10564 J. Phys. Chem. R006,110,10564-10574

Calculation of Vibrational Spectra of Linear Tetrapyrroles. 4. Methine Bridge C—H
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Quantum chemical force fields obtained by density functional theory (DFT) calculations systematically
overestimate the frequencies of normal modes including ethylenid Gut-of-plane (HOOP) coordinates.
Compensation of this deviation requires a specific scaling factor for this type of coordinate that is distinctly
lower than those applicable to out-of-plane coordinates in general. Such a specific scaling factor (0.900) has
been optimized for the DFT(B3LYP) level of theory on the basis of vibrational analyses of training molecules
including the HOOP coordinate. Thus, the root-mean-square deviation for the calculated frequencies of these
modes is reduced from 16 to 8 cfn Although Raman intensities are yet not reproduced in a satisfactory
manner, implementation of the HOOP scaling factor into the set of global scaling factors determined previously
(Magdo et alJ. Phys. Chem. A999 103 289-303) allows for a substantially improved reproduction of the
experimental (resonance) Raman spectra of test molecules including linear methine-bridged tetrapyrroles. A
very good agreement between calculated and experimental spectra is noted for the phycocyanobilin
dimethylester dimer as well as for the protein-bound phycocyanobilin in the antenna p@&@. However,

for the phycocyanobilin chromophore in thesBate of the plant photoreceptor phytochrome phyA, considerable
deviations remain in the spectral range between 800 and 500, evhich are attributed to the effect of
specific proteir-chromophore interactions. The influence of the protein environment is not considered in the
present calculations that refer to the molecule in vacuo.

Introduction determined for molecules for which a complete vibrational

. . . . assignment is straightforward, i.e., training molecules, and then
Calculations of the vibrational frequencies by quantum . coad to the target molecules.

chemical ab initio methods are being increasingly used for the

analysis of vibrational spectra. With increasing size of the - . -
molecules, the number of modes observed in the experimental"’md improved in the past decade affording an agreement of the

IR and Raman spectra grows strongly such that, particularly calculated frequencies With the experimentally determined data
for molecules of low symmetry, an unambiguous spectra of ca.+10 cnT 1173 E_xtendlng t_h(_a scaling procedures to target
interpretation is not possible on the basis of empirical approachesmolecules has provided promising results even for molecules
and intuitive arguments. In this respect, quantum mechanically ¢ontaining more than 60 atoms, and there are no indications
calculated spectra become an indispensable tool for the vibra-for @ principle size limit. In view of this generally very good
tional assignment, which is a prerequisite for the determination Performance, the few striking deviations that have been noted
of structural parameters from the Spectra. For molecules deserve SpeCiﬂC attention. For example, it has been found that
including more than 25 atoms, quantum mechanical calculationsthe force constants for internal coordinates involving thetN
are usually restricted to the harmonic approximation which, group cannot be consistently corrected by the same scaling
together with the intrinsic deficiencies of the methods employed, factors in the presence and absence of hydrogen bond interac-
leads to systematic errors of the force fields. These drawbackstions? With the introduction of specific scaling factors for
can be partially overcome by applying scaling procedures. hydrogen-bonded NH functions, a substantial improvement
Whereas scaling of the calculated frequencies by a single of the description of experimental spectra is achieved. This is
factor already significantly improves the agreement with the particularly important for analyzing the spectra of protein
experimental frequencies, the scaled quantum mechanics forcecofactors such as linear tetrapyrroles which are usually involved
field (SQMFF) approach developed by Pulay and co-workers in a network of hydrogen bonds with adjacent amino acid
provides physically sustained and thus more accurate correc-residues. Linear tetrapyrroles such as phytochromobilin, phy-
tions?! In this approach, global scaling factors are introduced cocyanobilin, and biliverdin constitute the chromophoric sites
to correct the force field itself. Within a specific level of theory, in phytochromes, a family of photoreceptors, that have been
these scaling factors are optimized for a particular type of studied by resonance Raman (RR) spectros€op\sQMFF
internal coordinates and, thus, are transferable between differentalculations have been shown to be indispensable for the
molecules that include the same or chemically similar internal interpreting the experimental RR spectra. On the basis of the
coordinates. Therefore, the scaling factors can be initially analysis of the spectral region between 1300 and 1700 .cm
conclusions can be drawn about the configuration, conformation,
* E-mail: andrea.mroginski@tu-berlin.de. and protonation state of the tetrapyrroles, and in this way,
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Several sets of global scaling factors have been developed
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valuable information about the molecular functioning of phy- (vo— Vi)4

tochrome has been obtained. lraj 0 [45(c)* + 7(/')7] - (3)
The most striking discrepancies between experimental and Vi[l — eXF(— _')]

calculated spectra refer to the region of the methine bridgel C KT,

out-of-plane (HOOP) modes with frequency deviations of up o o

to 50 cntl. This failure of the calculations is particularly —Whereo' andy’ are the derivatives of the mean polarizability
annoying, since HOOP modes are considered to be sensitive® @Nd its anisotropy with respect to the normal modeThis
indicators for dihedral distortions for the methine bridges of €duation refers to a setup where the incident light is in the
tetrapyrroles and, more generally, for polyene chains. The x-dlrect|on,_ belng linearly pc_)larlzeql in thedlrectlon, and the
present paper is dedicated to overcoming this deficiency by Scattered light is observed in tlyedirection.

developing an optimized scaling factor for HOOP modes which ~ Experimental Methods. RR spectra of PCBEg-CPC, and

so far is not included in the set of global scaling factors. The Phytochrome were measured with 1064-nm excitation as
strategy is based on the vibrational analyses of a series of eightd€Scribed previousl2 The preparation of the C-15 deuterated
test molecules that include the HOOP coordinate. For these PCB isotopomer and the vibrational analysis Of'ItS phytoch.rome
molecules, the vibrational spectra are calculated using density2dduct (65-kDa fragment of phyA from oat) will be described
functional theory (DFT). By comparing the calculated and in detail elsewhere.

experimental spectra, an HOOP scaling factor is optimized and
included in the set of transferable scaling factors, which in the
subsequent step is employed for the description of the vibrational ~ selection of Training and Test MoleculesThe hierarchy
spectra of test and target molecules that include tetrapyrrolesof the molecules constituting the benchmarks of the project is

Results and Discussion

in different configurations and conformations. illustrated in Figure 1. The training molecules serve for the
determination of a scaling factor for the ethylenic HOOP internal
Methods coordinate, onoop, Which then will be added to a set of

_ _ _ _ transferable scaling factors and applied to the test molecules.
Calculations. DFT calculations with the B3LYP functiorfal ~ All the training molecules include at least one ethylenic CH

and the 6-31G*° basis set were carried out as described group. In addition, the compounds had to fulfill two criteria.

previously? The force fields were scaled according to First, only those compounds have been chosen for which
accurate structural data are available as a criterion for checking
(Fy)’ = \/Ei(pij)@ (1) the goodness of the quantum mechanical geometry optimization.

Second, the experimental infrared and Raman spectra of the
compounds must refer to well-defined states (preferentially
monomeric states) and must possess a sufficient quality as a
prerequisite for a safe vibrational assignment and thus for the
determination of an accurate value for the scaling factor. In this
way, we have selected eight different compounds: butadiene,
propene, isoprene, pentadiene, 2-methyl-2-butene, styrene, stil-
bene, and hexamethylpyrromethene (HMPM). Among them
butadiene, propene, and HMPM have been used in previous
scaling factor optimization proceduré$!!

f(0hoop) = \/2[1/{””— V000 ) The test molecules include 2,4-hexadiene, phycocyanobilin

dimethylester (PCBE), and the protein-bound phycocyanobilin

wheres? are the oxperimertal rquencies o) (08) O e o Conyescynn st
are the frequencies calculated on the basis of the scaled forcd . o : . p o
field using ouoor The summation in eq 2 runs over all conjugated polyenes. Polyenes constitute fundamental building
experimental vibrational frequencies of all molecules of the blOCk.S of the chromophoric groups of many relevant biolqgicgl
training set. Minimization of thef(opoop) is done using a proteins, suc_h as Te“"a's n rh(_)dopsms or. caroten0|d_s n
Newton-Raphson optimization algorithm. The gradient and the photosynthetic proteins. The_ vibrational properties of hexadiene
Hessian matrix can be obtained by differentiating eq 2 with have bee_n extensively studlgd by Mohamed ét‘_EICBE qnd
respect to the scaling factoshoon These quantities are the protein-bound PCB are linear tetrapyrroles in two different

. L2 . . onformations. For both tetrapyrroles, three-dimensional struc-
evaluated in each optimization step. Convergence is considere . : . .

. - ure data can either be derived from experimental studies on
to be achieved when the changes of thgop scaling factor

are smaller than -10-3 related compounds or have been determined directly. Both
R ) PCBE and PCB ina-CPC may be considered ideal test
Geometry optimization, force constants, as well as dipole mgjecules, since they are closely related to the target molecules,
moment and the polarizability derivatives calculation were g phytochrome cofactors, which includes tetrapyrrolic chro-
performed using the program packagaussian032 Programs  mophores of a priori unknown configuration and conformation.
developed in our laboratory were employed for the normal-mode  Tpe crystal structure of-CPC reveals a protonated PCB
analysis as well as for the evaluation of Raman intensities and chromophore (PCBH) in an extende@ZZasaconfigurationts
the optimization of the force field scaling factor. Vibrational data of the protein-bound chromophore are available
The matrix elements of the dipole moment and the polariz- by means of RR spectroscopyIn contrast, PCBE in organic
ability derivatives which determine the IR and Raman intensities solvents and in the solid state most likely forms dimers via
were evaluated using the program pack@geissianO3For off- hydrogen bond interactions involving the carbonyl functions and
resonance excitation, the Raman intensitigg of a normal the NH groups of the terminal pyrrolidone and/or pyrrolone
modei with frequencyw; is given by eq 3 rings, as has been previously observed in biliverdin dimethyl-

where (F)? and F; are the respective scaled and unscaled force
constants of the internal coordinatesand j. A previously
determined set of global scaling factarswas used together
with the scaling factor for the HOOP coordinatgoop, Which

is introduced in this work. Optimization of the force field scaling
factor for the HOOP coordinate is performed as described by
Baker et all! using a least-squares merit function defined as
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Training Set The optimized structures afs-stilbene and itsransstilbene
exhibit nonplanar structures with the phenyl rings rotated in

— _ ca. 2.4 (transstilbene) and 335 (cisstilbene) about the
\ _\: _ C-phenyl bond. These torsional coordinates are underestimated
) . compared to the experimental values of-3648° and 43 for
propene  1,3-butadiene isoprene  2-methyl-2-butene
culated bond length alternation at the ethylene bridge is predicted
to be less pronounced than the experimental values, correspond-
trans-1,3-pentadiene  cis-1, 3-pentadiene HMPM higher degree of conjugation in the DFT calculations. The crystal

structure of styrer?é indicates a small torsion angle between

trans- and cis-stilbene, respectivel§%23 Furthermore, the cal-
P W S
N \_/_ ing to an overestimation of electronic delocalization and thus a
- Q 2 the phenyl ring and the vinyl group of 7.82whereas the
O Q \ O ©/\ calculations afford a perfectly planar geometry. Here, a com-
parable underestimation of the calculategt©€bond length of

cis-stibene trans-stilbene styrene the vinyl substituent is noted as for stilbene.
Hexamethyl pyrromethene (HMPM) crystallizes in the form
Test molecules of dimers held together by NHN hydrogen bond$. This
structure agrees very well with the geometry of the dimeric
P Y Y \_J:\ species optimized at the B3LYP/6-31G* level of theory. In
e/ — monomeric HMPM, the calculated geometry remains nearly

(EEIREEieng EZiHecasme,  [ZZHsadene unchanged compared to the monomeric entities of the dimer.

The calculations indicate only a slight (0.002 A) decrease of
the C—C bond length at the methine bridge and & 2gening

of the corresponding €C=C angle upon dimerization (Table
1).

Test MoleculesThree hexadiene structures were taken into
account in this work, corresponding to the isomerization states
CH, at the G=C double bonds, i.e.Z(2), (E,E), and ¢,E). Although
COLCHy bpp GO PCBREHTCI~ for each case six rotational isomers are expected as a combina-
tion of trans- {) and cis- €) rotations around the three—€C
bonds, only the lowest-energy structures were considered for
further force field calculations. Among all possible rotamers,
the (tt) conformation turned out to be the most stable one. The
DFT calculations predict the lowest-energy structus,(tt)
hexadiene, followed byZE,ttt) and ¢Zttt), which are higher
e in energy by 1.425 and 3.045 kcal/mol, respectively. The
target molecules were optimized at the B3LYP/6-31G* level gqqmetry caiculated for th&Eittt) isomer coincides with those
of theory with tight convergence cutoffs on the forces and the previously published by Mohamed et’4IA slight elongation
step size. In general, experimental structural data were used forby 1-4 mA of the G-C and G=C bonds as well as the opening
comparison, except for 2-methyl-2-butene and 1,3-pentadieneyt ihe c—c=C angles (ca. 23°) of (Zztt) and ZEittt) isomers
for which no structural data are available. Optimized geometries jyicate an increase of steric interaction comparecEB(r).
are in excellent agreement with experimental values as indicatedg;,ce experimental structural parameters of hexadiene are not
in Table 1. available, we compared the B3LYP structures with ab initio

Training MoleculesButadiene and isoprene may exist in two  MP2/6-31H1G* calculations (Table 1, Supporting Information).
and three different conformations, respectively. According to The differences between the geometries obtained at both levels
spectroscopic and thermodynamic d&td; the s-transbuta- of theory are small with discrepancies in the=C/C—C bond
diene and-transisoprene prevails such that calculations of the |engths and &C—C bond angles 0&0.001 A and ca. 0%
vibrational spectra were restricted to these conformers. For bothrespectively. The B3LYP/6-31G* calculations predict slightly
compounds, the minimum-energy structures obtained at themore extended backbone structures compared to those obtained
B3LYP/6-31G* level of theory are in excellent agreement with  with MP2/6-31H-G*. The same effect has been observed for
the experimental data (Table 1). A comparably good agreementpentadiene and 2-methyl-2-butene (Table 1).
between calculated and experimental structures is also obtained sjnce the crystal structure of the phycocyanobilin dimethyl

for propene (Table 1y ester (PCBE) is not available, the starting geometry was built
For 1,3-pentadiene, geometry optimization reveals three stablefrom the crystal structure of the closely related biliverdin
conformers, the s-cis,trans, the s-trans,trans, and the s-trans,cidimethyl ester. This tetrapyrrole hagZZsssonformation and
isomers. In agreement with microwave spectroscopic stddlies, forms hydrogen-bonded dimers via the-N and G=0 groups
the two s-trans species are predicted to be the most stable onesf the rings A and D, such that we expected the same dimers
which therefore were considered for frequency calculations. for PCBE as well. NMR and circular dichroism studfesave
Among them, thes-transcis-1,3-pentadiene is calculated to be shown that at least two diastereocisomers of PCBE coexist in
higher in energy by 6.95 kJ/mol than tlsetranstrans-1,3 solution, an M-helical and a P-helical form. The experimental
pentadiene. The two pentadiene isomers exhibit planar backbonestudies as well as B3LYP calculations for PCBE monomers
geometries. The trans/cis isomerization of thre@double bond indicate that the M-helical form is more stable by only 0.1 kcal/
induces an opening of the inner«C=C angles by 3 while mol than the P-form. To find the appropriate dimeric stuctrure
keeping the €&C and G=C bond lengths unchanged. of PCBE, we constructed four possible centrosymmetric helical

Figure 1. Structural formulas of training and test molecules.

ester crystal3® These dimers exhibit a helical structure resulting
from two monomeric units withZZZsssconformation and
configuration of the methine brigdes.

Geometry Calculations.The geometries of the training and
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TABLE 1: Averaged Structural Parameters of the Training Molecules Calculated at the B3LYP/6-31G* Level of Theory

bond lengths bond angles
C—H c—C c—C c—C=C
butadien#® 1.091 (1.090) 1.458 (1.463) 1.341 (1.341) 124.3 (123.3)
propeng® 1.091 1.502 (1.501) 1.333 (1.336) 125.2 (124.3)
(1.090)
isoprené® 1.090 1.468 (1.463) 1.340 (1.34) 126.1 (127.3)

2-methyl-2-butene
cis-1,3 pentadiene

1.091 [1.091]
1.090 [1.092]

1.503 [1.502]
1.501 [1.501] (@25)
1.457 [1.460] (C2-C3)

1.342[1.349]
1.346 [1.352] (C&C4)
1.341[1.349] (C£C2)

128.8[128.2]
127.8 [127.3] (C3C4—C5)
127.1 [126.6] (C2C3=C4)
123.8 [122.9] (CE£C2-C3)

trans-1,3 pentadiene 1.091 1.499 [1.499] (©25) 1.343[1.349] (C3C4) 125.2 [124.6] (C3C4—-C5)
1.456 [1.459] (C2-C3) 1.341[1.348] (C£C2) 124.3[123.8] (C2C3=C4)
124.6 [124.6] (CE£C2-C3)
cis-stilbené? 1.090 1.475 (1.489) 1.350 (1.334) 131.2 (129.5)
trans-stilbené? 1.089 1.466 (1.472) 1.349 (1.336) 127.2 (126.0)
styrené* 1.090 (0.98) 1.472 (1.474) 1.339 (1.325) 127.7 (126.8)
HMPM# 1.087 (0.93) 1.419 (1.411) 1.374 (1.379) 126.6 (128.3)

a Experimental values are given in parentheses. Structural parameters calculated at the MiPB648L2| of theory are listed in brackets.
b Averaged over the two monomeric units.

TABLE 2: Structural Parameters of PCBE-HCI (ZZZasg and PCBE (ZZZss$ Calculated with B3LYP/6-31G*

PCBH™CI~ PCBE BVE?’ 2,3-dihydrobilatriene-al3é
o-CPC ZZZasa Z7Z7sss sss Z77sss
exptl calcd calcd exptl exptl
monomer DD-dimer AA-dimer
Bridge AB
Cc=C® 1.405 1.355 1.366 1.365 1.363 1.351 1.338
c—Ca 1.423 1.444 1.434 1.436 1.434 1.421 1.466
cce 133.8 128.9 125.5 125.2 128.9 125.3 124.6
NaCCC 20.8 -3.1 4.8 2.9 13.8 14
CCCNs® 133.8 147.4 14.2 10.1 23.9 12.7
Bridge BC
c=C? 1411 1.396 1.379 1.379 1.389 1.373 1.368
c—Ca 1.421 1.397 1.417 1.417 1.405 1.385 1.426
cce 133.9 133.8 126.6 127.4 127.8 127.3 126.8
NgCCC 4.3 15 4.7 4.2 5.3 4.8
CCCN* 5.3 2.7 34 7.9 2.3 8.1
Bridge CD
C=Ca 1.4161 1.441 1.366 1.364 1.363 1.357 1.343
c—Ca 1.4154 1.360 1.431 1.432 1.438 1.477 1.438
cce 129.4 127.5 128.9 129.6 126.7 125.4 130.3
NcCCC 141.1 144.6 13.2 16.0 7.6 16.2
CCCNy® 1.1 —-2.9 4.9 8.8 1.2 3.3

bBond lengths are given in angstronisBond angles are given in degreé®ihedral angles are given in degrees.

dimers by combining the M-helical monomeric units, each with  The C=C and C-C distances of the methine bridges of both
two possible tautomeric states, i.e., one with a pyrrolic B-ring PCBE conformers (AA and DD) agree within0.01—0.03 A

and the other one with a pyrrolic C-ring. Geometry optimization with the values extracted from the two available crystal
of these structures at the B3LYP/6-31G* level of theory structures. The calculated<C=C angles and the corresponding
indicates that the most stable conformation corresponds to aginhedral angles of the methine bridges of the DD dimer are in
C-pyrrolic tail-to-tail dimer (DD dimer), followed by the 4504 agreement with the 2,3-dihydrobilatriene-abe structure with
B-pyrrolic head-to-head dimer (AA dimer) that is higher in  yeiations of less tharf and & for the bond angles and dihedral

energy by 3.19 kcal/mol. The two remaining conformations, angles, respectively. The-€C=C methine bridge angles of the
the C-pyrrolic head-to-head and the B-pyrrolic tail-to-tail dimers, head-té-head (AA) conformation were compared with the

are predicted to exhibit energies that are higher by 7.55 and corresponding structural parameters of free biliverdin. The

7.76 kcal/mol, respectively. 2 . . .
P cively . largest deviation is found for the AB methine bridge angle which
In Table 2, the optimized geometries of the two most stable . . I -
dimeric PCBE conformations are compared with the crystal- Is overestimated by 3.6D|mer_|zat|on of PCBE has a negl_lglble
lographic structure of a 2,3-dihydrobilatriene-abc deriv&five e_ffect on th_e €C and C-C distances of the me_thlne bridges,
since the differences between the corresponding bond lengths

and with biliverdin dimethyl este¥. Unlike biliverdin, the 2,3- .
dihydrobilatriene-abc crystallizes in helical dimers linked by ©f the monomer and those of the dimer do not exceed 0.002 A.

hydrogen bonds between the rings D of the two centrosym- The same conclusion holds for the methine bridge angles, which
metrically related molecules with acidic protons at the nitrogens increase by less tharf.10nly slight twists (0.5-4.5°) of the

of rings A, C, and D. Thus, it constitutes a good reference bridges are predicted to occur. Since the structure of free PCBE
system for the comparison with the optimized backbone with DD conformation is predicted to be the most stable one
geometry of the C-pyrrolic-PCBE dimer with DD conformation. and its geometry is in very good agreement with the crystal
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Figure 2. Deviations of the calculated frequencies from the experimental data for the training molecules. Only modes including ethylenic HOOP
coordinates with a PED larger than 5% are considered. The HOOP coordinates were scaled with (A) the standard scaling factor for oop coordinates
oxvoop Of 0.987 and (B) with the specific scaling factoxoop of 0.90. The shaded areas indicate the respective rms deviations.

structure closely related compounds, we have chosen this Figure 2A displays the deviations between the experimental
geometry for further force field calculations. and the calculated frequencies of all vibrational modes with non-
For the geometry optimization of PCBE with the protonated negligible CH oop character. The plot shows that the standard
(cationic)zZZasaconformation, the starting geometry was taken force field scaling factor for the out-of-plane deformation
from the crystal structure af-CPC}® where the tetrapyrrole is  coordinatesoxyoop Systematically overestimates the ethylenic
embedded in the protein matrix with a carboxylate side chain HOOP vibrations. These deviations are more pronounced for
of Asp87 located near rings B and C. In the present calculations, the high-frequency HOOP, reaching values as high as 33 cm
these interactions were mimicked by placing a chloride coun- such as for pentadiene. It can easily be estimated that no
terion between rings B and C, and the covalent linkage to the significant improvement will be achieved by employing the
protein was replaced by a hydrogen link atom. The propionate scaling factor ¢xyveop = 0.971) used by Baké#, which is only
side chains were modeled with methyl ester groups in order to slightly smaller than the one contained in the standard set of
avoid intramolecular hydrogen-bonding interactions with the scaling factors optimized by Magdo et®a{oxyoop = 0.987).
pyrrole nitrogens of rings A and D. Since the geometry Both factors have been optimized for out-of-plane coordinates
optimization of PCBEHCI~ was carried out from the tetrapy-  in general and evidently do not represent a satisfactory correction
rrole in vacuo, the resulting geometry wifiZ Zasaconfiguration for the specific ethylenic HOOP coordinates.
is slightly distorted in comparison to the crystallographic Since the CH wag modes of butadiene are mixed withGC
structure of the protein-bounded chromophore. The methine twisting, Magdo et af. tried to correct the overestimation of
bridges of the optimized structure are less twisted than in the the calculated CH wag frequencies by using a scaling factor of
protein, indicating that the apoprotein plays an important role 0.8681 for the torsional force constant. This procedure is
in sterically locking the chromophore. Furthermore, the opti- successful for butadiene and for other conjugated noncyclic
mized structure of the model compound shows a slight increasecompounds (e.qg., isoprene, pentadiene), in which torsional and
of the single/double-bond length alternation at the AB and CD HOOP coordinates mix strongly. For molecules such as HMPM,
methine bridges accompanied by a closing of the correspondingstilbene, or styrene that exhibit much weaker mixing, this
C=C—C angles, reflecting a decrease of electronic conjugation correction has no significant effect on the calculated frequencies
(Table 2). The optimized structural parameters of the central of the HOOP modes.
BC methine bridge are in close agreement with the crystal- A specific scaling factor for the ethylenic HOOP coordinate
lographic values. Deviations are on the order of 0.01 A for the o00p was, therefore, optimized in this work on the basis of
C=C and C-C bond lengths and less thahfbr the G=C—C the training molecules propene, 2-methyl-2-butene, butadiene,

angle. isoprene,cis- and trans-pentadienecis- and trans-stilbene,
Optimization of a Force Field Scaling Factor for the styrene, and HMPM. Monodeuterated propene, butadiene, and
Ethylenic CH Out-of-Plane Coordinate. The vibrational HMPM, bideuteratedrans-stilbene, and trideuterated styrene

spectra of the training set molecules were initially calculated were also included in the training set, since high-quality
using the standard set of force field scaling factor optimized vibrational IR and/or Raman spectra are available. After 13
by Magdo et af Due to strong coupling with Citocking (rock) cycles, optimization ofonoop converged to 0.900, which is
and CH wagging (wag) deformations, the HOOP coordinates significantly lower than the standard factesgop 0f 0.987 and

are spread among several modes in a wide frequency range0.971 determined previoushi! During the optimization pro-
between 200 and 1000 cth Furthermore, most of these cedure, the step size was set to 0.001 with a damping factor of
vibrations are mixed with torsional deformation around-ttie= 0.5. A reduction of these optimization parameters only increases
C— and=C—C- bonds (Tables 18, Supporting Information). the computation time without altering the final result. As shown
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TABLE 3: RMS Deviations (in cm~1) of the Calculated
Normal-Mode Frequencie$ for the Training Molecules Using
Different Scaling Factors

RMS RMS
molecule no. of modes oxyoop = 0.987 GHoop= 0.90
butadiene 24 16.4 7.3
propene 21 13.1 9.2
isoprene 33 14.9 7.7
2-methyl-2-butene 39 13.9 7.3
cis-1,3 pentadiene 33 16.6 6.0
trans-1,3 pentadiene 33 20.2 8.2
cis-stilbene 72 11.4 5.9
transstilbene 72 18.6 7.8
styrene 42 13.8 8.1
HMPM 105 19.2 11.9

@ Data refer to the modes that include the HOOP coordinate by more
than 5% PED.

in Figure 2B, scaling of the force constants with the optimized
valueoyoop = 0.90 brings the calculated spectra in much closer

agreement with the experimental data. The root-mean-square

(rms) deviation for all modes with HOOP character was
significantly reduced from 16 to 8 crh (see Table 3), and the
mean of all deviations decreased from 13 to 2°&m
Polyeneslin butadiene, isoprenejs-1,3-pentadiene, as well
as intrans-1,3-pentadiene, the HOOP coordinates are strongly
mixed with torsional coordinates of the<€C and C-C bonds
such that in each case several modes exhibit substantial HOO
character (Tables-24, Supporting Information). Employing the

optimized HOOP scaling factor leads to a substantial decrease,
of the rms deviations for the calculated frequencies as compared

to the experimental data taking from the literatii#é® The
improved performance also includes the prediction of the
frequencies for the respective isotopomers. In addition, the
Raman and infrared intensities are well-reproduced with the
exception of the/,e mode of the 1,3-pentadiene isomers, which
is predicted to exhibit a high Raman intensity in contrast to the
experimental findings.

Also for 2-methyl-2-butene, the optimized HOOP scaling
factor provides a very good agreement of the experimental
spectra reported by Peng e€dand Schrader and Mefé@(Table
5, Supporting Information). As a specific property of this test
molecule, we note an additional strong coupling of the HOOP
coordinate with the symmetric and asymmetric{&étking and
the C-(CHj3), wagging deformations. The coupling constants

calculated for these three coordinates are relatively high (at least

1 order of magnitude) compared to those computed for the
remaining coordinates.

A slightly worse performance was observed for propene, in
which the ethylenic HOOP coordinate contributes to the
potential energy distributions (PED) of at least three vibrational
modes: v14, v15, and vig (Table 6, Supporting Information).
Among them,v19 exhibits the largest HOOP character (52%).
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v15 andvyg are shifted in the same direction. The same effect is
observed for monodeuterated propene. In this respect, deutera-
tion of the ethylenic CH group causes a downshift of ca. 26
cmt of v19, which is slightly overestimated by the calculations.
Thus, propene is an example for the limitation of the scaling
procedure, since a further simultaneous improvement of the
calculated frequencies for high and low ethylenic HOOP
frequencies cannot be achieved just by scaling the corresponding
force fields. However, exclusion of propene from the training
set does not significantly affect the result of the optimization
of the HOOP scaling factor.

Bridged Conjugated Ring Systeni$e vibrational spectra
of trans- andcis-stilbene isomers have been extensively studied
previously33-36 such that a large set of experimental data is
available particularly fortrans-stilbene (Table 7, Supporting
Information). In the experimental spectra tofns-stilbene in
solution reported by WatanaBé four vibrational bands are
detected at 959, 848, 821, and 736 ¢mwhich are shifted to
slightly higher frequencies in the vibrational spectra of the solid-
state sample. In agreement with Arena’s restiltag first three
bands are assigned to vibrational modes with ethylenic HOOP
character, since they are strongly shifted to lower wavenumbers
(707, 791, and 707 cnd, respectively) upon deuteration of the
ethylene bridge hydrogens. These isotopic shifts are well-
reproduced on the basis of the scaling factaioop. In

I:;:is-stilbene, the ethylenic HOOP coordinate contributes to five

vibrational modes predicted at 95244), 786 (/s0), 730 (’53),

679 (se), and 564 cm! (vsg). These modes can be assigned to
the experimental bands observed at 965, 781, 732, 698, and
561 cnT! respectively. Among these modes, contains the
largest contribution of the ethylenic HOOP coordinates (62%
PED). Unlike other training molecules, the ethylenic HOOP
coordinates otis-stilbene are mixed with a variety of internal
coordinates such as torsions of the ethylenic bridge &nd

vsg), phenyl CH out-of-plane and puckering deformationsg,(

vse, andvsg), and C—-C=C deformations of the bridge bending
(vs3). This strong mixture is a consequence of the non-planar
molecular structure of the cis isomer. Our results agree with
Arena’s assignment for the 781- and 732-¢rbands®® whereas

the proposed assignment for medium-intensity Raman band at
965 cnt! as a phenyl ring CH oop mode must be revised. This
band disappears in the Raman spectrum of the isotopomer that
is doubly deuterated at the ethylene bridgeonfirming its
ethylenic HOOP character.

It is important to mention that variation of the scaling factor
not only induces frequency shifts but also strongly modifies
the composition of the vibrational modes. This effect is clearly
manifested by modess, andvss of trans-stilbene and modes
vse and vsg of cis-stilbene, for which the mode composition
predicted with the standard scaling factoxy,op lacks the
contribution of the ethylenic HOOP internal coordinate. Thus,

These three modes are undoubtedly assigned to the infrared0 isotopic shift is calculated for these modes in contrast to the

bands observed at 1045, 990, and 575 &/ in agreement
with a previous study by Takada et®8The modes;s andvig
show high IR intensity in accordance with the calculations. The
optimized scaling factor significantly reduces the deviations of
the calculated frequencies for the modesandv;s from 24 to

8 cnr1, whereas the deviation forg increases by ca. 6 crh
The splitting between the high-frequency:d) and low-
frequency {190 HOOP modes Av = 436.3 cn1l) is thus
overestimated in 21 cm compared to the experimental data.
Modification (by less than 30%) of the coupling constants
between the ethylenic HOOP and the Didck and CH wag
coordinates did not improve the theoretical predictions, since

experimental results. Furthermore, the frequencies of the eth-
ylenic HOOP vibrationsi,, andvag in trans-stilbene andsyg,

vso, andvss in cis-stilbene) are overestimated by ca. 20ém
with respect to the experimental values. The rms deviation of
the frequencies of ethylenic HOOP modes decreases from 24.7
and 14.3 cm? for trans andcis-stilbene to 9.5 and 5.9 cm,
respectively, whemyoopis included in the scaling procedure.

Experimental infrared and Raman spectra of neat styrene and
its deuterated derivative have been reported by Condirston and
Laposa” and possible vibrational assignments have been
suggested on the basis of normal-mode anal§&Bsie to the
strong coupling between the ethylenic HOOP and vinyl wag
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TABLE 4: Calculated and Experimental Frequencies ¢, in cm™1) and Intensities for the Modes between 400 and 1000 crhof
2,4-Hexadiene Isomers

exptl calcd
mode no. 14 IIR IRa v IIR IRa PED [%]

(Z,2)
29 950 m 945.5 (972.9) 0 4 [54] HOOP [421C tors
30 926 s 903.0 (903.0) 33 0 [61}€C stre, [24] CH rock
31 907 m 891.1 (891.1) 0 3 [80]-C stret
32 770 w 775.2 (804.6) 0 12 [83] HOOP, [11FC tors
33 681 S 676.4 (701.2) 52 0 [80] HOOP, [7HC tors
34 640 w 630.4 (630.4) 0 5 [54] CCC bend, [23}C stre
35 526 m 523.5 (523.6) 16 0 [82] CCC bend
36 470 m 452.5 (460.5) 0 26 [40] HOOP, [52}HC tors
37 312 w 305.3 (311.3) 0 0 [34] HOOP, [40FC tors
rms 9.1(21.1)

(3
28 990 S 1001.9 (1023.6) 48 0 [46] HOOP, [46FC tors
29 940.9 (966.5) 0 0 [56] HOOP, [42]€C tors
31 935 m 916.6 (916.6) 28 0 [501€C stre, [32] CH rock
32 834 w 825.2 (855.9) 0 14 [80] HOOP
33 750 m 736.5 (763.4) 5 0 [80] HOOP, [12] Gkbck
34 554 w 540.7 (540.7) 0 0 [80] CCC bend
35 435 S 426.9 (426.9) 0 13 [55] CCC bend, [29}C stre
36 355 w 331.8(333.2) 0 0 [81] CCC bend
37 334 w 327.7 (331.8) 0 6 [14] HOOP, [50¥C tors
rms 11.7 (22.8)

(Z.E)
28 s w 992.2 (1015.7) 14 1 [51] HOOP, [43HC tors
29 S w 943.6 (970.0) 11 1 [58] HOOP, [40FC tors
31 s 917.8 (917.8) 21 1 [25]-€C stre, [40] CH rock
32 w 899.2 (899.2) 11 1 [67]€C stre, [11] CH rock
33 m 809.5 (839.8) 9 13 [80] HOOP, [7] Gliock
34 s w 697.5 (723.1) 13 2 [75] HOOP
35 m m 595.7 (595.7) 5 2 [64] CCC bend, [91C stre
36 m S 459.6 (459.6) 0 5 [81] CCC bend, [241-C stre
37 m m 427.7 (435.0) 4 10 [39] HOOP, [50FC tors
rms 8.3 (23.4)

aCalculated IR I(g) and Raman intensitie$sl) are related to the mode of maximum intensity (100). The experimentally determined intensities
are classified in terms of strong (s), medium (m), and weak (w) ba&r@dalculations are based on the specific HOOP scaling faot@se = 0.90;
data obtained with the standard scaling facter., = 0.987 are given in parenthes€®ED, potential energy distribution given in percentage (in
brackets). Abbreviations: stre, stretching; bend, bending, tors, torsion.

deformation coordinates, the present calculations predict at leastraining molecules, the HOOP coordinate of HMPM monomer
five vibrational modes with non-negligible ethylenic HOOP is concentrated in a single modeg) with more than 70% PED.

deformation nature at 1003 ci(v,4), 988 cni? (v2s), 787 cnrt When this internal coordinate is scaled withoop instead of
(v31), 633 cnT? (v34), and 438 cm! (vzg) (Table 8, Supporting Oxvoop the frequency ofg7 (878 cnm') more closely approaches
Information). On the basis of the predicted intensitieg,and the experimental value. The same effect is observeadpof

vo5 are unambiguously assigned to the strong IR band observedHMPM-CD detected at 759 cm and calculated at 751 crh
at 992 cnt and its shoulder at 983 crh respectively. Ina  with 50% of CD oop character. The isotopic shift of 129¢m
similar way, vs; is attributed to the very strong infrared band resulting from H/D substitution at the methine bridge is well
detected at 776 cm. Becausevss and vsg are predicted to reproduced.
exhibit moderate Raman intensity, they are assigned to the From the analysis of the calculated and experimental vibra-
Raman bands observed at 640 and 442'cmespectively. Only tional spectra of all test molecules, several common features
one pure vinyl wag deformation mode,§) is calculated at 915  have been noted. First, in conjugated noncyclic systems as well
cm~t with very strong IR intensity, such that it is assigned to as in styrene, the HOOP coordinate appears to be strongly
the intense IR band observed at 909énDeuteration of the coupled to wagging deformations of the terminal vinyl groups
ethyl and vinyl hydrogens causes a downshift of these five and to rocking deformations of neighboring methyl groups. This
bands. The absolute frequencies as well as these isotopic shiftss indicated by the corresponding coupling constants, which are
are accurately reproduced by the calculations, in which only at least 1 order of magnitude higher than other coupling
the ethylenic HOOP coordinate was scaled witlyop, Whereas constants. Second, the Raman intensities of the HOOP modes
for the C—H oop coordinates of the phenyl and vinyl groups, (e.g.,v2o of butadieneys, andvs; of isoprene v, of cis- and
the standard scaling factotvoop Was employed. In this way,  trans-pentadiene, andss and vsg of styrene) are generally
the rms deviation of the frequencies of ethylenic HOOP modes overestimated. This effect is particularly pronounced for propene
of styrene and its deuterated derivative is reduced by a factorwherevig (52% HOOP character) is predicted to be one of the
of 2. most intense Raman bands, in contrast to the experimental
The vibrational spectra of monomeric and dimeric HMPM findings. The agreement between calculated and experimental
have been analyzed in detail previou$l\Employing the Raman intensities is not improved upon increasing the level of
standard scaling factarxyoop leads to an overestimation by ca. theory, as previously suggested by Stirling (Table 9, Supporting
20 cnt?t of the HOOP mode observed at 888 cirlnlike other Information)2® Including diffuse and polarization functions in
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Figure 3. Deviations of the calculated frequencies from the experi-
mental data for hexadiene isomers considering only modes with HOOP
character with more than 5% PED. The HOOP coordinates were scaled
with the standard scaling factor for oop coordinatgs.op of 0.987
(open circles) and with the specific scaling fact@eop of 0.90 (filled
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Figure 4. Calculated Raman spectrum of (A) PCBEEI™ in the

ZZZasaconfiguration and (D) of the PCBE dimer in th&ZZsss

configuration in the frequency range from 1000 to 1700 triraces

(B) and (C) show the experimental RR afCPC and solid PCBE,

respectively. The gray dotted lines refer to the chromophores deuterated

1200

1000

circles). The shaded area indicates the rms deviation for the calculationsat the pyrrole nitrogens.

using OHOOP-

the basis set strongly affects the Raman activities of low-
frequency vibrational modes but does not lead to a uniform
decrease of the calculated Raman intensities. This failure is not
restricted to DFT but also noted for the MP2/643tg**
calculations. Interestingly, the calculated Raman intensities of
the HOOP modes of the remaining training molecules, stilbene,
HMPM, and 2-methyl-2-butene, are consistent with the respec-
tive experimental spectra.

Test and Target Molecules.HexadieneThe HOOP coor-
dinates contribute to the PEDs of five modes in a wide frequency
range between 1000 and 300 cihamong which only two
involve more than 80% HOOP character. For the three hexa-
diene conformers, the frequencies of these two modes are
calculated at between 700 and 750¢nand 800-750 cnT?,
which agree very well with the experimental data for tA}

(681 and 770 cmt), (Z,E) (704 and 818 cm?), and E,E) (750
and 834 cm?) conformers (Table 43°

The HOOP modes of the three isomers can be sorted into
two main groups according to the frequencies above 600-cm
(group A) and below 600 cm (group B). The standard scaling
factor oxyoop Strongly overestimates the frequencies of group A
with deviations higher than 13 crh whereas it slightly
underestimates the frequencies of group B with a maximum
deviation of —9 cnr! (Figure 3). Although scaling with the
scaling factoronoop is only successful at the high-frequency
range, there is a significant reduction of the rms deviation from
ca. 22 to 9 cml. All hexadiene isomers studied in this work
display an overestimation of the calculated Raman activities o
the HOOP modes as already discussed for noncyclic conjugate
training molecules (vide supra). The modgsof the Z,2) and

f

(E,E) hexadiene isomers are calculated with considerable Raman

intensities in contradiction to the experimental spectrum. In the
case of theZ,E) isomer, the Raman intensity pattern predicted
between 900 and 400 crhstrongly deviates from the experi-
mental spectr& Here, two relatively strong bands are predicted
at 810 and 428 cmi, and a much lower intensity is calculated
for the mode at 460 cmi. The experimental spectrum displays
one strong band at 465 crhand two medium-intensity bands
at 818 and 438 crit.

Phycocyanobilin Dimethylestefhe experimental RR spectra
of PCBE and the PCB chromophore embedded in the protein
matrix of a-CPC proteif®4? have been compared with the

\Y

165

1 1 1 1 1

700 800 700 800 900
Av/cm™! Av/cm™

Figure 5. Left column: calculated low-frequency Raman spectra of
PCBEH'CI~ in theZZZasaconfiguration using (C) the standard scaling
factor for oop coordinatesxyoop Of 0.987 and (A) the specific scaling
factoronoopof 0.90. The experimental RR spectrumoeCPC is shown
in (B). Right column: calculated low-frequency Raman spectra of the
PCBE dimer in th&ZZss<onfiguration using (F) the standard scaling
factor for oop coordinatesxyeop Of 0.987 and (D) the specific scaling
factor anoor 0f 0.90. The experimental RR spectrum of PCBE is shown
in (E).

600 900 600

calculated Raman spectra of PCBE w#tiZsssconfiguration

and the Raman spectra of PCBEEI~ with ZZZasaconfigu-
ration, respectively. In the frequency range between 1000 and
1700 cnt?, which is not affected by variation of the scaling

Jactor for HOOP coordinates, we note a very good agreement

for both tetrapyrroles in O and DO (Figure 4). Note that

both the frequencies and the intensities are well-reproduced even
though the experimental spectra have been measured under pre-
resonance conditions. Below 1000 thhowever, the proper
scaling of the HOOP coordinates has a pronounced effect on
the calculated spectra and provides an improved description of
the experimental spectra (Figure 5).

DFT calculations of dimeric PCBEZEZZsssconfiguration)
using the standard set of force field scaling factors predict a
prominent Raman band at 849 chwhich, as well as the much
weaker bands at 813 and 877 thn exhibits significant
contributions of the HOOP coordinates (ca. 50%). The experi-
mental Raman spectrum of PCBE shows a distinct albeit weak



10572 J. Phys. Chem. A, Vol. 110, No. 36, 2006 Mroginski et al.

TABLE 5: Calculated and Experimental Frequencies ¢, in cm™1) and Intensities for the Selected Modes Between ca. 800 and
900 cnT? of Protonated Phycocyanobilin Dimethylester in theZZZasa Configuration and Dimeric Phycocyanobilin
Dimethylester in the ZZZsssConfiguration?

exptl calcd
mode no. 14 IrRR Vv lir IRa PED [%]
CPC ¢zzasa
158 882 w 874.0 (907.1) 20 (6) 2(0) [69] HOOP (BC), [1H-C tors (BC), [7] C-C tors (BC)
159 866.0 (866.6) 101 (128) 0 (0) [11HD stre, [14] C-C stre
160 862 w 860.3 (863.4) 6 (10) 1(2) [261€C stre, [16] ethyl rock
161 855.8 (859.1) 90 (129) 2(1) [6}€C stre
162 832.1(843.8) 152 (118) 3(9) [13]HOOP (AB), [5] HOOP (AB), [36] NH oop (B), [21] NH oop (C)
163 825.8 (826.2) 27 (8) 2(2) [6] HOOP (CD), [16] Gkbck
164 825 sh 823.6 (823.6) 24 (22) 0 (0) [281O stre, [7] C-C stre
165 818 m 817.5 (838.0) 27 (47) 29 (30) [35] HOOP (BC), [14] HOOP (AB), [ACtors (BC)
166 806 sh 811.7 (809.5) 16 (3) 4(1) [221C stre, [6] HOOP (CD), [6] NH oop (B)
167 803.2 (814.) 27 (39) 3(1) [24]HOOP (AB), [6] HOOP (CD), [14] NH oop (C), [14] NH oop (B)
PCBE Dimer ZZZss}$
303 851.2 (850.4) 0 2 [16] CH oop (BC), [24] ethylidene CH oop (A)
304 851.1 (850.3) 27 0 [16] HOOP (BC), [29] ethylidene CH oop (A)
305 848.1 (876.6) 15 0 [50] HOOP (BC)
306 835 w 848.0 (876.5) 0 4  [50] HOOP (BC)
307 834.8 (834.8) 26 0 [24] CC stre
308 834.7 (834.2) 0 3 [24] CC stre
309 822.9 (848.3) 18 0 [60] HOOP (CD)
310 802 m 822.1 (848.5) 0 20 [62] HOOP (CD)
316 793.1 0 2 [16] HOOP (AB)
317 790.5 (813.2) 59 0 [46] HOOP (AB)
318 781 m 790.3 (813.2) 0 3 [36] HOOP (AB)

aCalculations are based on the specific HOOP scaling facigssr = 0.90; data obtained with the standard scaling faot@s,, = 0.987 are
given in parentheses. Calculated IR) and Raman intensitiedgf) are related to the mode of maximum intensity (100). The experimentally
determined RR intensitie$gg) are classified in terms of medium (m) and weak (w) bands and shoulder$ BRI, potential energy distribution
given in percentage (in brackets). Abbreviations: stre, stretching; bend, bending, tors, torsion. The individual rings of the tetrapyrrotgsdire de
by the letters A, B, C, and D, thereby also defining the respective methine bridges (AB, BC, and CD) (Figure 1).

band at 802 cmt, which thus is attributed to the mode at 849
cm~1 despite the ca. 50-cm deviation.
Upon introducing the HOOP scaling fac@sioor frequencies
of the modes between 900 and 780 érare substantially altered
(Table 5). The 849 cmt mode including the HOOP mode of

the C-D methine bridge is now calculated at 822 ¢nfvzi0)
and predicted to exhibit a considerable Raman intensity suchbinding site in the chromophore pocket, for PCB- and phyto-
that the assignment to the experimental band at 802! ém

straightforward. Furthermore, in addition, the low-frequency

shoulder at 781 cnt in the experimental spectrum is now much
better matched by the calculated Raman-active megig$790
cm 1) andwvzs (793 cntl) that include the HOOP coordinate

of the A—B methine bridge. Thus, the deviations from the

experimental frequencies are substantially reduced.
Protein-Bound Phycocyanobilifor the protonatedZZasa

PCB in a-CPC, previous DFT calculations done using the

DrBphP from Deinococcus radioduranfias unambiguously
revealed aZzZZssaconfiguration of the chromophore in the
parent state P¥, which has been further shown to be protonated
in neutral aqueous solution (unpublished results). However, there
are indications that this configuration is only true for biliverdin-
binding phytochromes, whereas, possibly due to the different

chromobilin-binding phytochromes such as phyA from plants
the Pr chromophore appear to adopt a protonated (cationic)
Z7Zasaconfiguration® This conclusion has been derived from
the analysis of the RR spectra in the spectral region between
1200 and 1700 cmi. Whereas in this region the calculations
agree very well with the experimental data, there are significant
discrepancies in the region below 1000 dnCalculations that

are based on the extended set of scaling factors incluglipge
improve the description of the RR spectra between 600 and 900

standard set of scaling factors have predicted several vibrationalcm= (Figure 6), although the agreement is not as good as in

modes with non-negligible methine bridge HOOP charatter.

the case oftr-CPC. Such a discrepancy is not observed for the

Only for two of these modes has a significant Raman intensity RR spectrum of the Pr state of the phyA adduct assembled with
been predicted, and their frequencies have been calculated tdPCB, which is deuterated at the-© methine bridge. For this

be higher by more than 20 crhthan for the experimental band
at 818 cn1! (Figure 5C). Includingryoopalso causes alterations

isotopomer, the €D oop coordinate contributes to three closely
spaced modes of medium Raman intensity at 602, 601, and 598

of the PEDs for the normal modes in this region such that four cm™1, which together lead to the most intense band in the
modes instead of five possess appreciable contributions fromcalculated spectrum below 1000 cth The frequency of the
the methine bridge HOOP coordinates. Now, the frequency resultant peak exactly coincides with the RR band observed at
deviations are drastically reduced (Table 5). Specifically, the 601 cntt. This band is also the most intense band in the
mode v162 (HOOP of C-D methine bridge) for which the  experimental RR spectrum in this region, although, due to the
highest Raman intensity is calculated agrees very well with the poor signal-to-noise ratio, further bands cannot be identified.

prominent experimental band at 818 chiThe modes including
HOOP coordinates of the methine bridges-B and B-C
character {sg v162, andvigy) are calculated with low Raman

This agreement as well as the good performance of the
calculations for the PCBE dimer ardCPC rules out that an
inadequate scaling factor for the HOOP coordinate is the origin

intensities such that an unambiguous assignment is not possiblefor the insufficient reproduction of the experimental RR

The Pr State of Phytochrom&he recent crystal structure

spectrum of Pr spectra below 1000 ¢ Instead, these

analysis of the chromophore-binding fragment of phytochrome deviations evidently reflect the limitations of in vacuo calcula-
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Figure 6. Calculated low-frequency Raman spectrum of (A) PCBEH
Cl~ intheZZZasaand (D) its isotopomer deuterated at the C-15 carbon.
The experimental RR spectra of recombinant phytochrome (phyA)
adducts in the Pstate including the nonlabeled and the C-15 deuterated
PCB chromophore are shown in (B) and (C), respectively.
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tions for the protein-bound chromophore in phytochrome. It may
be that specific proteinchromophore interactions in the Pr state
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Supporting Information Available: Tables of structural
data of hexadiene isomers, calculated and experimental frequen-
cies and IR and Raman intensities of butadiene, isoprene,
pentadiene, 2-methyl-2-butene, propene, stilbene, and styrene
isomers and isotopomers. This material is available free of
charge via the Internet at http:/pubs.acs.org.
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