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ABSTRACT: Photosystem II catalyzes the light-driven oxidation of water and reduction of plastoquinone
in oxygenic photosynthesis. The manganese stabilizing protein (MSP) of photosystem II is an extrinsic
subunit that plays an important role in catalytic activity. This subunit can be extracted and re-bound to
the photosystem II reaction center. Extraction is associated with decreased stability of manganese binding
by the enzyme and by loss in high rates of oxygen evolution activity; reconstitution reverses these
phenomena. Since little is known about the assembly of complex membrane proteins, we have employed
isotope editing and vibrational spectroscopy to obtain information about any changes in secondary structure
that occur in MSP upon functional reconstitution to photosystem II. The spectroscopic data obtained are
consistent with substantial changes in conformation when MSP binds to photosystem II; approximately
30-40% of the peptide backbone undergoes a change in secondary structure. These conclusions were
reached by comparing different aliquots, before and after binding, of the same13[C]MSP sample. Analysis
of amide I band line shapes through Fourier deconvolution and nonlinear regression suggests that binding
of MSP to photosystem II is associated with a decrease in random structure and an increase inâ-sheet
content. We conclude that binding of MSP to the reaction center can induce folding of MSP. Our results
also indicate that, in solution, MSP can sample a variety of conformational states, which differ in hydrogen
bonding of the peptide backbone.

Oxygenic photosynthesis employs two reaction centers for
the light-driven transfer of electrons from water to NADP+

and generates the electrochemical gradient that can be used
in the synthesis of ATP. Photosystem II (PSII)1 is the multi-
subunit protein complex that uses light energy to oxidize
water and form molecular oxygen with a concomitant
reduction of plastoquinone to plastoquinol. The active site
of water oxidation in PSII contains four manganese atoms
and accumulates the four oxidizing equivalents that are
necessary to produce molecular oxygen. These sequentially
oxidized forms of the catalytic site are called the S states.
The minimum size of an oxygen-evolving PSII reaction
center is at least eight protein subunits (reviewed in refs1
and2).

Photosystem II contains several extrinsic subunits that play
important roles in stabilizing the active site. One of these,
the nuclear-encoded manganese stabilizing protein (MSP),
has a molecular mass of approximately 26 kDa (3) and is
synthesized with a transit sequence that targets the protein
to the thylakoid lumen (reviewed in ref4). Immunological
techniques have shown that there are two copies of the MSP
subunit per PSII reaction center (5); the dissociation constant
has been measured to be<1 to 12 nM (6, 7). MSP has
been deleted by genetic methods in cyanobacteria and in
green algae. In cyanobacteria, strains in which the MSP has
been deleted can grow photoautotrophically, but they evolve
oxygen at lower rates and are more sensitive to photoinhi-
bition (8-12). In green algae, on the other hand, a strain in
which MSP has been deleted cannot grow photoautotrophi-
cally (13).

MSP can be removed from the plant PSII reaction center
by treatment of samples with high concentrations of Tris,
CaCl2, or with urea plus NaCl (2.6 M/200 mM) (14-17).
Once released from the reaction center, MSP behaves as a
water-soluble, hydrophilic protein and can be re-bound to
the PSII reaction center (18). After removal of MSP by urea
or CaCl2 treatments, the steady-state rate of oxygen evolution
is slower (19), and PSII is more susceptible to photodamage,
showing instability in oxygen evolution under prolonged
illumination (20). At low chloride concentrations, two of
the four manganese atoms are easily lost from the reaction
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center in the absence of MSP; this loss results in inactivation
of the enzyme (17, 21). Perturbations in the oxidation
potentials of the S states are also observed upon removal of
MSP (22-24, 12). Previous work has shown that the
precursor form of MSP can be expressed inEscherichia coli,
where it is correctly processed and exported into the
periplasmic space. The overexpressed protein has been
purified and re-bound to PSII (25, 20). Bacterially expressed
recombinant MSP is functionally indistinguishable from
protein extracted from PSII; that is, after reconstitution,
oxygen evolution rates are increased, and the enzyme is
stable under illumination (20, 25). Recombinant MSP binds
to PSII with the same stoichiometry as the native protein
(20, 25).
We have used isotope editing to obtain more information

about the role of MSP in PSII. This technique provides an
opportunity to follow conformational changes in MSP, even
on the unlabeled background of the PSII reaction center,
through the use of spectroscopic techniques that are sensitive
to isotopic composition. To implement this technique, an
E. coli strain expressing MSP was grown on minimal media.
Cultures were provided either [12C]glucose or [13C]glucose.
As expected, use of [13C]glucose as a carbon source resulted
in uniform 13C labeling of the expressed protein (26, 27).
This uniformly13C labeled MSP or the12C control MSP was
then re-bound to plant PSII membranes (28) that had been
depleted of the native protein, but not of manganese (20).
To ensure that all bound [12C]- or [13C]MSP was specifically
associated with a high affinity binding site, PSII membranes
were then treated with detergent, and ion-exchange chro-
matography was performed. This procedure yields PSII
complexes that have been depleted of nonessential antenna
proteins (29).
Fourier-transform infrared spectroscopy (FT-IR) has proven

to be a useful technique with which to analyze the structure
of proteins and to follow structural changes in proteins
(reviewed in refs30and31). This technique is sensitive to
isotopic composition. Uniform13C labeling of proteins
results in an overall downshift of the amide I bands by
approximately 45-55 cm-1, allowing the13C-labeled sub-
units to be distinguished from other, unlabeled proteins (26,
27). The amide I vibration arises primarily from the CdO
vibration of the peptide backbone, and the frequency of this
band is sensitive to changes in hydrogen bonding and in
transition dipole coupling (32). The frequency and line shape
of the amide I band have been used to predict secondary
structure; several different methods of analysis have been
employed (for example, see refs33-39). The advantages
and disadvantages of these methods have been reviewed (30,
31).
While FT-IR and amide I band analysis have been applied

to MSP in solution, the reported spectra of MSP are quite
different from each other (40-43). Our own FT-IR studies
of MSP in solution (presented herein) have led us to develop
the hypothesis that MSP has an undefined structure in
solution and that substantial changes in secondary structure
must accompany the rebinding of this subunit to PSII. In
this communication, we present evidence from FT-IR
spectroscopy that reconstitutively active forms of MSP
possess different solution structures. We also show that the
structure of MSP can be substantially altered upon functional
reconstitution to PSII.

MATERIALS AND METHODS

Purification of MSP. E. colicontaining thepsbO expres-
sion plasmid (20) was grown on M9 minimal media
supplemented with 1 mM CaCl2 and 0.2 mM MgSO4,
according to a method previously described (26, 27). The
host strain was BL21(DE3)pLysS(F- ompT rB - mB-). The
psbO gene employed has been engineered to replace the
amino-terminal transit sequence with a methionine residue.
This mutation (Met-MSP) induces modified binding of MSP
to PSII, but only at low temperature; binding and activity at
room temperature are similar to those obtained with wild-
type protein (75). The advantage of the use of Met-MSP is
that expression of high yields of isotopically labeled protein
does not depend on processing. The glucose concentration
was 2 g/L, and either [12C]glucose or [13C]glucose (99%13C6,
Isotec, Miamisburg, OH) was employed. This procedure
yielded [12C]MSP or [13C]MSP, respectively. To grow
cultures on minimal media, 20 mL of an overnight culture
(in minimal media) was introduced into 1 L of minimal
media and grown until the OD600 was 0.4 (approximately 4
h). The culture was then induced with 40µM IPTG and
was grown for an additional 4 h. Purification of the MSP
was carried out using two rounds of ion-exchange chroma-
tography as described (44, 45), but with the following
changes: betaine was omitted from solutions for column
chromatography, and the first column was a low-pressure,
25-mL Fast-flow Q column (Pharmacia, Uppsala, Sweden).

Purification of MSP from spinach PSII membranes (28)
was performed as described (46). PSII membranes were
treated for 30 min with a buffer containing 2 M NaCl, 50
mM MES-NaOH (pH 6.0), and 0.4 M sucrose to remove
the 18- and 24-kDa proteins (20, 47). After centrifugation
at 48000g for 30 min, the pellet was resuspended in 50 mM
MES-NaOH (pH 6.0) and 0.4 M sucrose. The solution also
contained a final concentration of either 2.6 M urea/200 mM
NaCl or 1 M CaCl2. This treatment released MSP from the
18- and 24-kDa-depleted PSII membranes, which were
pelleted again. The supernatant, which contained MSP, was
dialyzed and then loaded onto a DEAE anion-exchange
column for purification (46). Purified MSP was exchanged
into a D2O buffer containing 5 mM MES-NaOD (p2D 6.0)
by concentration using a Centricon-10 (Amicon, Beverly,
MA). The pD is reported as the uncorrected meter reading
(48).

Amino-terminal sequencing confirmed both the presence
of a N-terminal methionine on theE. coli expressed protein
and the presence of the correct amino-terminal sequence in
spinach (urea-released) MSP (3). Estimates from amino acid
sequencing and composition analysis indicated that the
purities of theE. coliderived and the urea-released spinach-
derived proteins were greater than approximately 90%.

Isotope incorporation into MSP isolated from bacteria
grown on [13C]glucose was tested using gas chromatography/
mass spectrometry on seven differenttert-butyldimethylsilyl-
derivatized amino acids from an acid-hydrolyzed MSP
sample (49). This analysis demonstrated that greater than
95% of the carbon atoms in the MSP sample were13C. A
Kratos MS-25 GC/MS equipped with a 15 m× 0.25 mm
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0.25 mM film DB-1 column was employed (J&W Scientific,
Folsom, CA).
Rebinding of MSP. Spinach PSII membranes (28) were

treated with a buffer containing 2 M NaCl, 50 mM MES-
NaOH (pH 6.0) and 0.4 M sucrose for 30 min to remove
the 18- and 24-kDa proteins (47, 20). After centrifugation
at 48000g for 30 min, the pellet was resuspended in a buffer
containing 200 mM NaCl, 50 mM MES-NaOH (pH 6.0),
and 0.4 M sucrose. Urea was added from a concentrated
stock to give a final concentration of 2.6 M. This treatment
has been shown to remove MSP while preserving the Mn-
containing catalytic site (17). This solution was incubated
in the dark for 30 min, and the sample was centrifuged at
48000g for 15 min. The pellet was homogenized with 12
mL of a buffer containing 0.4 M sucrose, 50 mM MES-
NaOH (pH 6.0), and 60 mM NaCl and pelleted at 48000g
for 15 min. The urea-washed PSII membranes were then
resuspended to approximately 2 mg of Chl/mL, and the
chlorophyll concentration was determined (50).
[12C]- or [13C]MSP was re-bound to the urea-washed PSII

membranes (0.2 mg/mL Chl, 0.8µM PSII reaction centers)
in a buffer containing 60 mM NaCl, 50 mM MES-NaOH
(pH 6.0), 0.4 M sucrose, 20 mM CaCl2, 3.5µM MSP, and
333 µg/mL BSA. The reaction mixture was incubated on
ice for 30 min and then incubated at 20°C for 1 h. Oxygen
evolution assays were performed as described (51) on a
Clark-type O2 electrode (YSI 5300, YSI Inc., Yellow Springs,
OH) using 10µg/mL Chl, 400µM recrystallized DCBQ,
and 1 mM potassium ferricyanide. The concentration of
MSP in solution was determined using the ultraviolet
extinction coefficient previously reported, 16 mM-1 cm-1

(46, 52).
After reconstitution of MSP into PSII membranes, PSII

complexes were purified from this material through the use
of ion-exchange chromatography (29). PSII complexes were
exchanged into a D2O buffer containing 5 mMMES-NaOD
(pD 6.0) and 0.05%N-dodecyl â-D-maltoside (Anatrace,
Maumee, OH) through the use of a Centricon-100 (Amicon,
Beverly, MA). Samples were analyzed using a modified
Neville SDS-PAGE method described previously (53).
Western analysis was performed with anti-MSP rabbit
antibody, a protein A-alkaline phosphatase conjugate, and
methods previously described (54).
FT-IR Analysis. Infrared spectra were recorded on a

Nicolet Magna II-550 FT-IR spectrometer equipped with a
liquid nitrogen-cooled MCT/A detector and a KBr beam
splitter. The mirror velocity was 2.53 cm s-1, the spectral
resolution was 2 cm-1, and 2000 mirror scans were co-added
for each double-sided interferogram. A Happ-Ganzel apodiza-
tion function and one additional level of zero-filling were
employed. The sample (6µL) was placed between two 19-
mm CaF2 windows (Harrick Scientific, Ossining, NY) using
a 6-µm spacer. A Harrick temperature control cell and a
recirculating water bath were used to control the temperature
to (1.0 °C. The temperature during data acquisition was
20°C. The protein concentration for infrared studies of MSP
in solution was 90-580µM; the chlorophyll concentration
for PSII samples was 37-55 mg/mL.
For data on MSP in solution, a buffer spectrum was

recorded, and this spectrum was subtracted from protein
spectra recorded on the same day. Comparison of [12C]MSP
and [13C]MSP reconstituted photosytem II complexes was

performed before buffer subtraction and through the use of
an internal standard consisting of a solution of potassium
ferricyanide (2 mM) and potassium ferrocyanide (2 mM).
The 2030 cm-1 CtN stretching vibration of ferrocyanide
was used to correct for any small changes in path length;
PSII has no infrared absorbance in the 2030 cm-1 region.
The amplitude of the CN stretch was chosen to be ap-
proximately equal to the intensity of the amide I band of
the13C-labeled MSP after reconstitution. Use of the internal
standard is important in controlling for small changes in path
length, which can occur in the Harrick sample cell. Use of
an equimolar ferricyanide/ferrocyanide mixture at a concen-
tration of 4 mM should provide an effective redox buffer
for the PSII samples. However, as an additional precaution,
samples were maintained in the dark after addition of the
ferricyanide/ferrocyanide mixture. This procedure will
prevent light-induced electron-transfer reactions, which could
slightly alter the relative concentrations of ferricyanide and
ferrocyanide. Note that the overall intensity of the amide I
and amide II bands was always less than 0.7 absorbance unit.
Fourier deconvolution and second-derivative analysis were

performed using Nicolet Omnic software. The parameters
for deconvolution were chosen according to established
procedures (55, 56); theK value was 2, the line width was
40 cm-1, and the apodization function for Fourier self-
deconvolution was a modified Happ-Ganzel function. Es-
timates of the line width were taken from the basis spectra
derived previously (33). Grams (Galactic Industries Co.,
Salem, NH) was used to perform the regression analysis
using spectral components with Gaussian band shapes (for
example, see ref57). In a series of control experiments,
FT-IR spectra were obtained and analyzed for the proteins
myoglobin, immunoglobin G, and lysozyme. The procedures
employed were shown to reproduce previous results in the
literature (for example, see refs33, 55,and56).

RESULTS

Oxygen evolution measurements were performed on PSII
preparations before and after reconstitution with12C- and
13C-labeled MSP, as described in Materials and Methods.
Since treatments to remove MSP from PSII membranes also
remove the 24- and 18-kDa subunits, MSP-reconstituted
samples lack the 24- and 18-kDa proteins and depend on
calcium chloride for activity. PSII membranes depleted of
the 24- and 18-kDa subunits exhibited control oxygen
evolution rates of 660( 140µmol of O2 (mg of Chl)-1 h-1

(average of 6 measurements). As previously reported (19),
removal of MSP slows the steady-state rate of oxygen
evolution to 330( 50µmol of O2 (mg of Chl)-1 h-1 (average
of 6 measurements). Rebinding of [12C]MSP and [13C]MSP,
derived from expression inE. coli, restored oxygen rates
to 530( 120 (average of 6 measurements) and 510( 100
µmol of O2 (mg of Chl)-1 h-1 (average of 6 measurements),
respectively.
When [12C]- or [13C]MSP reconstituted PSII membranes

were treated with a nonionic detergent and the monodisperse
mixture was subjected to ion-exchange chromatography (29),
the resulting PSII complexes showed the expected increase
in oxygen evolution rates, as nonessential chlorophyll-
containing antenna proteins were depleted (29). The rates
were 890( 20µmol of O2 (mg of Chl)-1 h-1 (average of 3
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measurements) and 1030( 170µmol of O2 (mg of Chl)-1

h-1 (average of 3 measurements) for12C and13C-MSP re-
bound samples, respectively. The control rate of oxygen
evolution in PSII complexes, treated to deplete the 18- and
24-kDa polypeptides, was 1040( 50 µmol of O2 (mg of
Chl)-1 h-1 (average of 3 measurements). Since these
samples were subjected to chromatography in the presence
of excess detergent, these experiments demonstrate that both
[12C]MSP and [13C]MSP are bound to a high-affinity site in
PSII.
In Figure 1, we present SDS-PAGE (Figure 1A) and

Western analysis (Figure 1B) of such PSII complexes. In
all cases, PSII membranes were the starting material, which
were then treated to produce PSII complexes. Coomassie
staining shows that urea treatment removes the majority of
MSP (Figure 1A; compare lanes 1 and 2 with lane 3).
Western analysis using an anti-MSP antibody detects bound
MSP after urea treatment (Figure 1B, lane 3), but comparison
to a standard curve (Figure 1B, lanes 5-7) shows that the
residual MSP is a fraction of the original amount. Photo-
system II complexes to which MSP has been re-bound exhibit
a new band with a slightly smallerRf when compared to
native MSP (Figure 1, panels A and B, lane 4). This slower
migration rate on SDS-PAGE electrophoresis is character-
istic of Met-MSP (Figure 1B, lanes 5-7). As judged by
both Coomassie staining and immunological detection, the
content of re-bound MSP is similar to the MSP content of
the control preparation (Figure 1, panels A and B; compare
lanes 1 and 4).
In Figure 2A, we present FT-IR spectra of recombinant

MSP derived from expression inE. coli. The 1900-1200
cm-1 region of the infrared spectrum is dominated by two
vibrational lines: the amide I vibration (approximately 1650
cm-1) and the amide II vibration (approximately 1550 cm-1).
The normal coordinate corresponding to the amide I vibration
is primarily the CdO stretch of the peptide bond; the normal
coordinate corresponding to the amide II vibration is

predominately C-N stretch, N-H in-plane bend, and C-C
stretch (32). Correlations of amide I, and to a lesser extent
amide II, frequencies with the secondary structure of proteins
in D2O have been reported (for example, see refs33-39).
D2O exchange results in a downshift and an uncoupling of
the C-N and N-H vibrational modes (32). Thus, the amide
II vibration is observed to downshift by approximately 90-
100 cm-1 upon deuterium exchange, and the downshifted
line is referred to as the amide II′ vibration. The normal
coordinate corresponding to the amide II′ vibration is
complex and involves coupling between the C-N stretch,
the CdO in-plane bend, and C-C stretches. The amide I′
vibration exhibits less marked changes upon deuterium
exchange (32).
Figure 2A shows that incorporation of13C uniformly into

MSP results in an overall 52 cm-1 downshift of the amide I′
band from 1641 to 1589 cm-1. Previous analysis has shown
that downshifts in the range from approximately 45 to 55
cm-1 are to be expected (26, 58). The extent of the spectral
change shown here is in agreement with GC/MS estimates
of the amount of13C label incorporated (>95%, data not
shown). Notice that the infrared spectrum of [12C]MSP
(Figure 2A, dotted line) exhibits only low intensity at 1550
cm-1. This line would correspond to the amide II vibration
of the unexchanged peptide backbone, and low intensity in
this region indicates that deuterium exchange into the protein
has occurred and is extensive (32).

FIGURE 1: SDS-PAGE (A) and Western (B) analysis of PSII
complexes. The treatments described were performed on PSII
membranes; PSII complexes were then isolated by detergent
treatment and column chromatography (29). Lanes: 1, untreated
PSII; 2, PSII after salt washing to remove the 18- and 24-kDa
subunits; 3, PSII after urea washing to remove MSP and other
extrinsic subunits; 4, PSII after rebinding of13C-labeled MSP; 5-7,
13C-labeled MSP loaded at concentrations that correspond to 1, 10,
and 100% of the number of moles of MSP in lane 1. The number
of moles of MSP in lane 1 was calculated assuming 2 mol of MSP
(mol of reaction center)-1 (19).

FIGURE 2: FT-IR spectra of MSP and PSII complexes. In part A,
the spectra were obtained from samples containing [13C]MSP in
solution (solid line) and [12C]MSP in solution (dashed line). Spectra
were obtained at protein concentrations of 290 (solid line) and 340
µM (dashed line) and were then normalized to account for the
difference in concentration. These spectra are uncorrected for
differences in path length. In part B, the spectra were obtained from
samples containing PSII complexes to which [13C]MSP had been
re-bound (solid line) and PSII complexes to which [12C]MSP had
been re-bound (dotted line). In part B, the line at 2030 cm-1 arises
from the internal standard, and the asterisk marks the spectral
contribution from13C-labeled MSP after reconstitution. The internal
standard allows for path length correction. The marks on they-axis
represent increments of 0.2 AU. Spectral conditions are given in
Materials and Methods.
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FT-IR spectra of12C and 13C reconstituted MSP PSII
complexes are shown in Figure 2B. Bands at 1656, 1549,
and 1454 cm-1 correspond to the amide I′, amide II, and
amide II′ vibrations, respectively (32). The relatively large
intensity at 1549 cm-1 (amide II) shows that a substantial
portion of PSII is resistant to deuterium exchange. Resis-
tance to exchange in theR-helical transmembrane segments
of membrane proteins has been described (59, 60). New
intensity is observed at approximately 1600 cm-1 in the [13C]-
MSP reconstituted sample (asterisk in Figure 2B); this band
has approximately the same frequency as the amide I′ band
in the 13C-labeled MSP sample before rebinding (compare
panels A and B of Figure 2). We assign this new band to
[13C]MSP, which has been re-bound to the PSII reaction
center.
To obtain the correct line shape for the re-bound [13C]-

MSP,13C-reconstituted and12C-reconstituted samples must
be compared quantitatively. A spectrum of12C re-bound
PSII must be subtracted from a spectrum of13C re-bound
PSII (for example, Figure 2B, dashed line subtracted from
solid line). Samples contained an internal standard at an
invariant concentration (Figure 2B, 2030 cm-1); spectra were
subtracted so as to cancel the intensity at 2030 cm-1. This
procedure ensures the proper correction for path length
differences. The amplitude of the 2030 cm-1 line was similar
to the amplitude of the spectral feature from13C-labeled
MSP. Use of the internal standard resulted in a13C minus
12C difference spectrum (Figure 3) that exhibits a positive
line at approximately the same frequency as [13C]MSP in
solution (compare Figures 3A and 2A). By contrast, use of
the internal standard to subtract13C reconstituted samples
from 13C reconstituted samples (Figure 3B) and12C recon-
stituted samples from12C reconstituted samples (Figure 3C)
gives the expected result, namely, a flat, featureless difference
spectrum in the region from 1700 to 1500 cm-1. In other

regions of these difference spectra, broad lines, arising from
small changes in D2O and HDO content, prevented data
interpretation.
Figure 4 shows that the spectral line shape obtained for

13C-labeled and reconstituted MSP is reproducible when an
internal standard is used to perform spectral subtractions.
Due to spectral overlap, the line shape may be distorted from
1640 to 1620 cm-1 (see Figure 1A). However, there is no
significant distortion expected on the low-frequency side of
the [13C]MSP amide I′ band. In addition to the positive band,
assigned to13C-labeled MSP, the13C minus12C difference
spectrum exhibits negative bands at 1654 and 1549 cm-1

(Figure 3A). The only contribution to this difference
spectrum will be from isotope-induced shifts in MSP.
Therefore, the negative band at 1654 cm-1 can be assigned
to the expected downshift of the MSP amide I′ band upon
13C labeling (Figure 3A), and the negative band at 1549 cm-1

is due to a13C-induced shift in the amide II band of
reconstituted MSP (Figure 3A). Similar results could be
obtained in the presence and absence of the internal
standards, indicating that the presence of potassium ferri-
cyanide/potassium ferrocyanide does not alter the final, re-
bound conformation of MSP.
A comparison of amide I′ line shapes is presented in Figure

5. The amide I′ bands for [12C]MSP, as released from PSII
membranes with CaCl2 and with urea, are shown in Figure
5, panels A and B, respectively. The amide I′ bands for
[12C]MSP and [13C]MSP, as isolated from theE. coli
expression system, are shown in Figure 5, panels C and D,
respectively. Finally, Figure 5E shows the amide I′ line
shape, as derived from the13C minus12C difference spectrum
after rebinding of MSP to the PSII reaction center.
Dramatic spectral differences are observed among12C

samples isolated from PSII membranes or from theE. coli
expression system (Figure 5A-C). While the urea-released
MSP (Figure 5B) has a broad amide I′ band, the CaCl2-
released MSP (Figure 5A) and [12C]MSP purified from the
bacterial source (Figure 5C) have relatively narrow line
shapes. The shift to lower frequency when panels A and C
of Figure 5 are compared is probably due to a greater extent

FIGURE3: FT-IR difference spectra showing the spectral line shape
of reconstituted13C-labeled MSP. In trace A, the spectrum of [12C]-
MSP re-bound to PSII complexes was subtracted from that of [13C]-
MSP re-bound to PSII complexes. In trace B, the spectrum of
[13C]MSP re-bound to PSII complexes was subtracted from that of
[13C]MSP re-bound to PSII complexes. In trace C, the spectrum of
[12C]MSP re-bound to PSII complexes was subtracted from that of
[12C]MSP re-bound toPSII complexes. An internal standard was
used to ensure accurate comparison. The marks on they-axis
represent increments of 0.02 AU. Spectral conditions are given in
Materials and Methods.

FIGURE 4: Amide I′ spectrum of the [13C]MSP re-bound to PSII
complexes, as derived from difference spectroscopy (see Figure
3). The three spectra demonstrate the reproducibility of the
subtraction technique. The marks on they-axis represent increments
of 0.01 AU.
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of deuterium exchange (32) in MSP when isolated fromE.
coli. Differences in deuterium exchange are consistent with
a difference in equilibrium structure or in protein dynamics.
Differences in sample purity cannot explain these observa-

tions, since the purities of recombinant and plant MSP are
similar (see Materials and Methods). The introduction of a
methionine in the bacterially expressed recombinant MSP
also cannot explain these observations, since such spectral
differences are consistent with major changes in hydrogen
bonding. The difference between [13C]MSP after reconstitu-
tion and in solution cannot be ascribed to preparation-induced
changes, since the samples used in these experiments were
aliquots taken from the same purified preparation. Finally,
note that all samples were tested and were found to rebind
to PSII and to restore function, regardless of the spectral
line shape obtained on any sample.
The spectral differences shown in Figure 5 represent

dramatic alterations, which are evident before any spectral
analysis. These data show that MSP in solution can exhibit
several different infrared line shapes. A substantial alteration
in amide I′ line shape was also observed upon reconstitution
of [13C]MSP to photosystem II. To give a more quantitative
description of the nature of these alterations, band-narrowing
and curve-fitting analysis were performed (reviewed in refs
30 and31). The amide I′ band can be considered to be a
superposition of spectral components (56). The frequencies
of these component lines are often derived from the
experimental data by second-derivative (61) or Fourier
deconvolution (55); these band-narrowing methods identify
inflection points in the broad amide I′ line shape. This
procedure identifies the number of spectral components and
gives an initial frequency for each. Curve fitting then gives
estimates of the contribution of each spectral component to
the amide I′ band (57, 56).
The dotted lines in Figure 5A-E show spectra after the

application of Fourier deconvolution. The line width pa-
rameter used in Fourier deconvolution was chosen from the
line widths observed in basis spectra, constructed for different
secondary structural elements (33). The value ofK, the
resolution enhancement parameter, was chosen to be within
the signal-to-noise criteria previously developed (55). Our
rather conservative choices ofK and the line width parameter
mean that we are deriving theminimumnumber of spectral
components from the data.
Comparisons of Fourier deconvolution and second-deriva-

tive spectra were used to determine the minimum number
and initial positions of spectral components. Examples of
such a comparison are shown in panels A and B of Figure
6. The second-derivative spectra were obtained with no
spectral smoothing (56), and the predicted inflection points
agree reasonably well with the peaks predicted from Fourier
deconvolution. The relative amplitude, final frequency, and
line width of each spectral component were then determined
by regression analysis (56). We employed a nonlinear least-
squares fitting procedure in which line widths, amplitudes,
and peak positions of Gaussian spectral components were
allowed to vary in order to minimize a reducedø2 parameter.
This parameter is a weighted difference measure between
the experimental spectrum and the line shape generated from
the calculated spectral components. A converged set that
accurately reproduces the spectral line shape was obtained
(Figure 6 and Table 1). As examples, in Figure 6, we present

FIGURE5: Amide I′ spectra of MSP. In all panels, the experimental
spectrum is shown as a solid line and the Fourier deconvolution is
shown as a dotted line. In panel A, the spectrum was obtained from
MSP as isolated with CaCl2 extraction of spinach PSII; in panel B,
the spectrum was obtained from MSP as isolated with urea
extraction of spinach PSII; in panel C, the spectrum was obtained
from MSP as isolated from an expressing strain ofE. coli grown
on [12C]glucose; and in panel D, the spectrum was obtained from
MSP as isolated from an expressing strain ofE. coligrown on [13C]-
glucose. In panel E, [13C]MSP was re-bound to the PSII reaction
center. The data in panel E are derived from the difference spectrum,
13C minus12C (Figure 3A).
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the results of such an analysis on [13C]MSP in solution
(Figure 6A,C) and after rebinding of [13C]MSP to PSII
(Figure 6B,D). In each panel, the data are shown in the thin
dotted line, and the predicted line shape obtained from the
spectral components shown (Figure 6, numbered peaks 1-4
in panel C and 1-3 in panel D) is represented in the thick
dashed line. The final agreement between the experimental
data and the fit is good, as judged by the residual (Figure
6C,D) and reducedø2 parameters (data not shown).
Nonlinear least-squares analysis was also performed with

fixed frequencies, as derived from Fourier deconvolution.
Iterative alterations in only bandwidth and amplitude were
permitted. This procedure was found to give a less accurate
fit to the observed spectral line shape, as judged by the
residual and the reducedø2 parameter (data not shown).
The contribution of each spectral component to the total

area under the amide I′ band is summarized in Table 1. This
information is given for [13C]MSP in solution and after
rebinding (Figure 6C,D), as well as for the [12C]MSP protein
in solution (Figure 5A-C). Upon reconstitution, [13C]MSP
exhibits a decrease in the contribution from a spectral
component at 1615 cm-1, an increase in a spectral component
at 1584 cm-1, and a new spectral component at 1602 cm-1

(Table 1). The spectral region from 1640 to 1620 cm-1 is

not interpretable in this spectrum because of spectral overlap.
A spectral component at 1590 cm-1 that makes a large
contribution to the solution [13C]MSP spectrum is not
observed upon rebinding. If one ignores the possible effects
of transition dipole coupling (32, 62), then the overall
downshift observed in major spectral components upon
rebinding of [13C]MSP to the reaction center is consistent
with an increase either in the number of hydrogen bonds or
in the strength of existing hydrogen bonds.
Since the spectral region from 1640 to 1620 cm-1 could

not be used in analysis of the re-bound [13C]MSP spectrum,
the percentages obtained (Table 1) are overestimates of the
contribution of each spectral component to the overall line
shape. However, we estimate that the correction is small
(less than 5%) on the basis of the observed small contribution
of spectral components in this region to other MSP spectra
and on the basis of an extrapolation of the quality of the fit
at 1630 cm-1 (see the spectrum of re-bound [13C]MSP, Figure
6D). An approximately 5% correction would not change
the conclusions of our study (Table 1).

13C labeling has the effect of shifting all spectral compo-
nents approximately equally (26, 58). The average shift for
MSP is 52 cm-1 (Figure 1A). Table 1 shows adjustments
of the frequencies of spectral components (Figure 5D,E) for

FIGURE 6: Comparison of band-narrowing (panels A and B) and nonlinear regression (panels C and D) analysis of the amide I′ band of
[13C]MSP in solution (panels A and C) and after rebinding to PSII complexes (panels B and D). In panels A and B, the Fourier deconvolution
is shown as a solid line and the second derivative is shown as a dashed line. In panels C and D, the experimental spectrum is shown as a
thin dashed line and the spectrum reconstructed after regression analysis is shown as a thick dashed line. The spectral components employed
are the numbered Gaussians, and the residual obtained is shown.
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this 52 cm-1 downshift. This adjustment facilitates a
comparison of spectra of [13C]MSP with data obtained on
[12C]MSP, as expressed inE. colior as isolated from spinach
PSII.
The solution structure of the [12C]MSP isolated fromE.

coli was also analyzed (Table 1). Major spectral components
at 1627 (37%) and 1657 cm-1 (43%) are observed. The
spectrum exhibits minor components at 1643 and 1679 cm-1.
Observed changes when [12C]MSP and [13C]MSP are com-
pared are not likely to be due to an isotope effect on the
structure of MSP, since the magnitude of a13C-induced effect
should be small (63). These data show that the structures
of [12C]MSP and [13C]MSP in solution are not the same.
Significant differences are also observed between the solution
structures of [12C]MSP isolated from PSII and [12C]MSP
expressed inE. coli (Table 1). We conclude that, in solution,
MSP can sample a variety of conformational states, which
differ in hydrogen bonding of the peptide backbone. Some
of the accessible conformations in solution may have
secondary structural contents that are similar to that of re-
bound MSP.

DISCUSSION

Spectral components in the amide I band are often assigned
to specific types of secondary structure elements (reviewed
in refs30and31). These assignments have been developed
and are based on studies of proteins with known structures
(for example, see ref57). These studies are often performed
in D2O to avoid the contribution of H2O in the amide I region
(discussed in ref35). Due to overlap of spectral ranges, some
secondary structure assignments are not unique.
Assumptions Employed in QuantitatiVe Analysis of Amide

I Line Shapes. The method that we have used for quantita-
tive prediction makes three assumptions. First, this method

assumes that the molar absorptivities of different secondary
structural elements are similar. This idea has been evaluated,
and the molar absorptivities have been found to be within a
factor of 1.5, at least for protein films (64). Second, this
method assumes that side-chain contributions in the amide I
region are minimal. Although controversial (30, 31), there
is some experimental support for this idea (33). Third, this
method relies on assignments based on a database of proteins
with known X-ray structures (56). Since extrinsic subunits
of membrane proteins are not represented in this data base,
application of this method necessitates the assumption that
secondary structural elements in MSP will be similar to those
found in other globular proteins. This seems a reasonable
assumption at present. Linear algebraic methods of amide
I band analysis, such as singular value decomposition and
factor analysis, have also been applied to the prediction of
secondary structure (33-35, 37-39). The advantages and
disadvantages of these approaches have also been discussed
(30, 31). Given the fact that methods of quantitative
prediction of secondary structure from infrared data are still
under development, we stress the qualitative conclusions of
our study and do not rely on the exact percentages derived
from the curve-fitting analysis. The spectroscopic alterations,
from which we deduce these structural changes, are sub-
stantial and are evident from the experimental data before
the application of band-narrowing analysis.
Assignment of Spectral Components to Secondary Struc-

tural Elements. Infrared analysis is most reliable in the
assignment of spectral components between 1630 and 1620
cm-1 to â-sheet (33, 36, 30). High-frequency components
(1670-1690 cm-1) of lower intensity have also been
assigned toâ-sheet; the two components are derived from
transition dipole coupling (32). When proteins contain
mainlyâ-sheet, a maximum at approximately 1634 cm-1 and
a strong shoulder at 1660 cm-1 are observed (33). These
spectral components have been assigned to turns of the
protein backbone (30, 31). For example, immunoglobulin
G, a â-sheet protein, exhibits such a 1660 cm-1 spectral
component and a maximum at 1638 cm-1 (data not shown).
Although a potential contribution in the 1630-1620 cm-1

region fromR-helix has been identified in model calculations
(62), such a contribution can be distinguished from the
spectra ofâ-sheets, since theR-helical structure will be
accompanied by an intense spectral component at 1650 cm-1.
This is the assignment most often associated with anR-helix
(57, 65).
Infrared spectroscopy is not as reliable an indicator of

R-helical content, since turns or loops (36, 66) can contribute
in the spectral region near 1650 cm-1. Contributions near
1640 cm-1 are often assigned to random conformations in
proteins. In this context, “random” can indicate either
conformational mobility or irregularity in secondary structure
(30, 31). Some studies find a contribution at approximately
1640 cm-1 from 310-helix in proteins (67-69), although this
assignment is controversial (70, 71).
Conclusions from Spectral Data Obtained upon Rebinding

of [13C]MSP. Given the ambiguities associated with the use
of these assignments at this time, we will employ this
information in a conservative fashion. In the analysis below,
we add the average13C shift, 52 cm-1 (see Figure 2A), to
the spectral components derived from the line shapes of13C-
labeled MSP; this facilitates comparison with spectral ranges

Table 1: Results of Regression Analysis of the Amide I′ Band of
MSP

spectrum cm-1 a adj. cm-1 b % total area

CaCl2-isolated MSP, soln 1648 75
1681 25

urea-isolated MSP, soln 1624 8
1641 3
1653 72
1690 15
1698 2

12C MSP, soln 1627 37
1643 12
1657 43
1679 8

13C MSP, soln 1580 1632 6
1590 1642 44
1615 1667 49
1637 1689 1

13C MSP, re-bound 1584 1636 32
1602 1654 55
1615 1667 13
1637 NA NA

a Frequency of the spectral component derived from the regression
analysis of the experimental data. The number of spectral components
and the initial estimates of the frequency were derived from Fourier
deconvolution and the second-derivative spectrum. The frequencies,
amplitudes, and line widths were varied in the regression analysis. The
resulting spectral components are shown here. Examples of the qualities
of the fits are shown in Figure 6.b Frequency adjusted for the average
52-cm-1 downshift observed upon13C labeling.
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derived for12C proteins. We compare [13C]MSP in solution
with [13C]MSP after rebinding, because these samples were
different aliquots of the same preparation and should be
directly comparable.
An increase in amplitude is observed at 1584 cm-1 (1636

cm-1 if 12C) when [13C]MSP binds to the PSII reaction center.
On the basis of the considerations described above, we assign
this alteration to a substantial increase (26%) in the content
of â-sheet upon rebinding. A decrease in amplitude is
observed in spectral components at 1590 cm-1 (1642 cm-1

if 12C) and 1615 cm-1 (1667 cm-1 if 12C) when [13C]MSP
binds to the PSII reaction center. On the basis of previous
studies of proteins in D2O buffers, these spectral components
can be assigned to random structures and to turns. The
change in both spectral components simultaneously supports
this assignment, rather than an assignment to 310-helix,
although this latter possibility cannot be absolutely excluded.
The increase in amplitude at 1602 cm-1 (1654 cm-1 if 12C)
when [13C]MSP binds to the PSII reaction center is also
significant, but unfortunately, assignments in this spectral
region are not well defined. This spectral change may be
due to an increase inR-helical or loop content.
This interpretation of our infrared spectra leads to the

conclusion that the change in amide I line shape when [13C]-
MSP binds to the reaction center is consistent with an
increase in the proportion ofâ-sheet and a decrease in
random structure. Overall, approximately 30-40% of the
peptide backbone undergoes a change in hydrogen bonding
(Table 1). The increase inâ-sheet content upon rebinding
of MSP to the PSII reaction center implies that MSP interacts
with PSII through extended strand domains and that recon-
stitution induces folding of MSP. The structure of bound
MSP is interpreted as the physiologically relevant conforma-
tion, since binding of MSP restores oxygen evolution to PSII
and since the re-bound structure is reproducible.
The method employed above assumes that the13C-induced

shifts of the CdO vibration are equal for each secondary
structural element. This assumption is supported by the
literature (see ref26, but see also ref58). An alternate
method of correction would be to obtain an estimate of the
magnitude of the13C shifts for each spectral component by
comparison of [12C]MSP and [13C]MSP in solution. How-
ever, we feel that this is an unreliable correction protocol
because of the structural heterogeneity observed for MSP in
solution. Also, it should be noted that in a previous study
(58), when a range of13C shifts was observed, the range of
observed values was 49( 6 cm-1, compared to the overall
average shift of 55 cm-1 observed in that work (58). Similar,
small changes in the magnitude of13C shifts for different
secondary structural elements would not change the conclu-
sions of our study, since we are comparing the conformation
of 13C-labeled MSP in solution with the conformation of13C-
labeled MSP after rebinding.
Conclusions from Spectral Data Obtained on [13C]MSP

and [12C]MSP in Solution.Our results have also provided
spectroscopic evidence for considerable variation in the
solution structure of MSP. By application of the same
methods of analysis to MSP in solution, the data support
the conclusion that the content ofâ-sheet, random structure,
turns, and possibly helix varies dramatically among MSP
preparations, all of which are capable of rebinding to PSII
and restoring function to the active site. We conclude that,

in solution, MSP can sample a range of shallow energy
minima, each of which is defined by a difference in hydrogen
bonding of the peptide backbone. Some of the solution-
accessible structures may be similar to that of re-bound MSP.

Our conclusion that MSP lacks a well-defined structure
in solution is supported by the infrared spectroscopy
literature. The amide I line shapes reported for MSP in
solution exhibit considerable variation from study to study
(40-43, 52). Also, while amide I line shape changes have
been attributed to addition of metals (43), we see an
equivalent or greater amount of variation without addition
of metal ions. In one recent report, a dramatically altered
amide I line shape, with a maximum at approximately 1620
cm-1, has been reported after lyophilization of MSP (43).
This line shape may be due to aggregation of the protein
after freeze-drying, which promotes intermolecular hydro-
gen bonding (72). Such intermolecular hydrogen bonding
gives rise to spectral components at frequencies of ap-
proximately 1620-1610 cm-1.

The observation of substantial conformational heterogene-
ity in solution MSP may seem unusual, given the fact that
the structures of globular proteins are usually considered to
be well defined and unique. However, MSP may be a new
member of a class of proteins referred to as natively unfolded
(73). Like MSP, natively unfolded proteins are acidic
proteins involved in protein-protein interactions. This class
of proteins is characterized by anomalous hydrodynamic
behavior and a significant amount of random structure in
solution (73). It has been speculated that conformational
heterogeneity in solution may be important in facilitating
the binding of natively unfolded proteins to their protein
targets (73).

Secondary Structural Models for MSP Can Be Used To
Rationalize the Conformational Heterogeneity ObserVed for
MSP in Solution. Models for the secondary structure of MSP
have been derived (52, 74). The models agree in the
prediction of a substantial amount ofâ-sheet (33-38%).
Each model predicts that the primary sequence through some
of the putativeâ-strands is primarily hydrophobic.â-Strands
in water-soluble proteins usually exhibit alternating hydro-
philic and hydrophobic amino acid side chains. Such a
primary structure gives aâ-sheet with one hydrophobic and
one hydrophilic face; this structure facilitates the stability
of globular proteins. The increase inâ-structure upon
rebinding of MSP to PSII and the differences in secondary
structure observed for solution MSP suggest not only that
MSP binds to PSII throughâ-strands but also that these
unusual repeated (rather than alternating) hydrophobic
structural elements may be responsible for destabilizing the
protein in solution.

PreVious Results from Circular Dichroism Studies. Cir-
cular dichroism can also be used to predict secondary
structure in proteins. While considerable variation exists in
the literature as far as infrared spectra of MSP, the CD
spectra of MSP are in reasonable agreement (52, 74). This
is an interesting observation, which may have its basis in
the physical basis of the two types of spectroscopy. While
CD is sensitive to long-range chiral structure in proteins,
FT-IR spectroscopy is sensitive to short-range hydrogen
bonding and nonbonding interactions. We will explore this
issue in future work.
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General Conclusions.Our findings of substantial alter-
ations in the secondary structure of MSP upon interaction
with the reaction center may have implications for the
assembly of other multi-subunit membrane proteins. There
is little information currently available about the mechanism
of such assembly. The system employed here is advanta-
geous in that a functional assay exists for binding of the
extrinsic subunit. Our results suggest that the reaction center
acts as a template upon which the extrinsic subunit, MSP,
folds and attains its final structure.
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