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Chromophore Structure of Cyanobacterial Phytochrome Cph1
in the Pr State: Reconciling Structural and Spectroscopic
Data by QM/MM Calculations
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ABSTRACT A quantum mechanics (QM)/molecular mechanics (MM) hybrid method was applied to the Pr state of the cyano-
bacterial phytochrome Cph1 to calculate the Raman spectra of the bound PCB cofactor. Two QM/MM models were derived from
the atomic coordinates of the crystal structure. The models differed in the protonation site of His?° in the chromophore-binding
pocket such that either the ¢-nitrogen (M-HSD) or the ¢-nitrogen (M-HSE) carried a hydrogen. The optimized structures of the two
models display small differences specifically in the orientation of His?®° with respect to the PCB cofactor and the hydrogen bond
network at the cofactor-binding site. For both models, the calculated Raman spectra of the cofactor reveal a good overall agree-
ment with the experimental resonance Raman (RR) spectra obtained from Cph1 in the crystalline state and in solution, including
Cph1 adducts with isotopically labeled PCB. However, a distinctly better reproduction of important details in the experimental
spectra is provided by the M-HSD model, which therefore may represent an improved structure of the cofactor site. Thus,
QM/MM calculations of chromoproteins may allow for refining crystal structure models in the chromophore-binding pocket guided
by the comparison with experimental RR spectra. Analysis of the calculated and experimental spectra also allowed us to identify
and assign the modes that sensitively respond to chromophore-protein interactions. The most pronounced effect was noted for
the stretching mode of the methine bridge A-B adjacent to the covalent attachment site of PCB. Due a distinct narrowing of the
A-B methine bridge bond angle, this mode undergoes a large frequency upshift as compared with the spectrum obtained by
QM calculations for the chromophore in vacuo. This protein-induced distortion of the PCB geometry is the main origin of a

previous erroneous interpretation of the RR spectra based on QM calculations of the isolated cofactor.

INTRODUCTION

Sensory photoreceptors utilize light as a source of information
to regulate physiological processes (1). Phytochromes, a
family of red-light-sensitive photoreceptors, carry an open-
chain tetrapyrrole chromophore attached to the protein via
a thioether bond to a Cys residue (Fig. 1). Originally, phyto-
chromes were thought to be restricted to higher plants, but
then representatives of this family were also discovered in
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various prokaryote lineages and in fungi (2,3). Prokaryotic
and fungal phytochromes share many similarities with plant
phytochromes, including the overall mechanism of the photo-
induced reaction cycle that reversibly transforms the receptor
from one stable state (Pr) to another (Pfr), thereby constituting
a switch between a physiologically inactive and an active
form. The first step of the reaction cycle involves a photoiso-
merization of a methine bridge double bond of the tetrapyrrole
(1,4). Subsequent relaxation processes, including a transient
deprotonation of the chromophore, eventually lead to major
changes of the protein structure that complete the conversion.

Until recently, structural information about phytochromes
and specifically about the active center was obtained predom-
inantly by spectroscopic methods. Among these, resonance
Raman (RR) spectroscopy has turned out to be a particularly
powerful technique because it selectively probes the vibra-
tional bands of the chromophore upon (pre-)resonant excita-
tion (5-25). In this way, a lot of valuable structural data about
the chromophore and its interactions with the protein environ-
ment were obtained for the various (intermediate) states of the
phytochrome photocycle. Special attention has been paid to
the structure of the chromophore in the parent states Pr and
Pfr. On the basis of QM calculations, the RR spectrum of
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FIGURE 1 Structural formula of the PCB chromophore (R = C,Hs)
including the ring and atom labeling (top) and a presentation of the chromo-
phore-binding pocket according to the crystal structure (29) (bottom).

the Pr state of plant phytochrome phyA was interpreted in
terms of ZZZasa geometry (14-16,18,20), an assignment
that was further supported by the pattern of isotopic shifts
brought about by site-directed H- and '*C-labeling of the
chromophore by chemical synthesis (21).

The first x-ray structures of the Pr states of the bacterial
phytochromes DrBphP (Deinococcus radiodurans) and
RpBphP3 (Rhodopseudomonas palustris) (26-28), however,
revealed a different picture inasmuch as the methine bridge
A-B adjacent to the thioether linkage of ring A was shown
to be in a syn conformation, in contrast to the anti conforma-
tion suggested by the RR spectra and QM calculations
(18,20,21). To account for this discrepancy, it has been sug-
gested that the cofactor geometries of the BV-binding bacter-
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iophytochromes, such as DrBphP and RpBphP3, differ from
those of P@B-binding plant phytochrome phyA (21). Specif-
ically, the different covalent attachment sites for BV and
P®B at either an N-terminal cysteine (Cys>*) or a cysteine
within the chromophore-binding GAF domain (Cys>*!)
have been proposed to stabilize a ZZZssa structure in bacte-
rial phytochromes and a ZZZasa structure in plant phyto-
chromes, respectively.

With the recent elucidation of the three-dimensional struc-
ture of the Pr state of the cyanobacterial phytochrome Cphl,
which also unambiguously shows a ZZZssa chromophore
geometry (Fig. 1) (29), this interpretation appears to be super-
seded. Cphl is more closely related to phyA and other plant
phytochromes than are bacterial phytochromes, in particular
because it uses the same Cys for covalent binding of the chro-
mophore (P®B in plants, PCB in Cph1). Moreover, the exper-
imental RR spectra of Cph1 and phyA are very similar (13).

An alternative explanation may be based on possible differ-
ences between the cofactor geometries in phytochromes in the
crystalline state and in solution to which the spectroscopic
techniques usually refer. However, a comparative RR spec-
troscopic study performed with DrBphP and Agpl from
Agrobacterium tumefaciens ruled out structural differences
on the level of methine bridge conformations (24). Further-
more, recent NMR spectroscopic studies on Cph1 are consis-
tent with the ZZZssa geometry in the Pr state (30,31).

In view of these results, a critical reconsideration of the
analysis and interpretation of the RR data is clearly necessary.
In previous studies, we calculated the Raman spectra of iso-
lated tetrapyrroles in a large number of different conforma-
tions and configurations on the basis of density functional
theory (DFT) employing scaled force fields (18,20,21). A
comparison of the various calculated spectra with the experi-
mental RR spectra of the Pr state obtained from phyA adducts
with P®B, PCB, and PCB isotopomers revealed the best
agreement for the ZZZasa geometry (20,24). Calculated
vibrational spectra obtained by this approach reproduce the
experimental spectra of organic molecules, including tetra-
pyrroles, with remarkable accuracy (21,32-34). However,
such QM calculations cannot take into account the protein
environment for tetrapyrroles as bound in phytochromes.
Thus, the inevitable neglect of possible perturbations on the
electronic and structural properties of the chromophore is
certainly the most severe approximation of the QM-based
interpretation of the RR spectra of phytochromes.

With the availability of the three-dimensional structures of
the Pr state of phytochromes, hybrid methods can now
be employed (35), and were recently adapted to cofactor-
protein complexes including a tetrapyrrole-binding protein,
a-C-phycocyanin (36). These calculations reproduced the
experimental RR spectra in an excellent manner. Hybrid
methods combine QM calculations of the cofactor with
MM calculations of the remainder of the protein and the
solvent shell. In this way, protein-cofactor interactions are
explicitly considered.
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We present here the application of the QM/MM method-
ology to the Pr state of Cphl. The central goal is to analyze
the relationship among protein-cofactor interactions, chromo-
phore structure, and RR spectra. The experimental part of this
study includes 1), a comparative analysis of the RR spectra of
crystals and solutions of the Cphl sensory module (Cph142)
to determine possible differences in their cofactor structures;
and 2), the determination of isotopic effects in RR spectra of
Cph142 adducts with '*C-labeled PCB to identify the modes
indicative of conformation at the A-B methine bridge. The
theoretical part of the study is based on two QM/MM models
that are derived from the crystallographic data and differ
primarily in the orientation of His*® in close vicinity of the
chromophore. The Raman spectra calculated from these
models are compared with the experimental spectra and the
QM-calculated spectra of the isolated chromophores. This
analysis allows for the identification of those structural param-
eters that are affected by the interactions with the surrounding
protein matrix and cause critical changes in the Raman
spectra. Finally, we discuss the potential of this combined
QM/MM and RR spectroscopic approach for refining the
current crystallographic structural model at the cofactor site.

MATERIALS AND METHODS
Protein expression and crystallization

Cph142, the his-tagged sensory module (residues 1-514) of Cphl phyto-
chrome from the cyanobacterium Synechocystis 6803, was overexpressed
in Escherichia coli either as holoprotein (37) or apoprotein for subsequent
in vitro autoassembly with the chromophore. Cph142 holoprotein crystals
were generated as previously described (29).

Isotope labeling of PCB and holoprotein
reconstitution

The synthesis of 13C(5)-labeled PCB has been described elsewhere (38).
Unlabeled PCB was obtained by methanolysis of freeze-dried Spirulina in
analogy to the procedure described by Strauss et al. (39) and purified by
preparative reverse-phase high-performance liquid chromatography.
['*NJPCB was produced and assembled with apo-Cph142 as previously
described (39). I3C(5)—1abeled PCB was assembled in a 5:1 molar ratio
with recombinant his-tagged Cph142.

RR spectroscopy

RR spectra of the Pr state of Cph142 solutions and crystals were obtained
with 1064-nm excitation at —140°C as described in detail elsewhere
(19,22,24) (see Supporting Material).

Theoretical calculations

Calculation of the vibrational spectra of protein cofactors at a QM/MM level
of theory requires three basic steps (36). The first step consists of MD simu-
lations of the entire protein in a water box to search for a low-energy confor-
mation of the solvated system. These simulations are carried out with fixed
cofactor (chromophore) geometry. The geometry of the cofactor and its
immediate environment is optimized in a second step at a higher level of
theory at which the cofactor is described with DFT, and the environment
is described with a MM force field. Finally, in a third step, the spectroscopic
properties of the cofactor embedded in the protein matrix are computed
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using a QM (i.e., DFT) approach. These three steps are described in detail
in Figs. S1-S4 of the Supporting Material.

RESULTS AND DISCUSSION
QM/MM-optimized structures

The structure of the protein dissolved in water was obtained by
QM/MM optimization after a 6-ns MD simulation. No (partial)
collapse of the protein structure was noted, and the system was
thermally equilibrated as judged on the basis of the temporal
evolution of various energy terms (Fig. S6). Specifically, the
structures of the water network did not fluctuate any more after
1.5 ns. Furthermore, in general, there were only small differ-
ences with respect to the crystal structure (Figs. S5, S7, S8).
The only exceptions refer to the loop regions such that the total
RMSD of the M-HSD and M-HSE model is 2.49 A. In the
chromophore-binding pocket, the deviations are much smaller
(Fig. 2) and the RMSD for the PCB chromophore is only
0.35 A and 0.28 A for the M-HSD and M-HSE model, respec-
tively. These are models based on different protonation
patterns of His*®°, with the d- and e-nitrogen carrying a proton
in M-HSD and M-HSE, respectively.

The change of the protonation site of His**® has a significant
effect on the orientation of its imidazole ring with respect to
rings B and C of the PCB cofactor (Fig. 3; for the PCB nomen-
clature, see Fig. 1). In the M-HSD model, His2° adopts
anearly parallel orientation with a deviation from coplanarity
of —7° compared with 4-7° in the crystal structure model. In
the M-HSE model, His*® is tilted with respect to the PCB
plane (i.e., rings B and C) by ~50°. This rotation of His**"
does not induce major structural changes in the chromophore
compared with both the M-HSD and the crystal structure
model (vide infra), but it disturbs the water network in the
cavity formed by the four pyrrolic rings. In the M-HSE model,
the central water molecule (pyrrole water) interacts with the
N-H group of ring A, and with Né of His**®, whereas the
N-H groups of rings B and C form hydrogen bonds with the

FIGURE 2 Comparison of the structures of the chromophore-binding site
obtained from the crystal structure (29) (black) and optimized by QM/MM
calculations for the M-HSE (gray) and M-HSD (light-blue) models.
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FIGURE 3 Water network inside the tetrapyrrole cavity in the M-HSE
(top) and M-HSD (bottom) models.

backbone C = O function of Asp**’. In the M-HSD model,
His?* interacts with the chromophore through at least three
water molecules. The pyrrole water forms hydrogen bonds
with rings A and C and is linked to His?*® via an additional
water molecule. The N-H group ring B interacts directly
with the C=0 group of Asp>*’. Furthermore, His*® indirectly
interacts through a water bridge with ring D, whereas no direct
or indirect ring D to His*® interactions are predicted within
the M-HSE model. The latter displays a well-defined
hydrogen bond between Ne of His*® and the COO ™~ group of
the propionic side chain of ring C. In the M-HSD model, this
hydrogen bond is replaced by a water bridge (see Fig. S8
and Table S1 for further details).

RR spectra of Cph142 crystals and solutions

RR spectra of the Pr state of Cphl42 were obtained at
—140°C from both crystalline and frozen solution samples
(Fig. 4). The spectrum of crystalline Cph142 was measured
from several microcrystals (~10-20 pm), grown under
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FIGURE 4 Experimental RR spectra of the Pr state of Cph142 compared
with Raman spectra obtained from QM/MM calculations in the frequency
range of 600-1700 cm™". (A) Calculated Raman spectrum of the M-HSE
model. (B) Calculated Raman spectrum of the M-HSD model. (C) Experi-
mental RR of Cphl142 crystals. (D) Experimental RR spectrum of frozen
Cph142 solution. The experimental spectra were obtained with 1064-nm
excitation at —140°C. Asterisks denote residual buffer and protein bands.

conditions as used for x-ray diffraction experiments. The
raw spectra included large spectral contributions from the
cryogenic buffer that could not be completely subtracted.
However, the residual bands of the buffer and the Raman
bands of the protein matrix (all marked by asterisks) do
not obscure the chromophore RR bands that are particularly
indicative of the tetrapyrrole configuration and conformation.
These are specifically the bands in the region between 1500
and 1700 cm ™' that are spectral markers for the methine
bridge geometry and the protonation state of the tetrapyrrole
(marker band region (18,20), vide infra), and in the regions
between 600 and 900 cm ™' and between 1200 and 1400 cm ™'
that reflect more subtle structural details of the chromophore
and its interactions with the protein environment.

The experimental RR spectra of Cphl42 crystals and
frozen solution are very similar, although some small differ-
ences are detectable that cannot be exclusively attributed to
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the expected band narrowing in the crystal spectrum. Most
notable are the frequency shifts in the marker band region
(Fig.5). In the crystal spectrum, the strongest band is observed
at 1628 cm™ ' and thus at a frequency lower by 7 cm ™' than in
the solution spectrum, whereas its high-frequency shoulder is
upshifted by 7 cm™". As a result of these shifts and the band
narrowing, both bands are more clearly separated in the crystal
as compared with the solution spectrum. The origin of these
remarkable shifts is not clear, but differences in the methine
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FIGURE 5 Experimental RR spectra of the Pr state of Cph142 compared
with Raman spectra obtained from QM/MM calculations in the region of the
marker bands. (A) Calculated Raman spectrum of the M-HSE model. (B)
Calculated Raman spectrum of the M-HSD model. (C) Experimental RR of
Cph142 crystals. (D) Experimental RR spectrum of a frozen Cph1.42 solution.
The experimental spectra were obtained with 1064-nm excitation at —140°C.
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bridge geometry can be ruled out in view of the very good
agreement in other regions of the spectrum. Also, the proton-
ation state is the same, as indicated by the band at 1569
(1570) cm ™", which is a marker for the protonated (cationic)
tetrapyrrole. Minor spectral alterations refer, for instance, to
the weak bands at 1225 and 1239 cm ™" in the crystal spectrum
(Fig. 4), which shift to higher frequencies in solution, and the
band at 1298 cm ' in the solution spectrum, which can hardly
be detected in the crystal spectrum.

QM/MM calculations

The calculated Raman spectra obtained for both M-HSE and
M-HSD models provide a good description of the overall
vibrational band pattern of the experimental RR spectra
(Fig. 4). However, the calculated Raman spectra notably
differ in some details. In the marker band region, the most
intense experimental RR bands at 1628 (1635) and 1656
(1649) cm™ ! of Cph142 crystals (solution) are much better
reproduced by the M-HSD model spectrum (Fig. 5). Here,
two closely spaced modes at 1629 and 1626 cm ', which
include the C=C stretching coordinates of the C-D methine
bridge and ring D, give rise to a strong band at 1628 cm™ ',
whereas a second medium-intense band at 1645 cm ™' orig-
inates from the C=C stretching of the A-B methine bridge
(Table 1). For the M-HSE model, two related modes are pre-
dicted at distinctly lower frequencies, whereas the relative
intensities of the experimental bands are equally well repro-
duced by the spectra of both models.

Further differences between the calculated spectra refer, for
instance, to the modes involving inter alia the N-H out-of-
plane deformation of rings B and C, which give rise to
a doublet at 675 and 695 cm ' in the M-HSE spectrum
(Fig. 4). The frequencies and intensities of these modes are
altered in the M-HSD model (673 and 689 cmfl), which
reproduces the experimental band pair at 659 and 672 cm ™'
quite well. The C-H out-of-plane mode of the C-D methine
bridge is calculated to be at 840 cm ™' in the M-HSE model,
but its frequency is predicted to be lower by 23 cm ™" in the
M-HSD model such that the latter agrees well with the exper-
imental band at 809 cm ™~ '. The adjacent RR band at 792 cm ™
is then attributed to C-H out-of-plane of the B-C methine
bridge deformation, which for both models is calculated too
low in frequency. For both deformation modes, the intensities
are underestimated.

Particularly remarkable are the differences in the region
between 1200 and 1350 cm ™!, which refer to modes contrib-
uting to bands at 1229, 1287, 1256, 1310, 1417, and
1433 cm ™' for the M-HSE model. In the M-HSD model
the counterparts are, in part, composed rather differently,
leading to different predicted intensities and frequencies.
Many of these modes include the C-N stretching and N-H
in-plane bending coordinates of the four pyrrole rings.
Again, also in this region the spectrum calculated for the
M-HSD model provides a better description of the
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ZZZssa configuration
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Calculated vibrational modes of the protein-bound PCB in the M-HSD and M-HSE models, and the isolated PCB in the

QM/MM calculations QM calculations
M-HSD M-HSE ZZ77ssa*
v (I) PED v (I) PED v (I) PED
1645 (32) 46 AB str 1635 (31) 48 AB str 1636 (100) 63 CD str
13 BC str 5 BC str 7 ring D str
7 ring A str 7 ring A str 10 C-Hip CD
SN-Hip A I0N-Hip A
6 C-Hip AB 7 C-Hip AB
1629 (100) 26 ring D str 1619 (100) 8 ring D str 1627 (18) 67 D str
38 CD str 56 CD str
6 ring D bend 11 C-Hip CD
6 N-Hip D
1626 (15) 54 ring D str 1603 (4) 81 ring D str 1622 (39) 35 BC str
19 CD str 18 AB str
12 C-H ip BC
1599 (12) 41 BC str 1592 (2) 36 BC str 1596 (5) 12 BC str
10 AB str 5 AB str 23 AB str
13 C-HBC ip 7 ring B str 18 ring B str
6 N-Hip B 7 C-Hip BC
15 C-Hip BC 6 C-Hip AB
1560 (22) 25N-Hip B 1572 (27) 23N-Hip B 1558 (26) 25N-Hip B
24 N-Hip C 35N-Hip C 2IN-Hip C
15 ring B
7 A-B
1529 (20) 6N-Hip A 1536 (4) 52 ring B str 1545 (12) 31 ring B str
7N-Hip B 6 B bend 7 BC str
17N-Hip C 8 AB str
9 AB str 5 ring B bend
8 ring B str 7N-Hip C
7 CD str
5 ring C str
5C-Hip AB
1515 (6) 40 ring C str 1530 (14) 9N-Hip A 1523 (12) 8 ring A str
7 ring B str 7N-Hip B 7 AB str
18 N-H ip C 6 ring C str
6 C-Hip AB 7N-Hip A
7C-HipBC I12N-Hip B
11 A-B str 16 N-Hip C
5C-Hip AB
1504 (7) 44 ring B str 1500 (3) 39 ring C str 1501 (6) 46 ring C str
8 ring C str

Frequencies (v) are given in cm ™ '; the relative intensities (I, in parentheses) refer to the strongest band (= 100). The normal mode compositions are given in
terms of the PED (in %), restricted to coordinates with a PED > 5%. AB str, BC str, and CD str refer to the stretching coordinates of the A-B, B-C, and C-D
methine bridges, respectively; C-H ip CD, C-H ip BC, C-H ip AB refer to C-H in-plane bending of the respective C-D, B-C, and A-B methine bridge hydro-
gens; ring A str, ring B str, ring C str, ring D str, refer to carbon-carbon stretchings of the respective pyrrole rings; ring A bend, ring B bend, ring C bend, ring D
bend refer to bending the respective pyrrole rings; N-H ip A, N-H ip B, N-H ip C, N-H ip D refer to N-H in-plane bending of ring A, B, C, and D, respectively.

*Data taken from Murgida et al. (21).

experimental RR spectrum. One of the few modes that in the
M-HSE model shows a better agreement with the experi-
mental spectrum refers to the N-H in-plane bending of rings
B and C (1570 cm™'; Fig. 5), although the corresponding
mode of the M-HSD model still lies within the error margin
for DFT calculations of organic molecules (32-34).

Isotopic shifts

The QM/MM calculations also reproduce the spectral
changes induced by isotopic labeling of the chromophore.
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For the *C labeling at the C(5) position (A-B methine
bridge), the main effects are observed in the marker band
region (Fig. 6). In the experimental spectrum of Cphl42
in solution, we note the disappearance of the shoulder at
1649 cm™', which confirms the assignment of this band to
the A-B stretching mode. For the M-HSD model, this
mode is calculated to shift down from 1644 to 1630 cm ™
such that it essentially coincides with the C-D methine bridge
stretching at 1628 cm ™. The latter mode remains unaffected
upon '3C labeling at the C(5) position. As a result, the calcu-
lated spectrum displays only a single peak. Also in the
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FIGURE 6 Experimental RR spectra of the Pr state of Cph142 compared
with calculated Raman spectra. (A) Calculated Raman spectrum of M-HSD
model obtained by QM/MM calculations. (B) Experimental RR spectrum of
a frozen Cph142 solution. (C) Calculated Raman spectrum of the isolated
PCB in the ZZZssa geometry obtained by QM calculations. (D) Calculated
Raman spectrum of the isolated PCB in the ZZZasa geometry obtained by
QM calculations. The black and gray traces refer to Cph142 adducts with
nonlabeled PCB and PCB '*C labeled at position C5, respectively. Gray
numbers refer to isotopic shifts. The QM-calculated spectra were taken
from Murgida et al. (21).

1500

experimental spectrum, the position of the main peak at 1635
cm™ ' remains unchanged; however, the band profile is clearly
asymmetrical with residual intensity on the high-frequency
side. It is possible that the actual downshift of the 1649-cm ™"
band in the experimental RR spectrum is somewhat smaller
than the calculated one, and thus may account for RR intensity
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at~1640cm™ . Furthermore, the Pr chromophore in the frozen
solution may be conformationally heterogeneous, as implied by
the width of the peak at 1635 cm ™", which is larger by a factor
of 2 as compared with the corresponding band width in the crys-
talline state (Fig. 5). As a result, the bands originating from the
A-B and C-D stretching modes may be broadened due to
heterogeneity and thus can readily account for the unusual
peak shapes and widths in the spectra of the samples with unla-
beled and '*C(5)-labeled cofactors. Note that these isotopic
effects are quite similar to those observed for phyA-PCB
adducts (21).

Furthermore, the predicted downshifts of the B-C stretch-
ing (—5.5 cm™ ") and the N-H in-plane (out-of-phase) bending
(—2.5cm™ ") agree very well with the experimental data. This
is also true for the few notable isotopic shifts in the low-
frequency region that refer to the weak bands at 762 cm ™'
(-2 cmfl) and 720 cm! (—4 cmfl) and are readily
compared with the calculated downshifts of the bands 755
and 727 cm™' by —4 and —3 cm ™', respectively (Fig. S11).
Also, the I5N/"N- and H/D-induced shifts, mainly observed
in the marker band region, are consistent with the calculations
(Fig. S12).

QM versus QM/MM calculations

Although the QM/MM calculations (specifically of the
M-HSD model) provide a very good description of the
experimental RR spectra of the Pr state of Cphl142, QM
calculations of the isolated chromophore in vacuo yield
contradictory results that led to erroneous conclusions in
our previous studies (21) (Fig. 6). For the isolated PCB in
the ZZZssa configuration, corresponding to the overall chro-
mophore geometry in the crystal structure, the calculated
Raman spectrum does not reproduce the characteristic
two-banded pattern in the marker band region with the
prominent C-D stretching flanked by a weaker band on the
high-frequency side. Instead, these QM calculations predict
the A-B stretching to be at a distinctly lower frequency than
the C-D stretching, such that neither the experimental
spectra nor the experimental isotopic shifts are reproduced.
In this respect, a much better agreement is achieved on the
basis of QM calculations for the isolated cofactor in the
Z7Zasa configuration for which the correct order of
the C-D and A-B stretching is predicted, and in addition
the isotopic shifts are well reproduced. Thus, the QM-calcu-
lated Raman spectrum of the isolated cofactor in the ZZZasa
configuration coincidentally provides a mode pattern in the
marker band region similar to the QM/MM-calculated spec-
trum of the ZZZssa chromophore in the protein (cf. Murgida
et al. (21)).

Effect of protein-cofactor interactions on the RR
spectrum of the chromophore

To analyze the effect of the protein environment on the RR
spectrum of the cofactor, we first compare the chromophore
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TABLE 2 Structural parameters of the methine bridges of the
protein-bound PCB in the M-HSD and M-HSE models, and the
isolated PCB in the ZZZssa and ZZZasa configuration

QM/MM calculations QM calculations™
A-B methine bridge M-HSD M-HSE Z77ssa Z7Zasa
Bond lengths A)
CA)=C 1.360 1.363 1.371 1.357
C-C(B) 1.428 1.428 1.429 1.443
Bond and dihedral
angles (degree)
C(A) = C-C(B) 129.32 129.95 135.26 129.17
N(A)C(A) = CC(B) —-5.01 2.34 —7.87 —2.93
C(A)C-C(B)N(B) 17.02 13.05 10.47 148.30
B-C methine bridge
Bond lengths A)
C(B)-C 1.394 1.391 1.393 1.394
C-C(B) 1.391 1.404 1.401 1.398
C-C(B)
Bond and dihedral 134.09 136.02 136.47 134.03
angles (degree)
N(B)C(B) = CC(C) 2.83 —0.41 1.74 1.50
C(B)C-C(C)N(C) —6.172 2.76 6.88 1.26
C-D methine bridge
Bond lengths (A)
C(C)=C 1.435 1.444 1.440 1.440
C-C(D) 1.363 1.366 1.362 1.362
Bond and dihedral
angles (degree)
C(C) = C-C(D) 126.59 130.64 131.14 130.68
N(C)C(C) = CC(D) —150.56 —156.83 154.75 154.65
C(O)C-C(D)N(D) 8.87 4.27 —1.32 22

Structural formulas for the ZZZssa and ZZZasa configurations are shown in
Fig. 1 and Fig. SO.
*Taken from Murgida et al. (21)

structures optimized for the M-HSD model and the isolated
PCB in the ZZZssa geometry obtained by QM/MM and
QM calculations, respectively (Table 2). Here, we concentrate
on the structural and electronic parameters of the methine
bridges that are expected to be the main determinants for
the vibrational spectrum in the marker band region. For the
A-B methine bridge, we note a decrease of the C=C bond
length from 1.371 A in the isolated PCB to 1.360 A in the
M-HSD model, whereas the C-C bond length re-
mains unchanged (1.429 vs. 1.428 A). The B-C methine
bridge reveals the opposite behavior inasmuch as the two
bond lengths are nearly the same (1.394 and 1.391 A) in the
M-HSD model, in contrast to the isolated cofactor (1.393
vs. 1.401 A). For the C-D methine bridge, the respective
bond lengths are very similar for the isolated cofactor and
the protein-bound PCB. These findings imply that within the
M-HSD model the protein-cofactor interactions enhance and
weaken the bond length alternation of the A-B and B-C me-
thine bridge, respectively. As a consequence, the conjugation
decreases at the A-B bridge but increases at the B-C bridge, as
indeed reflected by the Wiberg indices (Table S2). Thus, the
intrinsic A-B double-bond stretching frequency, i.e., the
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frequency of a pure A-B stretching mode, should be higher
in the M-HSD model than in the isolated cofactor, whereas
the opposite tendency is expected for the corresponding
B-C stretching. Accordingly, the modes of predominantly
A-B and B-C stretching character are widely separated in
the M-HSD model and give rise to two bands at 1645 and
1599 cm ™' of medium and low Raman intensity, respectively
(Table 1). For the isolated cofactor, however, the intrinsic A-B
and B-C stretching frequencies approach each other such that
the corresponding coordinates are distributed between two
modes at 1622 and 1596 cm™".

Within this scheme, the spectra calculated for the M-HSE
model and the isolated cofactor in the ZZZasa geometry can
also be rationalized. For the M-HSE model, the bond length
pattern of the B-C methine bridge is very similar to that of
the isolated cofactor, whereas the A-B methine bridge
changes are comparable to those of the M-HSD model, albeit
less pronounced (Table 2). Again, this is also reflected in the
Wiberg indices. Thus, mixing of the A-B and B-C stretching
coordinates is weak, but the frequency of the largely pure
A-B stretching is not as high (1635 cm_l) as in the
M-HSD model (Table 1). The isolated cofactor in the
Z7Zasa geometry displays a qualitatively similar picture
with respect to methine bridge bond lengths and Wiberg
indices, although the loss of conjugation in the A-B bridge
is even more pronounced and the A-B stretching frequency
is as high as in the M-HSD model.

One possible origin of the changes in the methine bridge
conjugation may be steric interactions with the protein
matrix, which may cause subtle distortions in the tetrapyrrole
geometry. However, there is no correlation with deviations
in the coplanarity between adjacent pyrrole rings and the me-
thine bridge conjugations. Instead, the most striking
geometric difference refers to the A-B methine bridge
bond angle, which is distinctly wider for the isolated cofactor
in the ZZZssa geometry (135.26°) as compared with that for
the M-HSD and M-HSE models and the isolated PCB in the
Z77asa configuration, which all exhibit bond angles
between 129 and 130°. A closer inspection of the data for
the A-B methine bridge bond angle and the frequency of
the A-B stretching mode reveals an inverse linear relation-
ship that holds for PCB structures in both the ZZZssa and
Z7ZZasa geometries (Fig. S10). Here, the QM-calculated
structures represent the limiting cases, with the smallest
bond angle and highest frequency for the (strained) ZZZasa,
and the largest bond angle and lowest frequency for the
Z77ssa geometry. Interestingly, the QM/MM calculations
of the corresponding protein-PCB complexes of Cphl42
(ZZZssa) and «-CPC (ZZZasa (36)) reveal opposite effects
of the protein environment: the A-B methine bridge bond
angle decreases in «-CPC (36) but increases in Cph142 as
compared with the isolated cofactors. As a result, the A-B
stretching frequency is lowered by ~20 cm™' in a-CPC
and raised by ~40 cm™" in Cph142, providing a very good
description of the respective experimental data.
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In Cph142 the decrease of the A-B methine bridge bond
angle is most likely related to the specific hydrogen bond
network involving the N-H groups of rings A, B, and
C (29). In the M-HSE and M-HSD models, the N-H group
of ring B is hydrogen bonded to the carbonyl function of
Asp®”’, whereas the N-H group of ring A interacts with
His*®® via one water and two water molecules in the
M-HSE and M-HSD model, respectively (Fig. 3). The ring
C N-H group undergoes interactions similar to those of rings
B and A in the M-HSE and M-HSD model, respectively. In
contrast to these complex networks, the simplified QM
model of PCB displays relatively symmetric interactions of
the three N-H groups with the central counterion, which,
after geometry optimization, is positioned nearly equidistant
to the ring A, B, and C nitrogens.

The second major spectral difference in the marker band
region refers to the C-D stretching mode that decreases in
frequency in the order QM(ZZZssa) > M-HSD > M-HSE.
In this case, correlations between structural parameters and
mode frequencies are not obvious because the mode compo-
sitions are quite different for the M-HSE and M-HSD model.
In the M-HSE and QM models, the C-D stretching coordi-
nate is largely concentrated in one mode. The M-HSD
model, however, displays two closely spaced modes, both
of which are dominated by the C-D stretching and a C=C
stretching of ring D.

In addition, the quite substantial frequency variations of
the C-H out-of-plane deformation mode of the C-D methine
bridge cannot readily be rationalized (Fig. 4). In particular,
the tilt angle of ring D, which has been proposed to be
a crucial parameter controlling the frequency and intensity
of this mode (8,10), does not differ substantially between
the various QM/MM and QM models.

On the other hand, most of the remaining spectral differ-
ences between the M-HSD and M-HSE models can in prin-
ciple be understood inasmuch as they refer to regions that
include modes involving the N-H out-of-plane deformation
(670=700 cm ") as well as the C-N stretching and N-H in-
plane bending coordinates (1200-1350 cm™'; 1570 cm™ ).
These are modes that should most sensitively reflect the
differences in the hydrogen bond networks associated with
the N-H groups of rings A, B, and C (vide supra).

Structure refinement on the basis of RR
spectroscopy and QM/MM calculations

Both the M-HSD and M-HSE models are based on the same
amino acid skeleton provided by the crystal structure analysis
of Cph142 (29). Initial structures for the MD simulations
differ only by the protonation site of His*®°, and optimization
leads to differences mainly in the hydrogen bond network in
the chromophore-binding pocket, associated with minor
structural changes of the cofactor and subtle displacements
of nearby amino acids. The crystal structure does not provide
direct information for the correct placement of protons.
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Furthermore, the amino acid framework that is finally ob-
tained in the QM/MM-optimized structures for both models
is compatible with the x-ray diffraction data, taking into
account the experimental resolution of 2.45 A. On the other
hand, the Raman spectrum of the M-HSD model provides
a better reproduction of the experimental RR spectra of
Cph142 than the M-HSE model. This is true for Cph142 in
both solution and the crystalline state. Thus, we conclude
that M-HSD represents an improved structural model for the
chromophore-binding pocket in the Pr state of Cphl42 that
specifically provides a more substantiated description of the
internal hydrogen-bond network. Taking into account that
our analysis is based on the initial modification of only one
structural parameter, i.e., the protonation site of His?*° and
thus effectively the rotation its imidazole ring by 180°, one
may well imagine that further improvements can be achieved
by future systematic variations of other structural parameters.

CONCLUSIONS

The QM/MM methodology allows for a good description of
the experimental RR spectra of the Pr state of Cph142. The
calculated spectra reflect the distortions of the chromophore
geometry induced by the interactions with the protein envi-
ronment. The distortions primarily include a narrowing of
the bond angle of the A-B methine bridge as compared
with the geometry of the isolated PCB obtained by QM
calculations. As a result, the corresponding A-B stretching
mode is predicted to be higher by ~40 cm™' in the
QM/MM than in the QM calculations. It is shown that the
A-B stretching frequency displays an inverse linear relation-
ship with the A-B bond angle.

Because of this protein-induced distortion at the A-B me-
thine bridge, QM calculations of isolated PCB in the ZZZssa
geometry fail to reproduce the experimental RR spectra of
the Pr chromophore, which is the main origin of the erro-
neous assignment of the cofactor structure in our previous
study on phyA (21).

The experimental RR spectra of Cph142 in the crystalline
state and in frozen solutions indicate the same overall chro-
mophore geometry. However, there are subtle conforma-
tional differences and a higher conformational heterogeneity
of the chromophore in solution.

Compared with the M-HSE model, a better reproduction
of the experimental RR spectra of the Pr state of Cphl142
is achieved on the basis of the M-HSD model, indicating
that it represents an improved structural model for the chro-
mophore-binding pocket. A more systematic study that, in
addition to the protonation site of His260, includes further struc-
tural degrees of freedom in the chromophore-binding pocket
may therefore lead to a refinement of the crystal structure model
in the chromophore cavity, including the hydrogen-bond
network.

In that respect, this work introduces a combined theoret-
ical (QM/MM) and experimental (RR) concept to
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complement and refine crystallographic structural models of
cofactor-protein complexes in general.

SUPPORTING MATERIAL

Twelve figures and two tables are available at http://www.biophysj.org/
biophysj/supplemental/S0006-3495(09)00587-6.
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