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The photoactive chromophore of photoactive yellow protein (PYP) is p-coumaric acid (pCA). In the ground state, the
PCA chromophore exists as a phenolate anion, which is H-bonded by protonated Glu46 (Ogjyas-Opca =~2.6 A) and
protonated Tyr42. On the other hand, the Ogjuss—Opca H-bond was unusually short (Ogiuas—Opca = 2.47 A) in the
intermediate pRqy state observed in time-resolved Laue diffraction studies. To understand how the existence of
the unusually short H-bond is energetically possible, we analyzed the H-bond energetics adopting a quantum
mechanical/molecular mechanical (QM/MM) approach based on the atomic coordinates of the PYP crystal struc-
tures. In QVI/MM calculations, the Ogju46-Opca bond is 2.60 A in the ground state, where Tyr42 donates an
H-bond to pCA. In contrast, when the hydroxyl group of Tyr42 is flipped away from pCA, the H-bond was signif-
icantly shortened to 2.49 A in the ground state. The same H-bond pattern reproduced the unusually short
H-bond in the pRew structure (Ogjuas—Opca = 2.49 A). Intriguingly, the potential-energy profile resembles that
of a single-well H-bond, suggesting that the pK; values of the donor (Glu46) and acceptor (pCA) moieties are
nearly equal. The present results indicate that the “equal pK,” requirement for formation of single-well or
low-barrier H-bond (LBHB) is satisfied only when Tyr42 does not donate an H-bond to pCA, and argue against
the possibility that the Ogju46-Opca bond is an LBHB in the ground state, where Tyr42 donates an H-bond to pCA.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Photoactive yellow protein (PYP) serves as a bacterial photoreceptor,
in particular, as a sensor for negative phototaxis to blue light [1]. The
photoactive chromophore of PYP is p-coumaric acid (pCA), which is cova-
lently attached to Cys69 [2]. In the PYP ground state, the pCA chromo-
phore exists as a phenolate anion [3-5]. The PYP crystal structure
revealed that pCA is H-bonded by protonated Tyr42 and protonated
Glu46 (Fig. 1). Tyr42 is further H-bonded by Thr50. Structural analysis
suggested that Glu46 is protonated and pCA is ionized in the PYP ground
state, pG [6,7]. H atom positions of PYP were assigned in neutron diffrac-
tion analysis [8]. According to neutron diffraction analysis, in the case of
the Glu46-pCA pair, an H atom was at a distance of 1.21 A from Glu46
and 1.37 A from pCA, almost at the midpoint of the Ociua6—Opca bond
(2.57 A) (Fig. 1). From this unusual H atom position, the H-bond between
Glu46 and pCA was interpreted as a low-barrier H-bond [8].

A low-barrier hydrogen bond (LBHB) is a non-standard H-bond,
which was originally proposed to possess covalent bond-like character-
istics, thus significantly stabilizing the transition state and facilitating
enzymatic reactions [9,10]. In original reports by Frey et al. [10] and

Abbreviations: &, "H NMR chemical shift; FTIR spectroscopy, Fourier transform in-
frared spectroscopy; LBHB, low-barrier hydrogen bond; pCA, p-coumaric acid; PYP,
photoactive yellow protein; QM/MM, quantum mechanical/molecular mechanical
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Cleland and Kreevoy [9], it was stated that an LBHB (including a
single-well H-bond) can form when the pK, difference between donor
and acceptor moieties is nearly zero (Fig. 1). If this is the case, the iden-
tification of an LBHB can be valid only if the minimum is at the center of
the Ogiua6-Opca bond (i.e., the pK, values of the two moieties are nearly
equal) as suggested by Schutz and Warshel [11]. It has been suggested
that a stronger H-bond results in a more downfield 'H NMR chemical
shift. According to the classification of H-bonds by Jeffrey [12] and
Frey [13], “single-well H-bonds” are very short, typically with O-O
distances of 2.4 to 2.5 A, and display 'H NMR chemical shifts (&) of
20 to 22 ppm [13]. “LBHBs” are longer, 2.5 to 2.6 A, with a & of 17 to
19 ppm [13]. “Weak H-bonds” are even longer, with a 6y of 10 to
12 ppm [13].

Upon exposure to blue light, PYP undergoes the following photocycle;
pG (ground state) — P* —(trans-cis isomerization) —Iy—I§ — pR -
(proton transfer and large conformational change) — pB— pG [14-16].
The pR to pB transition has been suggested to involve protonation of
pCA (ie., proton transfer) and a large structural change of the protein
[14,15]. Although time-resolved Laue diffraction studies proposed struc-
tural models of the intermediates [17], the relevance of the proposed pB
structure (PDB ID: 1TSO) as an intermediate of the photocycle is a matter
of debate. In Laue diffraction studies, the pB intermediate has an
H-bond between Arg52 and pCA [17], whereas solution structures
of the pB state argue a high degree of disorder in residues 42-56
[18] (discussed in Ref. [19]).

On the other hand, time-resolved Laue diffraction studies identi-
fied the pRew intermediate [17]. The pRcw intermediate structure [17]
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was proposed to correspond to the pR species [14-16] observed in
spectroscopic studies. The pR state decays to the pB state as a result
of PT from Glu46 to pCA with the rate coefficient of 250 ps [14,15],
which is consistent with that of 333 ps for the pRcw decay [17]. To
the best of our knowledge solution structures of the pR state have
not been reported.

Interestingly, the Ogua6-Opca bond is unusually short, 2.47 A in
the pRew structure (1.60-A resolution) [17], which may argue against
the presence of an LBHB in the ground state proposed in Ref. [8]. In
general, an H-bond donor-acceptor distance can be the shortest
when the pK, difference between donor and acceptor moieties is
nearly zero. This is why LBHB and single-well H-bonds are shorter
than standard (asymmetric double-well) H-bonds (Fig. 1) [11,20-22].
If the presence of the shorter Ogju46-Opca bond in the pRew state rela-
tive to the ground state is plausible, this will suggest that “matching
pK,” between the H-bond donor and acceptor moieties is not satisfied
in the ground state (at least, less likely than in the pRcyy state).

The LBHB Ogju46-Opca bond was originally proposed to stabilize
“the isolated negative charge” originating from ionized pCA in the
protein inner core [8]. However, the presence of the polar residue
Tyr42 that donates an H-bond to pCA (Oryra2-Opca=2.50 A [23] to
2.52 A [8]) in the ground state appeared to play a role in stabilizing
the ionized chromophore (Fig. 1) and is possibly an implication that
the Ociua6—Opca bond does not necessarily require characteristics of
an LBHB to exist in the protein environment. To understand energet-
ics of the unusually short Ogjus6-Opca bond in the pRew structure, the
influence of Tyr42 (i.e., another H-bond partner of pCA) on the
Oclua6—Opca H-bond is to be clarified. In the pR state, the presence
of the Ogjua6-Opca H-bond has been confirmed in spectroscopic stud-
ies (e.g., the Ogjua6—Opca H-bond is stronger in pR relative to pG [4]),
while the presence of the Oryr42-Opca is unclear. If the Oryra2-Opca
H-bond is absent in the pRcw state, pK,(pCA) relative to pK,(Glu46)
is expected to be significantly different from that in the ground
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state, which can affect the Ogjuu6-Opca bond length. Indeed, the
Ociua6—Opca bond is significantly short (2.51 A) in the Y42F crystal
structure [24] relative to the native PYP (2.57 A [8,23]). Fourier trans-
form infrared (FTIR) spectroscopic studies also have suggested that
the Ociua6—Opca bond is stronger in the Y42F mutant than in the na-
tive PYP [25].

To evaluate how formation of an unusually short H-bond is ener-
getically possible in PYP, we analyzed the H-bond energetics adopting
a quantum mechanical/molecular mechanical (QM/MM) approach
based on the atomic coordinates of the PYP crystal structures includ-
ing the pRew [17] and Y42F [24] structures.

2. Computational procedures
2.1. QM/MM calculations

The atomic coordinates were taken from the X-ray structures of
the native (PDB ID: 10T9 or 10TB) [23] and Y42F (1F9I) [24], PYP pro-
teins and the Laue crystal structure of the pRcw (1TS7) intermediate
[17]. To gain better understanding of the electronic structure of the
chromophore pCA, and the residues in the H-bond network, namely
Tyr42, Glu46, Thr50, and Cys69, we performed large-scale QM/MM
calculations for the entire PYP protein. Note that the calculated
Ociua6-Opca H-bond length remained unchanged even when Cys69
was involved in the MM region. We employed the so-called electro-
static embedding QM/MM scheme [26] and used the Qsite [27] pro-
gram code as performed in previous studies [28]. The detailed geometry
of QM region was optimized under the influence of MM electrostatic/
steric field (see PYP_SLpdb in SI for geometry). We employed the restrict-
ed DFT method with the B3LYP functional and LACVP**+ basis sets.
Forthe QM/MM calculations, we added additional counter ions to
neutralize the whole system.

Arg52 Arg52

Fig. 1. (a) Overview of typical potential-energy profiles: (top) standard H-bonds (asymmetric double-well), typically with an Ogonor-Oacceptor distance >~2.6 A; (middle) low
barrier H-bond (LBHB), typically with an Ogonor—Oacceptor distance of 2.5-2.6 A; and (bottom) single-well (ionic) H-bonds, typically with an Odonor—Oacceptor distance of
<~2.5 A [20]. (b) H atom positions of the Oclua6—Opca bond (left) in the neutron diffraction analysis (green sphere, PDB ID: 2ZOI) [8]. (right) QM/MM optimized structure

based on the X-ray crystal structure (cyan sphere, PDB ID: 10T9) [23].
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2.2. H-bond potential-energy

For following the proton transfer (PT) pathways, we employed an
iterative (constrained) QM/MM geometry optimizations with fixing
the selected reaction coordinate. First, we prepared for the QM/MM op-
timized geometry without constraints, and we used the resulting geom-
etry as the initial geometry. Next, the reaction coordinate was defined
as a linear combination of two PT distances (Ogonor—H and H-Oacceptor)-
Then, we moved the H atom from the H-bond donor atom (Ogonor) to
the acceptor atom (Oacceptor) by 0.05 A, optimized the geometry by
constraining the Ogonor—H and H-Ojcceptor distances such that the sum
of the two distances remained constant in order to really follow the pro-
ton motion, and calculated the energy of the resulting geometry at each
PT coordinate. This procedure was repeated until the H atom reached
the Oaccepror atom. Except for the atoms directly involved in the PT reac-
tion coordinate (i.e., Ogonor, @ transferring H, and O,cceptor atoms), all of
the atomic coordinates in the QM region were fully relaxed (i.e., not
fixed) in the generation of the scans.

2.3. '"H NMR chemical shift

The NMR chemical shift was calculated by using the GIAOs meth-
od [29] implemented in the Qsite [27] and JAGUAR [30] programs.
The absolute shielding constant of 'H of tetramethylsilane (TMS)
was calculated to be 31.6 ppm on the basis of the atomic coordinates
in Ref. [31] and used as the TMS reference for &y. We evaluated the
accuracy of the quantum chemically calculated 6y [32]. First, we
calculated 6y for maleate and compounds which are also supposed
to contain a strong H-bond or an LBHB [33]. The calculated & values
are considerably close to the experimentally measured values, with
discrepancies of ~1 ppm or less [32]. The discrepancy between the
measured values (solution) and the calculated values (solid state) is
mainly due to inadequate accounting for the multiconfiguration of
the molecular geometry, the proton dynamics, and the rovibrational
corrections to the nuclear shielding in the calculations. This indicates,
however, that the contributions of these features to the values are
obviously negligible, which does not practically affect any conclusions
from the present study. Hence, the calculated &y values should be
considered at this level of accuracy [32].

2.4. "TH NMR chemical shift validation

The calculated OHO-bond geometries and the NMR chemical
shifts can also be evaluated by the correlation proposed by Limbach
et al. [34]. The geometric correlation of the O,cceptor"H-Odonor bond
between the acceptor-hydrogen (Ojcceptor~H) distance r; and the
donor-hydrogen (Ogonor—H) distance r, can be obtained by

q, =2r° +2q, +2b In[1 + exp(—2q,/b)],

b= 2 Gymin-2 1°|/(2 1n2), 1)
qr = (r1=12)/2,
=Ty + T3,

where @amin represents a minimum value corresponding to the
minimum Oj,cceptor~Odonor distance in the case of a linear H-bond,
and 1 is the equilibrium distance in the fictive free diatomic unit
OH [34]. The correlation between the OHO-bond geometry and the
'H NMR chemical shift 6y can be obtained by

oy = 501-10 + Ay (4p1py)",
p1 = exp|-(a1 +42/2-1°) /b], 2)
Py = eXP[‘(‘Ql +q2/2—r0>/b},

where 63y and Ay represent the limiting chemical shifts of the separate
fictive groups OH and the excess chemical shift of the quasi-symmetric

complex, respectively, and m is an empirical parameter. g, is given in
Eq. (1). Using Eqgs. (1) and (2), the &y can also be obtained, regarding
g2 as the donor-acceptor (Ogdonor—Oacceptor) distance. We used the
same parameters as used in Ref. [34], ie., °=0.93, gomin=2.36,
831 =7.9, Ay=13, and m=1.1, as done in a previous study [32].

3. Results
3.1. Influence of Tyr42 on the Ogjus6—-Opca bond properties

In the QM/MM geometry, the Ogjuas-Opca bond of 2.51 A in the
Y42F mutant is shorter than the bond of 2.57 A in the native PYP, in
agreement with the crystal structure [24] (Table 1). The calculated
&y value for the Ogjya6-Opca bond in the Y42F mutant was 16.8 ppm
(Table 1), in agreement with a &y of 16.7 ppm measured in solution
NMR studies [35]. Using the correlation proposed by Limbach et al.
(Egs. 1 and 2) [34], an O-0 distance of 2.51 A also predicts a &y of
16.4 ppm, suggesting that the larger &y in the Y42F mutant is pre-
dominantly due to the decreased Ogjy46-Opca length.

The decrease in the Ogiu46—Opca length upon mutation of Y42F can
also be understood from the decrease in the energy near the pCA moiety
relative to the Glu46 moiety in the potential energy profile (Fig. 3),
which corresponds to the decrease in the pK, difference between
Glu46 and pCA. Thus, the shorter Ogju46-Opca length in the Y42F mutant
with respect to the native PYP is due to pronounced “matching pK,"
between the H-bond donor and acceptor moieties, i.e. the H-bond
potential energy shape becomes more symmetric. Similar relationship
between the pK, differences and the H-bond donor-acceptor distances
has also been demonstrated for H-bonds in other proteins (e.g., counter
ions in bacteriorhodopsin and Anabaena sensory rhodopsin [36] and
redox active tyrosine D1-Tyr161 in photosystem II [37]).

Such a decrease in the pKj difference leads to a more symmetrical
H bond characteristic of the Ogju46—Opca bond. According to Frey [13],
an essential requirement for a symmetrical H-bond is that the proton
lies inline with the donor and acceptor atoms; this feature is pro-
nounced in the essentially linear H-bond of Ogju46—~H-Opca in the
Y42F mutant (172.0°) relative to the that in the native PYP (168.2°)

Table 1

(i) Experimental and calculated geometries (in Angstrom for distance and degree for
angle) and (ii) 6y (in ppm) of the mutant PYP proteins. For the complete atomic coor-
dinates of the QM/MM geometries, see PYP_SLpdb in SI. n.d.; not determined.

(i)

Native Y42F
Crystal Crystal
(10T9) Calc. (1F9I) Calc.
Oclua6—Opca 2.59 2.57 2.51 2.50
Ogruas—H n.d. 1.02 n.d. 1.04
H-Opca n.d. 1.56 n.d. 1.47
(Ogiuas—H-0pca) n.d. 168.2 n.d. 172.0
Oryraz=Opca 2.50 2.48 n.d. n.d.
Oryraz-H n.d. 1.02 n.d. n.d.
H-Opca n.d. 147 n.d. n.d.
(Oryra2-H-Opca) n.d. 170.9 n.d. n.d.
Orhrso—Otyraz 2.85 2.79 n.d. n.d.
Orhrso-Oc—o, 46 3.13 3.08 3.23 3.22
Orhrs0-Opca 4.02 4.01 2.79 2.76
(ii)
Native Y42F
Solution Calc. Solution Calc.
Glu46 15.22 14.8 16.7° 16.8
Tyr42 13.7° 14.9 n.d. n.d.

2 See Ref. [35].
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Table 2

(i) Experimental and calculated geometries (in Angstrom for distance and degree for
angle) and (ii) &y (in ppm) of the native PYP. For the complete atomic coordinates of
the QM/MM geometries, see PYP_SLpdb in SI. n.d.; not determined. The error in O-O
distance in the crystal was estimated to be 0.01-0.02 A [23].

(i)

Native
10T9 Calc. Calc.
[Geometry] Standard Short Oguas—Opca
Ocluas—Opca 2.59 2.57 246
Ogluas—H n.d. 1.02 1.07
H-Opca n.d. 1.56 139
(Ociuas—H-0pca) n.d. 168.2 169.9
Oryra2-Opca 2.50 248 2.70
Oryrap-H n.d. 1.02 0.97
H-Opca n.d. 1.47 3.20
(Oryraz-H-Opca) n.d. 170.9 51.1
Othrs0-Oryraz 2.85 2.79 2.86
Orhrs0~Oc—o, 46 3.13 3.08 2.81
Orhrs0-Opca 4.02 4,01 4.09
(i)
Standard Short Oguas—Opca
Solution Calc. Calc.
Glu46 15.2° 14.8 18.8
Tyr42 13.7° 14.9 5.7
@ See Ref. [35].

=

o

(Table 1). All these features are consistent with previous proposals by
Frey et al. [10,13], Cleland and Kreevoy [9], Schutz and Warshel [11],
and Limbach et al. [34]. Note that the resulting properties of the
potential-energy curve and &y calculated for the present crystal struc-
ture of the native PYP (PDB ID: 10T9, 110K) are consistent with those
previously reported for the other crystal structure (PDB ID: 2ZOH,
295K) [28,32].

In summarizing the results, the H-bond donation of Tyr42 to pCA
contributes to the increase in the Ogju46-Opca length of the native
PYP (2.57 A) relative to the Y42F mutant (2.51 A).

3.2. Influence of Tyr42 on the Ogju46—Opca length in the native PYP

In contrast to the Y42F mutant, it is obvious that Tyr42 donates an
H-bond to pCA in the ground state of the native PYP [8,28,32]. To in-
vestigate the influence of Tyr42 as an H-bond donor to pCA on the
H-bond network, we performed QM/MM calculations by flipping the
hydroxyl group of Tyr42 (i.e., without removing Tyr42). Note that
Thr50 is at an H-bond distance with Tyr42 (2.85 A) in the crystal
structure [23] (Table 2).

We found that, if Tyr42 provides an H-bond to Thr50, not to pCA,
the H-bond geometry resulted in an unusually short Ogjuss—Opca
bond of 2.46 A ([short Ociua6—Opcal bond pattern, Fig. 2) with a &y
of 18.8 ppm, typical values for symmetrical H-bonds [13] (Table 2).
The potential-energy curve of [short Ogjus6-Opca] resembles that of
a single-well H-bond as shown in Ref. [20] (Fig. 4). The number of H

, [short Ogjus—Opcal
AN =

=

@)

Fig. 2. Possible H-bond patterns in the native PYP. QM/MM optimized geometries of (left) the [standard] and (right) [short Ogius—Opcal H-bond patterns.
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Fig. 3. Energy profiles along the proton transfer coordinate for the Ogjus6-Opca bond in
the native PYP (black curve) and the Y42F mutant (red curve). Changes of the proper-
ties induced by the Y42F mutation are indicated by open arrows. For comparison, the
energy minimum was set to zero for both the native PYP and the Y42F mutant. Al-
though pK; should refer to free energy rather than energy, it can be practically as-
sumed to result in the same tendency [40], in particular for the case with short
H-bonds where the proton motion is considerably restricted due to the presence of the
donor and acceptor moieties in the protein environment. Note that pK, is not for a proton
release from the Odonor_H---Oacceptor bond (i.e., pK, ([Odonor_H---Oacceptor]/[odonor---
oacceptor]i))v but pKa ([odonor_H]/[Odonorli) and PKa ([Oacceptor_H]/[oacceptor]7) for
each diabatic potential curve of the donor/acceptor moiety [41].

bonds in the chromophore of the [short Ogjy46-Opcal geometry is
identical to the [standard] H-bond geometry where Tyr42 provides
an H-bond to pCA (Fig. 2). These results demonstrate that Tyr42 in
the native PYP is the residue that prevents Glu46 and pCA from
possessing equal pK,. A symmetrical H-bond is unlikely to form
between Glu46 and pCA as long as Tyr42 provides an H-bond to
pCA.

Notably, the neutron diffraction geometry (in the ground state)
confirmed the presence of an H-bond donation from Tyr42 to pCA [8],
which strongly suggests that in the ground state, Oguas—Opca is chemi-
cally impossible to form a symmetrical H-bond due to the obvious pK,
difference between Glu46 and pCA induced by Tyr42. If formation of
an LBHB were strongly advantageous, then the hydrogen bond pattern
would rearrange to allow formation of an LBHB in the ground state.
Hence, to flip the Tyr42 H-bond and to form a single-well H-bond, a
large energy is required (Fig. 4), which may be possible only upon photo-
excitation (discussed later).

3.3. Energetics of a single-well H-bond

One might consider that the [short Ogju46-Opca] bond of 2.46 A with
a oy of 18.9 ppm is a strong H-bond. However, the potential-energy
curve of the [short Ogju46—Opca] bond (QM/MM energy, corresponding
to represent not only the energy of the QM region but also contain
that of the remaining protein environment) was significantly, energet-
ically high relative to that of the [standard Ogjy4s-Opca] bond geometry
(Fig. 4). The observed chromophore destabilization was mainly due to
the loss of Oryr42-Opca H-bond. The short Ocjus6-Opca bond of 2.46 A
is ~4 kcal/mol more stabilized than the [standard Ogju46—-Opca] bond
of 2.57 A. However, complete loss of the Oryraz—Opca H-bond is much
more energetically disadvantageous. In addition, it also induces repul-
sion between Oryrg and Opca (~6 kcal/mol), destabilizing the chro-
mophore region. (Note: That the corresponding repulsion is absent

25 - Glu46 Tyrd2
OY
O“H 3 O‘H O,H
20 - )\
pCA
Thr50
15 4 =
E short Og,46~0pca e
E 10 - -OH reorientation
= of Tyr42
w
A |
5 1 Gludg Tyra2
[o]
0 Feereernennni P e e H H Hl
standard PCA
Thr50
-5 LA S I S B B RN R S B B B S S R R R B B R |
06 0.8 1.0 12 14 16 18 ad
d(Ogiuas-H) [A] o

Fig. 4. Energy profiles along the proton transfer coordinate for the Ogjus6-Opca bond in the [standard] H-bond geometry (black curve) and the short Ogjus6-Opca bond geometry
(blue) in the native PYP. The two H-bond patterns differ predominantly at the H atom (red) orientation of Tyr42. The open arrows indicate a reorientation of the hydroxyl H
atom of Tyr42, which separates the two H-bond geometries energetically. Note that the atomic coordinates of Tyr42 were fully relaxed (not fixed) in each QM/MM calculation.
The energy minimum of the [standard] H-bond geometry was set to zero. The two energy profiles describe the total QM/MM energy of the entire system, including both QM

and MM regions.
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Fig. 5. Energy profiles along the proton transfer coordinate for the Ogju46-Opca bond in the pRey intermediate (PDB ID: 1TS7).

in the Y42F mutant due to the absence of Oryr4. Thus, pK, (pCA) is slight-
ly lower than pK, (Glu46) in the Y42F mutant (Fig. 3) in contrast to the
[short Ogjua6—-Opcal geometry (Fig. 4) or the pRqw structure (Fig. 5).)

One advantage of the catalytic site of the protein over bulk water
is the availability of the preorganized dipoles in the protein environment
to stabilize the transition state electrostatically [11,21]. For enzymes
to utilize the protein dipoles effectively in stabilizing the transition
state, a larger polarity between the transition state and the protein is
energetically advantageous. In the case of PYP, Tyr42 obviously plays a
role in providing the corresponding large polarity to the stability of the
Ociua6—Opca bond, which energetically suppresses formation of an LBHB
in Oguas—Opca. Hence, formation of a short H-bond does not necessarily
lower the total energy of the protein, as previously reported in other
studies [11,21,22].

3.4. Influence of the H-bond between the carbonyl group of pCA and the
backbone amide of Cys69 on the Ogjus6—Opca length

The [short Ogiuas—Opca] geometry and the pRew structure have the
same H-bond patterns of Glu46, pCA, and Tyr42, where the Ogju46-
Opca and Oryr42-Opca H-bonds are present and absent, respectively
(discussed later). On the other hand, the H-bond between the carbonyl
group of pCA and the amide group of Cys69, is present in the [short
Ocluas—Opca] geometry but absent in the pRew structure [17].
Irrespective of the difference in the H-bond pattern of Cys69, the
Ociua6—Opca bond lengths are similarly, unusually short in the two
structures (Tables 2 and 3). Hence, the presence/absence of the
H-bond of Cys69 on the Ogjuss-Opca length appears to be much less
crucial to the Ogjus6-Opca bond length than that of Tyr42.
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Table 3

Experimental and calculated geometries (in Angstrom for distance and degree for
angle) of the pRcyw intermediate identified in time-resolved Laue crystallography
[17]. Values for the native PYP with the [standard] H-bond pattern are also shown for
comparison. For the complete atomic coordinates of the QM/MM geometries, see
PYP_SLpdb in SI. n.d.; not determined.

Dark PRew
10TB  Calc. 1TS7  Cale. Calc.
[Geometry] Standard Short Ogiua6-Opca  Standard
Ociua6—Opca 2.58 2.60 247 2.49 2.60
Ociuas—H n.d. 1.02 n.d. 1.06 1.02
H-Opca n.d. 1.59 n.d. 1.43 1.59
(Oglua6—H-Opca)  n.d. 170.1 n.d. 172.7 171.2
Oryra2-Opca 2.51 2.51 2.83 298 2.55
Oryraz-H n.d. 1.02 n.d. 0.97 1.02
H-Opca nd. 1.50 nd. nd. 1.53
(Oryra2-H-Opca)  n.d. 170.3 n.d. n.d. 174.9
Othrs0=Oryraz 2.89 2.84 2.83 2.83 2.89
Othr50-Oc—o, 46 3.17° 3.05 3.38 2.74 3.24
2 See Ref. [35].

4. Discussion

4.1. Presence of a single-well H-bond in the pRcy, intermediate structure
in time-resolved Laue crystallography

The Ogjuas6-Opca bond is unusually short, 2.47 A in the pRew struc-
ture (Table 3). However, the H atom positions and thus far H-bond
pattern are yet not known from the crystal structure. The QM/MM
calculations reproduced the unusually short H-bond distance (2.49 A)
on the basis of the pRew structure only when the [short Ogjua6-Opcal
H-bond geometry (Fig. 2) was assumed (Table 3). The standard
Ociuas—Opca H-bond geometry (i.e., Tyr42 donates an H-bond to pCA)
yielded the bond length of 2.60 A even in QM/MM calculations of the
PRcw structure. These results confirm that the actual H-bond pattern
in the pRew crystal structure is the [short Ogju46-Opca] H-bond geome-
try, where Tyr42 is flipped away from pCA, rather than the [standard
Ociuas—Opca] H-bond geometry, where Tyr donates an H-bond to pCA.

The existence of the unusually short H-bond appears to be plausible
not only in the pRqw structure [17], but also in the pR species [14-16]
observed in spectroscopic studies. FTIR studies have suggested that
the H-bond between Glu46 and pCA becomes stronger in pR relative
to pG as suggested by the downshift in the C=O0 stretching frequency
of protonated Glu46 [4]. Because shortening an H-bond donor and
acceptor distance leads to migration of the H atom toward the acceptor
moiety (e.g., Ref. [32,36]), the observed downshift in the C=0
stretching frequency of Glu46 is consistent with the presence of the un-
usually short Ogjus6—Opca bond in the pRew structure. Significance of
the H-bond pattern of Tyr42 and pCA in the Ogju46—-Opca length can
also be seen in studies of the Y42F mutant: (i) the Y42F crystal struc-
ture [24] has a shorter Ogju46-Opca bond than the native PYP (Table 1)
and (ii) the C=O0 stretching frequency of protonated Glu46 in the
Y42F mutant is downshifted relative to the wild type PYP in FTIR studies
[25].

Interestingly, the potential-energy curve of the Ogjus6-Opca bond
(249 A) in the pRew crystal structure resembles that of a typical
single-well H-bond; the barrierless potential for the PT is an indication
of the pRcw intermediate being ready for the PT (Fig. 5). In FTIR studies,
the (=0 stretching frequency for protonated Glu46 is downshifted to
1732 cm™ ! in pR relative to 1740 cm ™! in pG, suggesting that the H
atom in the Ogjy46-Opca bond (i) remains in the Glu46 moiety (i.e. can
interact with Glu46) but simultaneously (ii) significantly migrated to-
ward the pCA moiety [4]; this is exactly the case for a single-well H
bond. Indeed, in FTIR studies the existence of a single-well H-bond
has been already proposed [4]; a stronger H-bond in pR relative to pG

lowers the energy barrier for proton transfer from Glu46 to pCA (see
also Fig. 4 in Ref. [4]). The present study confirms this, by demonstrating
that the unusually short H-bond in the pRcw crystal structure [17] is re-
producible on the basis of quantum chemistry.

The Ogiua6-Opca H-bond is absent in the pB state [4] and solution
structures of the pB state [18]. If the short Ogju46—-Opca H-bond
could be a very strong bond, the pRcw intermediate would be very
stable and the proceeding pB state would never form in such a time
scale. It should also be noted that a lifetime of hundreds ps for the
PRcw state is due to the large structural change rather than the PT
from Glu46 to pCA. In addition, in a single-well H-bond, movement
of a proton between the donor and acceptor moieties is not direct-
ly associated with breakage of the H-bond. (Note: The potential
energy profile of a single-well H-bond only suggests that move-
ment of a proton is easier than in a standard H-bond due to the
absence of the energy barrier.) Breakage of the short Ocjya6-Opca
H-bond can occur as a result of the large structural change,
which is driven by the photon energy stored in the system [38].
Hence, the pR intermediate can lower the energy to proceed the
pB state by abolishing the unusually short Ogju46-Opca H-bond of
<2.5 A,

Here, one may also rediscover the so-called “principle of frustra-
tion”, where in the folding process, proteins (may not completely
eliminate but at least) need to minimize frustration [39]. In terms of
the “local” H-bond network of pCA, formation of the unusually short
H-bond is energetically allowed (or favored) at the stage of the pR in-
termediate. However, this is not the energetically lowest state of the
“entire” protein, which can also be understood by pR being followed
by pB.

5. Concluding remarks

The presence of the shorter Ogjuas—Opca bond (2.47 A)in the PRew
crystal structure [17] relative to the ground state structure (2.57 A)
indicates that the “equal pK,” requirement for formation of a
single-well H-bond is satisfied in the pRcw intermediate, but not in
the ground state. If matching pK, were satisfied in the ground state,
the Ogluas—Opca bond (~2.6 A[8,23]) could neither be further shorten
to ~2.5 A in the pReyw structure [17] nor become stronger in pR as ob-
served in FTIR studies [4]. An LBHB or a single-well H-bond is less
likely to form between Glu46 and pCA as long as Tyr42 provides an
H-bond to pCA in the native PYP.

The present case clearly shows that the formation of a short sym-
metrical H-bond does not necessarily help to decrease the total ener-
gy of the active site. Comparison of the energetics of the two possible
H-bond patterns in the same protein unambiguously enabled us to re-
alize that merely focusing on a short H-bond might lead to neglect of
the total energy.
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