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2. Previous work on vibrational band assignments

Until now three different approaches have been
followed in the elucidation of the nature of the
vibrational bands of PYP observed in low-temperature
trapped intermediates and in transient states of solution
phase PYP. Chromophore model systems enable
identification of marker modes of functional groups,
such as phenolate ring vibrations or the C=0O stretching
mode." PYP mutants where specific molecular units
have been changed reveal the distinct contributions of
these units to the vibrational spectra. For instance, in the
E46Q PYP mutant Glu46 has been exchanged by Gln,
and with this mutant it has been possible to identify the
C=O0 stretching mode of the COOH-group of Glu46.>°
Isotope substitution provides direct insight into the
involvement of motions of specific atoms in the normal
modes underlying the vibrational transitions. H/D
exchange at the C, and C, positions, for instance, affect
vibrational modes to which the phenolate group
contributes. H/D exchange at Cg reveals the vibrations
with motions of the ethylenic group, and '*C-"C
exchange at C, affects modes with C=0O stretching
involvement. The latter approach of isotope subsitution
has been pursued in an extensive study of low-
temperature trapped intermediates * The determination
of marker modes in these studies have provided

conclusive evidence on structural changes that
accompany the transition of the P-state to the
intermediate I; and I, states and the low-temperature
trapped intermediates PYPg, PYPy, PYP, and PYPy,.

3. Dark P state chromophore geometry

For the electronic ground dark state P, where the
chromophore is in the trans configuration, we focus our
analysis on the spectral range from 1800 to 1660 cm’'
and 1450 to 970 cm™ of the fingerprint region, where
amide I and amide II mode contributions are negligible.
We record thirteen bleached bands with a magnitude
large enough to determine the dichroic ratio (Table S1).
In the spectral range from 1450 to 970 cm™ four bands
strongly support the chromophore geometry with the
C=0 tilted out-of-plane (3PYP structure, Fig. 4b). These
four bands are the hydrogen out-of-plane (H-oop)
HC,=CsH wagging mode at 986 cm’, the Cg-Co™"
stretching mode at 1060 cm’', the 0CH(9a) phenolate
vibration (also indicated as Y9a) at 1166 cm™ and the
C=C-C(-S-)=0 stretching vibration at 1300 em™ 7

Using the 3PYP/INWZ geometry the calculated
frequency v*,uccu = 996 cm’ and angle O°ucen = 25° of
the H-oop mode correspond much better to the
experimental values of v¢ = 986 cm” and ®°=31 + 5°
than the values of v¥uccn = 952 cm” and O°juccn = 82°
calculated with the 3PHY structure.

Furthermore, the Cg-Co™* stretching vibration at
Veucsco = 1060 cm™, assigned as a trans geometry marker
band °, has an angle of @°,cgco = 23 + 5°. This is in better
agreement with the values for the 3PYP/INWZ structure
(Voucsco = 1117 em™ and OF,csco = 18°) than for the
planar 3PHY geometry (calculated values of V,cec7 =
1141 cm™! and ®,cecr = 5° or Viegeo = 939 com’
: and @cvcgcg = 180).

The marker band for a deprotonated chromophore at
1166 cm™” has been assigned to the SCH(9a) (or Y9a)
vibration.” This band also exhibits different vibrational
character for the two reported trans structures. While the
calculations for the 3PYP/INWZ structure supports the
assignment with a frequency of vscyoa = 1161 cm™, the
calculations for the 3PHY structure result in a frequency
of Vscuea = 1092 cm” and a vibrational character with
additional contributions of in-plane hydrogen HC,=CgH
bending. In addition to that, the low-temperature study of
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Imamoto et al. reveals that H/D exchange at the
chromophore positions C, and C, leads to a significant
frequency down shift of more than 90 cm’' (no
absorption band between 1170 and 1060 cm™).” H/D
exchange at these positions down shifts the calculated
OCH(9a) frequency position for the 3PYP/INWZ
geometry by -92 cm’ (Table S2). In contrast, for the
planar 3PHY geometry H/D exchange leads to a
significantly minor frequency down shift of -64 cm™ due
to the in-plane hydrogen HC,=CgH bending contribution
(Table S3).

Finally, around 1300 cm™ a C-C(-S-)=O stretching
vibration is observed '. We measure an angle of ®°,¢cso
=29 + 3° | whereas we calculate values of ®°,cgco = 9°
with the 3PHY structure. For the 3PYP/INWZ geometry
three vibrations are located around 1300 cm’ with
angles of 13, 18 and 59 degrees. This implies that our
experimentally determined angle may be the resulting
average value of these overlapping bands.

For one single band we found an apparent better
correspondence for the 3PHY planar geometry. This
band, located at 1445 c¢cm’, has a measured angle ©° =
42 £ 10° In the case of the 3PHY geometry two
vibrational transitions with angles of 50 and 12 degrees
contribute to the signal. In contrast, the value calculated
with the 3PYP/INWZ geometry is O°,,. = 24°. We feel
that this contrasting behaviour may be caused by
interference of the bleach signals with positive
absorbance bands of the I state.

4. Orientation of the COOD-group of Glu46 in the P,
P* and I, states

In the early stages of isomerization of PYP from the
P to the Ij state geometric changes are primarily due to
chromophore rearrangements. Only the carboxyl side
group of Glu46 exhibits a marked response upon
electronic excitation. Analysis of the direction of the
vC=O0 transition dipole moment of the COOD group of
Glu46 provides insight into the response of the protein
surroundings to chromophore rearrangements. The
direction of the C=O vibrational transition moment is
similar in the P and P* states indicating that the COOD
side group of Glu46 does not change its orientation upon
electronic excitation. Instead, optical excitation of PYP
leads to a weakening of the hydrogen bond between
Glu46 and the phenolate of the chromophore,
presumably due to a net charge flow from the phenolate
to the (Co=0)-S region of the chromophore. Moreover,
when P* relaxes to the first product state I,, no transient
response of Glu46 is observed for either polarization
directions of the mid-IR probe pulse. From this we
conclude that the hydrogen bond between Glu46 and the
phenolate of the chromophore recovers its strength while
retaining the orientation of the COOD-group. As a result
we can conclude that in the primary stages of the PYP
photoinduced geometry changes the chromophore
isomerization reaction does not involve a significant
relocation of the oxygen side of the phenolate group that
is directly linked to Glu46.

Because additional calculations including Glu46
show that deviation of the vC=O transition dipole
moment to the C=0 double bond direction is less than
20°, we directly calculate the angle between the

electronic transition dipole moment of the chromophore
and the C=0O double bond direction of Glu46 to be
O Gus = 61 £ 20° for the planar 3PHY geometry. For the
slightly tilted chromophore geometries 3PYP and INWZ
we calculate @ G = 35 £ 20° and O e = 72 £ 20°,
respectively. The measured angle of @G 46 = 84 % 6° has
the best correspondence with the INWZ structure. From
that we conclude that although the 3PYP structure,
obtained with X-ray diffraction on crystalline PYP, is a
better representation of the chromophore geometry of
PYP in solution, we expect that the flexible amino acids
in the protein binding pocket may be more sufficiently
described with the 3PHY structure, that has been
obtained with nuclear magnetic resonance on solution
phase PYP. However, the more recent refined INWZ
structure obtained with X-ray diffraction on crystalline
PYP turns out to describe most appropriately both the
tilted chromophore trans geometry and the nearly
perpendicular orientation of the C=0 group of Glu46.
Regretfully a more refined PYPy structure has not been
reported so far, and thus it remains a future task to test
further the structural similarities between the transient I,
and PYPg states.

5. First intermediate I, state chomophore geometry

For the first intermediate I, state we observe five
chromophore bands in the difference spectrum, but only
three are located in the spectral range not potentially
affected by amide I and amide II absorptions.

The Cy4-Co™ marker band for the cis chromophore
geometry 3 experimentally observed at vycgco = 1000
cm” is calculated to absorb at v°,csco = 972 cm™ in the
case of the low-temperature trapped cis chromophore
3PYP geometry (Fig. 4e). A better correspondence with
experiment results in the case of the chromophore with
relaxed planar geometry with v¢,csco = 983 cm™ (Fig.
4d).

The vibrational band at 1495 cm™, with measured
angle ®° = 35 + 4° (Table S1), is probably caused by
several modes. For the 3PYP cis geometry we calculate
two corresponding vibrations around this frequency
position with angles of 18 and 4 degrees (Table S4).
Here, also the relaxed cis chromophore geometry has a
better correspondence with the experimental signals as
three vibrations with calculated angles of 30, 10 and 26
degrees can contribute (Table S4).

Strikingly better results are obtained in the
calculations for the vibrational band experimentally
observed at Vo = 1669 cm™ with an angle of ©°co = 69
+ 10°. This vibration has been assigned to the C=0O
stretching vibration in I, by Unno et al.* With the
relaxed planar chromophore geometry we calculate a
vibration with dominant C=O stretching character
located at véco = 1696 cm™ with an angle @°co = 76°, in
good agreement with the experimental values. In
contrast, for the 3PYP cis chromophore geometry two
bands with frequencies of 1639 and 1787 c¢cm” and
angles of 5 and 16° have a vibrational mode character
with little C=0 stretching involvement (Table S4). From
this latter feature we conclude that only the relaxed
planar cis chromophore geometry, as presented in Fig.
4d, is responsible for the measured vibrational
frequencies and angles in the I state.
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