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ABSTRACT: Cytochrome bsso’ is a transmembrane protein
formed by homodimerization of the 44-residue PsbF polypeptide
and noncovalent binding of a heme cofactor. The PsbF polypeptide
can dimerize in the absence and presence of heme. To monitor
structural alterations associated with binding of heme to the apo-
cytochrome, we analyzed the apo- and holo-cytochrome structure
by electron paramagnetic resonance spectroscopy. Spin labeling of
amino acids located close to the heme binding domain of the
cytochrome revealed that the structure of the heme binding domain

is unconstrained in the absence of heme. Heme binding restricts the
conformational dynamics of the heme binding domain, resulting in the structurally more constricted holo-cytochrome structure.

Interactions of individual transmembrane (TM) helices and
the specific role of individual amino acids or of amino acid
motifs in the formation of higher-order TM helix bundles have
been analyzed in some detail in recent years. However, while
many membrane proteins contain essential cofactors, which are
tightly bound in the membrane plane region, contributions of
cofactor binding to folding and stability of TM proteins have
been analyzed far less. The two TM proteins cytochrome by
and cytochrome bsso" have turned out in recent years to be
excellent models for studying the impact of noncovalent heme
binding to TM apo-cytochromes.'™” The cytochrome byg,’
model is a homodimer of the 44-residue PsbF polypeptide,
which spans the membrane with a single TM helix.”® In vivo,
the two peptides, PsbE and PsbF, each span the membrane
once and together form the heterodimeric cytochrome bsso, @
photosystem II subunit, which can act as an electron donor to
photosystem II when electron transfer resulting from water
oxidation is inhibited.'” While PsbE and PsbF differ in their
extramembrane regions, amino acids responsible for dimeriza-
tion and cofactor binding are conserved within the TM
domains of the two polypeptides.” Thus, the heme binding
PsbF homodimer (cytochrome bsgy’) can serve as a minimal
TM cytochrome model. The TM helix dimerization domain
(Ser29—Met39) of PsbF is separated from the heme binding
domain (Vall7—Val27) by a conserved Pro kink, which is
essential for formation of the holo-cytochrome structure.”'!
Dimerization of PsbF TM helices does not require binding of
the heme cofactor.'” In contrast, TM helix—helix interaction
and apo-cytochrome formation are prerequisites for heme
binding and assembly of the holo-cytochrome.”"* However,
while dimerization of the PsbF peptide does not depend on
heme binding, the structure of the apo-cytochrome might differ
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from the structure of the holo-cytochrome. As heme binding or
mutations of amino acids located in the cytochrome bsgy" heme
binding domain do not affect the dimerization propensity of the
TM helix,” the structure of the dimerization domain does
probably not differ significantly. However, it is not clear if the
heme binding domain is more flexible in the absence of heme
or if a rigid, preformed heme binding cavity is a prerequisite for
incorporation and binding of the heme cofactor. In the case of
the soluble cytochrome by, it has, for example, been observed
that the secondary structure of the heme-free apo-cytochrome
appeared to be largely preserved whereas the global folding was
only partially completed.'*'> While heme binding TM four-
helix bundle proteins, such as the first four TM helices of
cytochrome b, have extensively been used as templates for the
design of TM b-type cytochromes, only very recently has a
simpler TM b-type cytochrome been designed.'®'” Here, the
stable and rigid glycophorin A (GpA) TM helix dimer has been
used as a scaffold, and after the insertion of heme-ligating
residues, the GpA homodimer binds heme, though only with a
low affinity. Analyzing the folding, assembly, and stability of a
simple TM b-type cytochrome model, which was “designed” by
nature, might allow the deduction of principles guiding the
improved design of simple TM cytochromes. In particular,
revealing the dynamics and remodeling of local structures
involved in heme binding might help to improve simple TM
cytochrome models, as the low heme binding affinity of the
GpA model might be caused by the overly structurally inflexible
apoprotein structure predefined by the GpA scaffold.
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Electron paramagnetic resonance (EPR) spectroscopy in
combination with site-directed spin labeling (SDSL) is a
powerful method for studying the structure and conformational
dynamics of soluble proteins'®™*° and has already been
successfully applied to study the structure, folding, or structural
dynamics involved in the activity of a-helical TM proteins.*' >
In SDSL-EPR, a nitroxide label is attached to an introduced
cysteine in a protein. Furthermore, protein labeling at two
different cysteines can be used to assess the local structure of
proteins by measuring magnetic dipolar coupling (through
space) between the two attached radicals and extracting
distances up to 2 nm by continuous wave (CW) EPR
spectroscopy and distances up to 8 nm by double electron—
electron resonance (DEER) spectroscopy.%_28 If the two spin
centers of the radicals approach each other closely or even
collide, their spin states may change because of the collision
and subsequent overlap of spin-bearing orbitals, an effect called
spin exchange. The impact of spin exchange on CW EPR
spectra can be used to obtain quantitative information about
collision rates of molecules, activation energies of spin
exchange, and steric hindrance in collisions.”® In particular,
the conformational flexibility of macromolecules (polymers,
proteins, etc.) can be studied using spin exchange that occurs
when their electron-carrying orbitals overlap.*

To assess the structural dynamics associated with cofactor
binding, we have analyzed the local flexibility of the cytochrome
bsso’ heme binding domain in the absence and presence of
heme by EPR spectroscopy using spin-labeled PsbF peptides.
On the basis of the results, the apo-cytochrome structure
appears to involve a flexible heme binding domain and heme
binding constricts this local flexibility.

B MATERIALS AND METHODS

The PsbF peptide (MATQNPNQPVTYPIFTVRWCAVHT-
LAVPSVFFVGAIAAMQFIQR) was custom synthesized. At
position 20, the naturally occurring Leu residue was replaced
with a Cys (underlined). A 3-maleimido-PROXYL (3-
maleimido-2,2,5,5-tetramethyl-1-pyrrolidinyloxyl) spin-label
was coupled to the cysteine residue, and the labeled peptide
was purified by high-performance liquid chromatography. The
purity of the peptide was analyzed by mass spectrometry
(Peptide Specialty Laboratories GmbH, Heidelberg, Germany).

Detergent Reconstitution of Holo-Cytochrome bss,'.
Lyophilized peptides were dissolved in 2,2,2-trifluoroethanol.
Solvents were subsequently removed under a gentle stream of
nitrogen gas, and final traces of the solvents were removed by
vacuum desiccation for 3 h. The dried peptide films were
reconstituted in 10 mM phosphate buffer (pH 7.4), 150 mM
NaCl, and 10 mM SDS. For reconstitution, the PsbF peptide
was mixed with heme in a 2:1 ratio, as cytochrome bgg,' is a
PsbF homodimer, which binds one heme molecule. Incorpo-
ration of heme and cytochrome assembly was monitored by
absorbance spectroscopy using a Perkin-Elmer Lambda 35
UV—vis spectrophotometer. Spectra were recorded from 350 to
600 nm with a resolution of 0.5 nm. The heme concentration
was determined spectroscopically using an extinction coefficient
(£335) of 56 mM™! cm™.

Circular Dichroism Spectroscopy. Circular dichroism
(CD) spectra were recorded at 25 °C on a Jasco J-810
spectropolarimeter at a scan speed of 20 nm/min using a 0.1
cm path-length quartz cuvette. Far-UV CD spectra were
recorded at a peptide concentration of 10 uM. Data were
collected with a response time of 2 s and a slit width of 1 nm.
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Each reported spectrum is the average of three consecutive
scans from which buffer scans, recorded under the same
conditions, were subtracted. For comparison between different
samples and to verify the average secondary structure content,
the measured ellipticity was converted to mean residue

ellipticity by

mean residue ellipticity = 1000/ (cnl) (1)

where 6 is the measured ellipticity in millidegrees, c the peptide
concentration in micromolar, n the number of amino acids in
the peptide, and | the path length in centimeters. Peptide
concentrations were determined from absorbance measure-
ments using a Perkin-Elmer Lambda 35 UV—vis spectropho-
tometer.

EPR Spectroscopy. A Miniscope MS200 (Magnettech,
Berlin, Germany) benchtop spectrometer was used for CW
EPR measurements at a microwave frequency of ~9.4 GHz (X-
band). Measurements were performed at different temperatures
between 303 and 323 K using a modulation amplitude of 0.05
mT. The microwave frequency was recorded with a model 2101
frequency counter (Racal-Dana).

Low-temperature X-band EPR experiments at 50 K were
performed with a Bruker Elexsys 580 spectrometer equipped
with a Bruker Flexline split-ring resonator ER4118X_MS3.”"**
The field-swept, electron spin echo-detected EPR spectra were
recorded by integrating the intensity of the two-pulse echo (z/
2—7—n—echo) observed as a function of the field position. The
pulse lengths were 16 ns (7/2) and 32 ns () with an interpulse
delay of 184 ns (7).

Both, EPR measurements at high and low temperatures were
performed with 0.42 mM spin-labeled peptide after the addition
of 20% glycerol by volume.

Data Analyses. The EPR spectra were background-
corrected using a home-written Matlab program. The
pseudomodulated ESE spectrum was obtained with a home-
written Matlab program employing Easyspin version 3.0.0.
Simulations were also performed with Matlab-based Easyspin
version 3.0.0.> The EPR parameters obtained for the holo-
cytochrome were as follows: g, = 2.0084, g, = 2.0051, g,. =
2.0022, A,, = A,, = 168 MHz, and A,, = 99.4 MHz at 303 K,
and g,, = 2.0088, g, = 2.0055, g,. = 2.0025, A, = A, = 19.8
MHz, and A,, = 102 MHz at 50 K. For apo-cytochrome, they
were as follows: g, = 2.0088, g, = 2.00S5, g, = 2.0025, A, =
A, = 198 MHz, and A,, = 103 MHz at 50 K. The EPR
parameters of the 3-maleimido-PROXYL label at 223 K (g,
2.0084, g, = 2.0061, g.. = 2.0025, A,, = A, = 17.7 MHz, and
A,, = 101.0 MHz) were taken from data obtained analyzing
spin-labeled human serum albumin.**

DEER Spectroscopy. The four-pulse DEER sequence 7/
2’(Dobs) _Tl_”(yobs)_(11+t) (l/pump)_ (TZ_t)_”(Uobs)_TZ_eCho
was used to obtain dipolar time evolution data at X-band
frequencies (~9.4 GHz). DEER experiments were performed
on a Bruker Elexsys 580 spectrometer equipped with a Bruker
Flexline split-ring resonator ER4118X_MS3.>"** The dipolar
evolution time ¢ was varied; 7, was 2.5 ps, and 7; was kept
constant. Proton modulation was averaged by the addition of
eight time traces of variable 7; values, starting with a 7, of 200
ns and incrementing by a Az, of 8 ns.*® The resonator was
overcoupled to Q & 100. The pump frequency, Vpym, Was set to
the maximum of the echo-detected (absorption) EPR
spectrum. The observer frequency, v, Was set to yym, +
61.6 MHz, coinciding with the low-field local maximum of the
nitroxide spectrum. The observer pulse lengths were 32 ns for
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both 7/2 and & pulses, and the pump pulse length was 12 ns.
The temperature was set to 50 K by cooling with a closed cycle
cryostat (ARS AF204, customized for pulse EPR, ARS,
Macungie, PA). The raw time domain DEER data were
processed with DeerAnalysis2008.>>*® DEER measurements
were performed with 042 mM spin-labeled peptide after
addition of 20% glycerol by volume.

B RESULTS AND DISCUSSION

Characterization of Spin-Labeled Peptides. On the
basis of the available PsbF structure,>” we introduced a spin-
label at position 20 of the PsbF peptide. Therefore, during
synthesis the original Leu was replaced with a Cys residue. As
in the original cytochrome by structure, this amino acid side
chain is not in contact with residues from the adjacent helix,
subsequent attachment of the PROXYL spin-label at the
cysteine side chain can be assumed not to interfere with PsbF
helix formation and cytochrome assembly. While at this
position the C, atoms of the amino acids on the two PsbF
peptides of each monomer of the homodimer are at a distance
of approximately 1.8 nm, the length and mobility of the spin-
labeled side chains allow increased or decreased distances
between the actual spin-probes. Thus, the spin-probes might be
at a distance region that is borderline in sensitivity between CW
EPR and DEER (~1.5 nm).

To exclude the possibility that the introduced spin-label
affects secondary structure formation of the PsbF peptide, we
recorded far-UV CD spectra of the PsbF peptide (Figure 1).
The CD spectra show double minima near 208 and 222 nm,
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Figure 1. Secondary structure of the PsbF peptide. (A) Far-UV CD
spectra of unlabeled (—) and spin-labeled PsbF (--) peptides
measured in 10 mM SDS. (B) Far-UV CD spectra of the spin-labeled
PsbF peptide measured in the absence (—) and presence () of heme
at a peptide:heme ratio of 2:1. CD spectra were measured at a peptide
concentration of 20 yuM in 10 mM SDS. The measured ellipticity was
converted to mean residue ellipticity as described in Materials and
Methods.
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which are characteristic of an a-helical structure. The spectra of
the labeled and unlabeled peptides are essentially identical,
indicating that spin labeling of the amino acid does not affect
secondary structure formation of the PsbF peptide. Further-
more, also after addition of heme and in vitro reconstitution of
holo-cytochrome bsgy', the far-UV CD spectra are virtually
identical, regardless of whether unlabeled or spin-labeled
peptides were used. These results indicate that the secondary
structure of the labeled PsbF peptide is well preserved under
the experimental conditions.

Heme binding and assembly of holo-cytochrome bgsy" were
tested by absorption spectroscopy (Figure 2). To monitor
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Figure 2. In vitro assembly of cytochrome bsso’ using spin-labeled
PsbF peptides. Absorbance spectra of free heme (—) and cytochrome
bssy’ (+++) assembled from spin-labeled peptides. Spectra were recorded
in 10 mM SDS at a peptide:heme ratio of 2:1 and are normalized at
the absorbance maximum at ~400—420 nm.

holo-cytochrome formation, detergent-solubilized peptides
were mixed with heme at a peptide:heme ratio of 2:1. Addition
of heme to the spin-labeled PsbF peptide shifted the Soret band
maximum from 404 nm, which corresponds to free heme, to
413 nm, which indicates successful in vitro reconstitution and
assembly of holo-cytochrome bsgy’. Together, absorbance and
CD spectroscopy suggest that the introduced spin-label neither
affects the PsbF secondary structure nor significantly interferes
with holo-cytochrome formation.

CW EPR Spectra of Apo- and Holo-Cytochrome bss,'.
CW EPR spectra of the spin-labeled PsbF homodimer in the
presence and absence of heme were measured at 303 K. After
the addition of heme, the EPR spectrum of the cytochrome
mainly displayed the usual three-line pattern because of
hyperfine interaction of each unpaired electron with the
nuclear magnetic moment of one '*N nucleus with nuclear
spin Iy = 18 (Figure 3A). Besides the three-line pattern, a
weak, broad underlying single line was observed. Figure 3A
shows the measured CW EPR spectrum of the holo-
cytochrome together with simulations obtained by addition of
the simulated three-line pattern and a broad signal that
contributes 11% to the overall spectral intensity (as gained from
the spectral simulations).

The EPR spectrum of the spin-labeled PsbF peptides in the
absence of heme (Figure 3B) reveals two features that cannot
be explained by considering solely a spin-labeled monomer:
there is a much stronger contribution of the strong broad signal
underlying the usual three-line spectrum (compare Figure 3A),
and weak signals between the three sharp signals appear in
addition. The broad signal might stem from peptide aggregates
or precipitates. Strong interactions of spin-labels with each
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Figure 3. (A) CW EPR spectra at X-band of spin-labeled PsbF in the
presence of heme (black) at 303 K and its simulation (blue) (1). The
simulation of the spectrum was obtained by addition of simulated
three-line spectra (g, = 2.0084, gy = 2.0051, g, = 2.0022, A,, =
16.8 MHz, and A,, = 99.4 MHz) (2) and a simulated broad signal (3)
with an intensity ratio of 9:1. (B) Comparison of CW EPR spectra of
spin-labeled PsbF in the absence (red) and presence (black) of heme
measured at 303 K. The differences between the two cases are denoted
with red arrows. The two arrows in the center indicate the biradical
signatures.

other in larger aggregates can lead to the collapse of the three
hyperfine lines into a broad single line. Because at this peptide
concentration (0.42 mM) the broad component is far less
pronounced in the case of the holo-cytochrome (Figure 3A),
heme binding appears to efficiently stabilize the peptide
structure against aggregation, which indicates structural
alterations or altered self-assembly. The second difference in
the EPR signatures is that without heme the spin-labeled PsbF
dimer displays two weak additional signals, which are typical for
a CW EPR spectrum of biradicals exhibiting spin exchange
interaction.””*%%* Spin exchange as an interspin interaction is a
direct consequence of collisions of a defined lifetime between
the radicals, during which the spin (electron)-bearing molecular
orbitals physically overlap. The strength of spin exchange can
be quantified by the exchange integral J. In a biradical system, in
the absence of spin exchange (exchange integral J = 0), the two
spin-labels behave as two independent radicals and yield three
lines (**N nuclear spin Iy = 1) separated by a, the nitrogen
hyperfine splitting. If there is a strong spin exchange interaction
(J > a) between the two spin-labels, the spectrum consists of
five lines separated by a/2.* In a situation where the value of
the exchange integral is between the two values (J > a), the
widths of the three original single radical lines are unaffected
but the two additional lines are broadened, and this broadening
is determined by the value of the exchange integral.** Although
the spectra of the system without heme (Figure 3B) correspond

to the J > a case, the analysis of experimental results, especially
for polymers or proteins, requires consideration of different
conformations with nonequivalent ] values. The dynamic
behavior of such macromolecules at ambient temperatures
can simply be explained by the superposition of the EPR
spectral features stemming from different conformations.*”>°
On the basis of our observations, it appears reasonable to
qualitatively argue that the spin-label binding sites are flexible in
the PsbF dimer when heme is absent, which allows interaction
(collision) of spin-labels. However, the presence of heme
between the PsbF monomers appears to induce a barrier and
prevents spin exchange. Thus, either the interaction of spin-
labels is sterically directly hindered by the bound heme, or the
flexibility of the peptide is restricted in an indirect manner.
Importantly, in both cases, the dynamics and/or steric
constraints of the monomers are such that they cannot
approach each other close enough for significant intermolecular
spin exchange.

Generally, the temperature dependence of the spin exchange
rate in long chain biradicals (polymers) can be described by the
Arrhenius equation. The activation energy of spin exchange is
obtained from the Arrhenius plot of the intensities or the line
widths of the spin exchange (I,) and the monoradical (I)
components of the EPR spectrum versus inverse temper-
ature.*?%3%* A low activation energy for spin exchange is
related to more direct, less hindered collisions of the
monoradical fragments. Furthermore, when line narrowing
and increasing intensities of the “biradical” component
(spectral component I,) can be observed with an increasin
temperature, this is indicative of faster spin exchange.*®*
Figure 4A shows CW EPR spectra of the spin-labeled PsbF
peptides at different temperatures. As expected for spin
exchanging species, the relative intensity of the spin exchange
components (biradical, I)) increases with temperature in the
spectra normalized to the intensity of the central peak
(noninteracting monoradicals, I,,). However, the effect of
temperature is still not adequate to calculate the activation
energy of spin exchange from the line narrowing (of the non-
spin exchanging component), as the structure of the peptide
might be temperature-dependent. Nonetheless, an effect of
temperature on the spin exchange mechanism is clearly
detectable from the intensity ratio of the species with spin
exchange to the species without spin exchange (I,/I,). The
activation energy of spin exchange interactions (E, = 10 kcal/
mol) can then be estimated from the Arrhenius dependence of
the I,/I,, ratio and the temperature (Figure 4B). On the other

(A)

o

334 335 336 337

Magnetic Field (mT)

333

B)

~,

In (Z,

_2.8-
-3.0
-3.2
-3.4
3.6
-3.84

4.0

3.2x10°  3.3x10°

UT (K™

3.1x10°

Figure 4. (A) CW EPR spectra of spin-labeled PsbF in the absence of heme at 308, 313, 318, and 323 K (from top to bottom, respectively). (B)
Temperature dependency of the I, /I, ratio for the PsbF peptide dimers from panel A. The corresponding activation energy (E,) for spin exchange is

calculated from the slope of the linearized Arrhenius-type plot.
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hand, the spectrum of the heme-containing sample only
showed a trivial temperature dependence of the single radical
line widths, which suggests that no spin exchange interaction
ensues when heme is bound (Figure S1 of the Supporting
Information).

Low-Temperature EPR Measurements. Figure S shows
the field-swept, echo-detected (and pseudomodulated) EPR

325 330 335 340 345

Magnetic Field (mT)

320
Figure S. Echo-detected, pseudomodulated EPR spectra at X-band of

0.42 mM spin-labeled PsbF in the absence (black) and presence (gray)
of heme measured at 50 K.

spectrum at the X-band of spin-labeled peptides in the presence
and absence of heme. The line broadening of the electron spin
echo-detected EPR spectrum at S0 K caused by dipolar
couplings could be analyzed in terms of the distance
distribution between two unpaired electron spins (spin-labels)
for short distances (0.8—2 nm). As spin exchange (J coupling)
at low temperature is not as effective as it is at moderate
temperatures and as the ] coupling is much more pronounced
when the distances are shorter than approximately 0.8 nm, we
obtained a rough approximation for the spin—spin distance
from low-temperature experiments by just considering the
dipolar coupling. The known dependence of the dipolar
coupling on the interspin distance, >, was obtained using a
convolution of a relevant unbroadened EPR spectrum with the
dipolar broadening function.*’ Immediate peptide dimerization
at any concentration did not allow us to obtain the
unbroadened monomer spectrum for reference. Therefore,
the reference spectrum was approximated using the EPR
parameters of the high-temperature measurements together
with literature values.”* The final EPR parameters of the
simulations are given in Materials and Methods. Both, the apo-
and holo-cytochrome spectra are very similar, and simulation of
both was possible solely by using a large fraction of a strongly
broadened spectral component (see Figure S2 of the
Supporting Information). This suggests that the average
distance between the heme binding helix part of the two
PsbF monomers in the dimer is not affected by heme. The
simulations of these spectra reveal an average and approximate
distance of 1.1 nm with a fitting uncertainty of 0.1 nm (it
should be noted that as stated above, this completely neglects
the effect of residual exchange coupling). However, the
deviation of the distances between the EPR simulations and
the structural model (1.8 nm, which is the distance between the
C, atoms of the labeled amino acids) may stem from EPR
spectral simulations being prone to the overemphasis of short
distances, and also the distance between the actual spin centers
of the spin-labels could be shorter than 1.8 nm. On the basis of
these data, it appears likely that heme binding, which seems to
slow or prevent side chain (spin-label) interactions between
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PsbF monomers, affects the side chain dynamics and local
flexibility of the heme binding domain.

Nanoscale Distance Measurements Using DEER. The
DEER method increases the range of distance sensitivity to 6
nm (8 nm under completely optimized conditions) by
measuring dipolar couplings between unpaired electron spins.
However, the lower distance limit for measuring dipolar
coupling using DEER is around 1.5—1.6 nm. Therefore, the
distance between spin-labels in the PsbF peptide is outside the
DEER sensitivity range. However, the DEER measurements
provide a negative control to show structural similarities and
conformational variations in the two cases. This is important to
show that heme binding does not influence the PsbF dimer
structure and pushes the two spin-labels farther apart than the
1.5 nm lower bound of DEER. Importantly, the DEER
measurements did not indicate any significant deviations; e.g.,
the time domain signals and the modulation depths are very
similar, but only a small difference in the modulation properties
has been observed (see the DEER part and Figure S3 of the
Supporting Information).

Assembly of a Transmembrane Cytochrome Model.
While most studies aiming to analyze folding of TM proteins
concentrate on cofactor-less proteins, in few cases individual
folding events have been analyzed using cofactor-containing
TM proteins. Most extensively, plant light-harvesting complex
II (LHC II) and the archaebacterial proton pump bacterio-
rhodopsin have been characterized, and individual folding steps
have been defined. Folding of LHC II appears to be induced by
binding of the cofactors, and secondary and tertiary structure
formation is tightly coupled to pigment binding.*"**~*" In
contrast, bacteriorhodopsin folds into a folding intermediate in
the absence of the retinal cofactor, and covalent attachment of
the retinal to the apoprotein results in structural rearrange-
ments and formation of the final, active bacteriorhodopsin
structure, "% Bacteriorhodopsin consists of seven TM helices,
which form a complex structure and bind the retinal cofactor in
the center of the helix bundle. Thus, initial folding to an
intermediate structure is crucial for allowing the cofactor
entering the protein core within the membrane plane, where
most likely a retinal binding niche is preformed. Spontaneous
covalent binding of the retinal then triggers formation of the
final, stable bacteriorhodopsin structure. In the case of
cytochrome bsgy’, the situation differs significantly, as proper
dimerization of the PsbF monomers does not appear to be
influenced by the cofactor, and thus the structures of the apo
and holo forms probably do not differ in the dimerization
domain.”'*> While it appeared possible that the heme binds to a
predefined, heme binding cavity of the apo-cytochrome, the
results of this study indicate that the structure of the heme
binding peptide domain is more flexible in the absence of heme,
at least in detergent. Thus, a rather rigid, well-defined heme
binding cavity appears not to exist in the absence of heme.
Heme binding and holo-cytochrome formation restrict the
conformational flexibility of the (spin-labeled) heme binding
domain, at least for parts of the ensemble. As the analyzed
peptides are strongly hydrophobic, only SDS could be used to
properly analyze interactions of the peptides. Luckily, SDS is
well-known to allow proper packing of many TM helices,>* and
the results shown in Figures 1 and 2 demonstrate that the PsbF
secondary structure is not affected by SDS and the cytochrome
assembles. However, it appears to be likely that the cytochrome
structure is weakened in SDS micelles. Thus, flexibility might be
reduced in milder detergents or in a membrane environment.

dx.doi.org/10.1021/bi300489s | Biochemistry 2012, 51, 7149-7156
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Figure 6. Multistep assembly of cytochrome bsso". The monomeric PsbF TM peptides interact and form a homodimer with a flexible heme binding
domain. Heme binding constricts the flexibility, resulting in formation of the final cytochrome structure. The position of the spin-labels is indicated

in the holo-cytochrome structure by black marks.

Together, our results indicate that assembly of cytochrome
bsso’ involves multiple steps (Figure 6): individual PsbF helices
display some flexibility in their heme binding domain, and thus,
the structure of the peptide is flexible. Dimerization results in
interaction of the PsbF dimerization domain, in tight packing,
and in stable dimer formation. However, dimerization does not
restrict the conformational flexibility of the heme binding
domain, and a flexible heme binding cavity is predefined. Only
after binding of the heme cofactor does the final holoprotein
structure emerge and a stable, structurally well-defined holo-
cytochrome form. This finding might explain why insertion of a
simple heme binding amino acid motif into the TM helix of the
human GpA TM helix resulted in the formation of a TM helix
dimer with low heme binding affinity.'® Structural dynamics
and a flexible heme binding cavity might be crucial for eflicient
heme entry and binding to minimal heme binding TM helix
dimers. Formation of a structurally not entirely defined and
flexible rather than of a well-defined, rigid heme binding cavity
might be crucial for the design of simple TM cytochrome
models with increased heme binding affinities. Allowing
structural flexibility, as here observed with cytochrome bsy’,
in designed porphyrin-binding TM proteins might allow an
improved de novo design of porphyrin-binding, electron-
transferring TM proteins.

B ASSOCIATED CONTENT
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CW EPR spectra of spin-labeled PsbF in the presence of heme
at different temperatures (Figure S1), echo-detected, pseudo-
modulated EPR spectra at X-band of spin-labeled PsbF in the
absence and presence of heme at 50 K together with their
simulations (Figure S2), and DEER measurements of spin-
labeled PsbF in the absence and presence of heme (Figure S3).
This material is available free of charge via the Internet at
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