of wild-type MSP and [V235A]MSP at 4 and
22°C. (A) SDS-PAGE analysis of urea-washed PSII reconstituted
at 22 °C with wild-type MSP (top) and [V235A]MSP (bottom).
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FiIGURE 2: Analysis of the rate of steady-state &volution. (A)
Urea-washed PSH+ wild-type MSP. (B) Urea-washed PSit
[V235A]MSP. Samples were assayed following consecutive re-
constitution incubations at 4 (solid symbols) and 22 (open
symbols). Ay-value of zero corresponds to the residual activity of
urea-washed PSIl samples (see Table 1), agevalue of 100%
corresponds to the activity of control salt-washed samples. Each
symbol represents the average ef3texperiments.

by about 25% (Figure 1B). This apparent net gain of MSP
following extraction and reconstitution can be attributed in
part to the salt-wash treatment used to prepare control PSlI
membranes; this treatment extracts some MSP as well as all
of the 17- and 23-kDa proteins (data not shown). As a result,
a small fraction of MSP binding sites may be vacant in the
control (salt-washed) PSII preparations. By comparison to
the binding curve for wild-type MSP, urea-washed PSII

Numbers above lanes indicate moles of MSP added per mole ofbound about one-third less [V235A]MSP (Figure 1B;

PSiII; sw, salt-washed (control) PSII. (B) Densitometric analysis
of MSP in polyacrylamide gels (examples are shown in panel A).
The amount of MSP bound to reconstituted PSII is plotted as the
percentage of native MSP retained by salt-washed RS100%).
Triangles, wild-type MSP assembled at 4 and@2solid squares,
[V235A]JMSP assembled at 4C; open squares, [V235A]MSP
assembled at 2ZC. Each symbol represents the average value from
2—4 replicate experiments. Error bars +1 standard deviation.

NaOH (pH 6) at 22°C. Spectra were obtained using an
AVIV 62 DS CD spectrometer. The concentration of MSP
following gel filtration was determined using an extinction
coefficient of 16 mM?® (Xu & Bricker, 1992). The cell path
length for CD measurements was 1 mm with a 300
sample volume. The concentration of MSP wag(l) Data
were collected every 1 nm with a bandwidth of 1.5 nm and
a 5 s time constant.

RESULTS

V235A Causes a Cold-Sens#tiAssembly DefectBinding
curves for wild-type MSP and [V235A]MSP were obtained
following reconstitution of urea-washed PSII at 4 and 22
°C. Both proteins assembled efficiently into PSII at°Z2
saturation was observed in samples with3mol of MSP
added per mol of PSII (Figure 1A,B). When reconstitutions
were carried out on ice (4C), assembly of wild-type MSP
proceeded efficiently, but assembly of the mutant protein
was strongly inhibited (Figure 1B). Saturation of MSP
binding sites with the mutant protein at°€ required the
addition of 20-30 mol of the protein per mol of PSII (data
not shown).

The amount of bound wild-type MSP exceeded the amount

estimate derived from scanning of Coomassie-stained gels).
This difference may indicate that the mutant protein does
not bind stably to a subpopulation of MSP binding sites.
Alternatively, the difference may simply result from non-
stoichiometric staining of the wild-type and mutant proteins
by Coomassie blue.

The mutant and wild-type proteins were equally effective
at restoring the steady-state rate of €volution following
reconstitution of urea-washed PSIl at 22 (Figure 2). The
apparent increase in the maximum activity restored by wild-
type MSP after raising the reconstitution temperature to 22
°C (Figure 2A) was primarily due to the lower activity
baseline. The activity baseling € 0) in Figures 2 and 3
represents the residual activity of urea-washed PSII, which
was more susceptible to inactivation during®2incubation
(in the dark) as compared to salt-washed or reconstituted
PSII (Table 1).

After reconstitution at 22°C, the mutant protein was
slightly less effective than the wild-type protein when PSII
activity was measured as the total @oduced during 4 min
of illumination (G, yield assay; Figure 3). Following
reconstitution at £C, the mutant protein was apparently
more effective at stabilizing Devolution activity (Figure
3B) than it was at accelerating.@volution (Figure 2B).
This effect may result in part from additional binding of
[V235A]MSP to PSII after dilution from £C into assay
buffer at 25°C. The increased duration of the @eld assay
may allow sufficient time for [V235A]MSP to assemble and
thus stabilize activity before prolonged exposure to the light
causes inactivation.

Functional analyses of PSII reconstituted with the wild-

of native MSP present in samples of control salt-washed PSlltype and mutant proteins are thus consistent with the binding
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Table 1: Q Evolution Activity Following Reconstitution at 4 and 2Z

rate 0O, yield®

PSilI added 4°C 22°C 4°C 22°C
salt-washed none 100% (39755) 100% (379 51) 100% (60t 9) 100% (53 6)
urea-washed none 47% 38% 30% 23%
urea-washed wild-type 7% 83% 7% 81%
salt-washed none 100% (42426) 100% (409t 42) 100% (58t 8) 100% (62+ 11)
urea-washed none 42% 38% 26% 21%
urea-washed V235A 82% 72%

2 Reconstituted with 5 mol of MSP per mol of PStlumol of O,:(mg of ChiY)-h~2. ¢ umol of O, evolved per mg of Chl during a 4 min assay.
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FiIGure 3: Analysis of the stability of @evolution activity. (A) .
PSIl+ wild-type MSP. (B) PSIH [V235A]MSP. Treatments and -8 1
symbols were the same as in Figure 2. Activity was assayed as the ) 1 1 1 PR 1
total O, evolved during 4 min of continuous illumination {@ield). 190 200 210 220 =230 240 =250
A y-value of zero corresponds to the residual activity of urea-washed WAVELENGTH (nm)

PSII samples (see Table 1), ang-galue of 100% corresponds to
the activity of control salt-washed samples. Each symbol represents
the average of 24 experiments.

FIGURE 4: Structural comparison of wild-type and [V235A]MSP
by far-UV CD. Each spectrum represents the average of 10 spectra
scanned consecutively at constant temperature. Triangles, wild-type

results. Under all conditions tested the activity curves shown MSP; squares, [V235A]MSP. Solid symbols;@; open symbols,
in Figures 2 and 3 closely paralleled their corresponding 25°C.
binding curves in Figure 1. We conclude that [V235A]MSP
binds to PSII in a functional conformation at both the low corresponding CD spectra obtained at°®5 At the lower
and the high temperatures. temperature, the ellipticity of both wild-type and mutant
V235A Destabilizes Monomeric MSRhe V235A muta- proteins was less negative at wavelengths above 210 nm and
tion affected the structure of MSP under a wide range of more negative at lower wavelengths (Figure 4). These
conditions. The mutation caused a reduction in the electro- changes in the CD spectra at low temperature indicate
phoretic mobility of MSP in polyacrylamide gels containing increased content of random coil, consistent with the well-
4.7 M urea (Figure 1A). However, the mutant and wild- documented phenomenon of cold denaturation of proteins
type proteins comigrated when the polyacrylamide gel (Privalov, 1990). The effect of low temperature on the CD
included 8 M urea (data not shown). Comigration of the gpectra was much more pronounced for [V235A]MSP than
two proteins under strongly denaturing conditions supports for wild-type MSP, consistent with the presence of a
the interpretation_ that the difference in mobility observed in destabilizing mutation. However, the effect of temperature
4.7 M urea gels is due to the presence of residual structurey, the CD spectrum of the mutant protein was small relative

in the wild-type protein. The greater compaciness of the 1, he temperature-independent effect of the amino acid
wild-type protein under these conditions would explain its replacement.

faster migration through polyacrylamide gels. i ,

The CD spectra of the wild-type and mutant proteins were _[V235AIMSP Remains Tightly Bound to PSII &t@. The
compared to determine possible temperature-dependent eféffect of the V235A mutation on the binding interaction
fects of the V235A substitution on the secondary structure Petween MSP and PSIl was examined by analyzing the
content of MSP. The CD spectra obtained af@5ndicate amount of MSP _release(_j from reconstituted RSII at various
that [V235A]MSP was partially denatured (Figure 4). The urea concentrations (Figure 5). The mutation caused a
ellipticity of the mutant protein was more negative than that displacement of the subunit dissociation curve toward lower
of the wild-type protein at wavelengths below about 225 nm. urea concentrations; consequently, 50% of the mutant protein
Also, the mutation caused a decrease in the intensity of thewas extracted in 1.2 M urea, while :8.7 M urea was
positive CD band with a peak at about 197 nm. By compar- required to extract the same amount of wild-type MSP. This
ison to reference CD spectra (Johnson, 1990), these differ-result demonstrates that the mutation destabilized the binding
ences most likely reflect an increased content of random coil. conformation of MSP, at least on ice. Significantly, how-

The CD spectra of both wild-type and mutant proteins ever, [V235A]MSP remained bound to PSIl at°C, a
obtained at 4°C differed in the same respects from their temperature which strongly inhibited its assembly.
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Table 2: Structural Context of Val285
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@ 25 0 aAll sequences are shown through the C-terminus. The boxed
o i sequence indicates predict@esheet (Xu & Bricker, 1994). A dash
g N (—) indicates an identical amino acid, and an asterisk (*) indicates a
L gap in the sequenceéTyagi et al. (1987)¢ van Spanje et al. (1991).
0 dWales et al. (1989% Ko et al. (1990) and Betts et al. (1994).
S SO S SR VU S RS S ! fMeadows et al. (1991).Gdrlach et al. (1993)? Mayfield et al. (1989).

2 i Shigemori et al. (1994).Philbrick and Zilinskas (1988} Borthakur

1
UREA (M) and Haselkorn (1989) Kuwabara et al. (1987).

FIGURE 5: Urea dissociation of wild-type MSP and [V235A]MSP
from PSII. Reconstituted PSII membranes were incubated®&t 4
for 1 h (0.5 mg of Chl/mL, 200 mM NacCl) in different urea
concentrations. The amount of MSP released from PSIlI was
determined by densitometry following SB®AGE analysis of
supernatant fractions. Triangles, wild-type MSP; squares, [V235A]-
MSP. Each symbol represents the average of two experiments.

Results from gel electrophoresis may also be explained by
an effect of the mutation on Pro isomerization. Although
[V235A]MSP migrated more slowly through polyacrylamide
gels containing 4.7 M urea, it comigrated with wild-type
MSP in gels containing 8 M urea. The presence of two or
more discrete gel bands of MSP that resolve into a single
band in strongly denaturing gels would be predicted, for
example, if a sample of wild-type MSP consisted of a mixture
of molecules, some containing all correct Pro isomers (MSP
a cold-sensitive defect in assembly of MSP into PSII. The has 14 Pro) and some containing one or more incorrect Pro
presence of this mutation inhibited, but did not block, isomers (Creighton, 1986; Creighton & Pain, 1980). Con-
assembly at low temperature. Results from CD spectroscopySistent with this prediction, we have observed accumulation
indicate that the effect of temperature on the structures of of @ nonnative form of wild-type MSP which comigrates with
wild-type and [V235A]MSP was relatively small compared [V235A]MSP (data not shown). This slow-migrating form
to the temperature-independent destabilization caused by th@f MSP has not been detected in samples purified from
amino acid replacement. However, the effect of temperature SPinach or in inclusion bodies purified fro coli; rather,
on the solution structure of MSP, though small, was still it only accumulates during renaturation of MSP purified from
significant. This result is therefore consistent with the inclusion bodies. The slow-migrating form of wild-type
possibility that Ala235 causes a cold-sensitive folding or MSP may represent a stable, misfolded conformation of the
stability defect in MSP. protein which accumulates oniy vitro. The native and
Once bound, the mutant subunit remained tightly associ- honnative gel bands of wild-type MSP resolved into a single
ated to PSII at the same low temperature which inhibited its Pand when gels contained 8 M urea (data not shown), as
assembly. The simplest interpretation of this result is that €xpected if one or more incorrect Pro isomers are responsible
Ala235 destabilizesat both 4 and 22C—a structural feature ~ for the low-mobility band.
in MSP which normally facilitates assembly at low temper- ~ The V235A mutation could act by inhibiting isomerization
ature. This structural feature is apparently dispensible both of an essential prolyl peptide bond in MSP, either as a direct
for assembly at 22C and for stable binding to PSIl at 4 or as an indirect consequence of the structural destabilization
and 22°C. A comparison of the structural context of Val235 induced by the mutation. If a particular Pro isomer is
in all available MSP sequences is shown in Table 2. The required for assembly and/or binding, then assembly should
boxed amino acids in the spinach sequence were predictede inhibited at low temperature, as demonstrated here for
as af-sheet in the structural model proposed by Xu et al. [V235A]MSP. Increased temperature would accelerate
(1994). Substitution of Val235 by Ala may destabilize this isomerization, and the correct Pro isomer would be trapped
B-sheet relatively independent of temperature; the resulting upon assembly. Such a temperature-dependent increase in
loss of secondary structure content would be consistent withthe fraction of MSP molecules containing the correct Pro

DISCUSSION

The V235A Mutation Raises the Aetiion Energy Barrier
for MSP AssemblySubstitution of Val235 with Ala induced

the CD data.
Possible Mechanism of the Cold-Sengiti Assembly

isomer required for assembly and/or binding would not
necessarily affect the CD spectrum, consistent with our

Defect. The results presented here support the hypothesisresults.

that the V235A mutation acts by inhibiting isomerization of
one or more essential prolyl peptide bonds in MR zitro

Comparison to Mutations That Cause Temperature-
Sensitie Folding and Assembly Defects in Other Proteins.

studies have shown that nonenzymatic isomerization of A defect similar to that caused by [V235A]MSP was
peptide bonds preceding Pro residues is slowed considerablyobserved in studies on ab. coli mutant exhibiting cold-
at low temperature; for example, the half-time of Pro sensitive assembly of ribosomal subunit L3 (Lhoest &

isomerization at ®C is about 20 min (Creighton, 1986).

Colson, 1981). The defect was traced to the failure to
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methylate a specific GIn residue in the affected ribosomal Ghanotakis, D. F., & Babcock, G. T. (198BEBS Lett. 153231~
protein. The unmethylated protein assembled into ribosomes _ 234-

at the nonrestrictive temperature, and ribosomes containingGhE‘;J‘iggﬁji‘rlﬂs'Bi[c))'IO r']:ys ?&3‘320%'553_13—58& Yocum, C. F. (1984a)

the L_mmodified subunit displayed normal stability and Ghanotakis, D. F., Babcock, G. T., & Yocum, C. F. (1988EBS
function. Lett. 167 127-130.

Additional evidence for the sensitivity of folding and/or  Gerlach, J., Schmid, J., & Amrhein, N. (199B)ant Cell Physiol.
assembly processes to small changes in side-chain bulk 34, 497-501.
comes from the genetic analysis of folding of the P22 Johnson, W.C., Jr. (199¥oteins: Struct., Funct., Genet, 205~
tailspike protein. King and co_—\{vorkers_(1987) have |Qent|f|ed King, J.. Haase, C.. & Yu, M. (1987) ifProtein Engineering
numerous temperature-sensitive foldllng (tsf) mutations that (Oxender, D.. & Fox, D. F., Eds.) pp 16421, Alan R. Liss,
block folding and assembly of the trimeric tailspike at the  |nc., New York.
restrictive (high) temperature. Two intragenic mutations Ko, K., Granell, A., Bennett, J., & Cashmore, A. R. (1990ant
were isolated as suppressors of numerous such tsf mutations Mol. Biol. 14, 217-227.
and were subsequently identified as a substitution of Val for Kuwabara, T., Miyao, M., Murata, T., & Murata, N. (1985)
Ala at one site and a substitution of Ala for Val at the other , Biochim. Biophys. Acta 80&83-289.

site (Fane et al., 1991). The tsf mutations destabilize the Kuxv(?;déras,cgl.'.bl-?se. iqyég'zg&%%ze.rman' L. A (198pe. Nal.

partially folded, unassembled tailspike subunit, and the _noest, J., & Colson, C. (198Bur. J. Biochem. 12133-37..
second-site suppressor mutations apparently act by restoring.owry, O. H., Rosebough, N. J., Farr, A., & Randall, R. L. (1951)
stability to the monomer (Beissinger et al., 1995; Mitraki &  J. Biol. Chem. 193265-275.

King, 1992). By comparison to [V235A]MSP, the presence Mayes, S. R., Cook, K. M., Self, S. J., Zhang, Z., & Barber, J.
of Val at residue 235 in wild-type MSP stabilizes a | (1991)Biochim. Biophys. Acta 1060~12.

. . ) Mayfield, S. P., Schirmer-Rahire, M., Frank, G., Zuber, H., &
conformation that is apparently not required for assembly " gochaix. J.-D. (1989Plant Mol. Biol. 12 683-693.

but rather facilitates the process under conditions (in this Meadows, J. W., Huilford, A., Raines, C. A., & Robinson, C. (1991)
case, low temperature) that destabilize the structure of MSP  Plant Mol. Biol. 16 1085-1087.
in solution. Mitraki, A., & King, J. (1992)FEBS Lett. 30720—25.

The structural context of the tsf suppressor mutations in Miyao, M., & Murata, N. (1984a)Biochim. Biophys. Acta 765,
the tailspike protein is similar to that predicted for Val235 253-257.

. ..~ Miyao, M., & Murata, N. (1984bFEBS Lett. 170350—-354.
in MSP. The secondary structure of MSP and the tailspike Miyao, M., Murata, N., Lavorel, J., Maison-Peteri, B., Boussac,

protein consist predominantly gfsheet (Steinbacher et al., A., & Etienne, A.-L. (1987)Biochim. Biophys. Acta 89051—
1994; Xu et al., 1994). The sites of the suppressor mutations 159.

in the tailspike protein are located, in one case, between twoOno, T.-A,, & Inoue, Y. (1983FEBS Lett. 164255-259.
B-sheets, and, in the other case, withjf-aheet. As shown  Ono, T-A,, & Inoue, Y. (1984FEBS Lett. 168281-286.

in Table 2, Val235 is predicted as the first amino acid in a ©no; T--A., & Inoue, Y. (1986Biochim. Biophys. Acta 85380~
f-sheet. The common feature in these diverse systems isppiicy 3 B, & zilinskas, B. A. (1988)Mol. Gen. Genet, 212
the temperature-sensitive effect on assembly caused by the 418425,

addition or elimination of one or two methyl groups from  Pphilbrick, J. B., Diner, B. A., & Zilinskas, B. A. (1991). Biol.
the side chains of specific amino acids. Such subtle changes Chem. 26613370-13376.

in side-chain bulk apparently destabilize structures in unas- Piccioni, R., Bellemare, G., & Chua, N.-H. (1982) ktethods in

sembled subunits that are required for efficient assembly, g%%fg l?\ft_,_':Aollz_edcsul)angggg%ffeéT;aeC;eVéi;ﬁggi’amggs

but not for stable binding, under extreme conditions. Amsterdam.
Privalov, P. L. (1990)Crit. Rev. Biochem. Mol. Biol. 25281—
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