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ABSTRACT: Recent neutron diffraction studies on photoactive yellow protein (PYP)
proposed that the H bond between protonated Glu46 and the chromophore-ionized
p-coumaric acid (pCA) is a low-barrier H bond (LBHB) mainly because the H atom position
was assigned at the midpoint of the Ogjuue—Opca bond. However, the 'H nuclear magnetic
resonance (NMR) chemical shift () was 15.2 ppm, which is lower than the values of 17—19
ppm for typical LBHBs. We evaluated the dependence of dy on an H atom position in the
Oglus—Opca bond in the PYP ground state by using a quantum mechanical/molecular
mechanical (QM/MM) approach. The calculated chemical shift unambiguously suggested
that a 6 of 15.2 ppm for the Ogjuys—Opca bond in NMR studies should correspond to the
QM/MM geometry (5 = 14.5 ppm), where the H atom belongs to the Glu moiety, rather than
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the neutron diffraction geometry (6y = 19.7 ppm), where the H atom is near the midpoint of the donor and acceptor atoms.

hotoactive yellow protein (PYP) serves as a bacterial photo-

receptor, in particular, as a sensor for negative phototaxis to
blue light." The photoactive chromophore of PYP is p-coumaric
acid (pCA), which is covalently attached to Cys69.” In the PYP
ground state, the pCA chromophore exists as a phenolate
anion.>> The PYP crystal structure revealed that pCA is
H-bonded by protonated Tyr42 and protonated Glu46
(Figure 1). Tyr42 is further H-bonded by ThrSO. Structural
analysis suggested that Glu46 is protonated and pCA is ionized
in the PYP ground state, pG.%”

Recently, hydrogen or deuterium atom positions of PYP were
assigned via neutron diffraction analysis.® [Note that both hydro-
gen (H) and deuterium (D) are termed H atoms in our study.
Changes in the H bond donor—acceptor distances due to H—D
substitution are negligible; for instance, it is found to be 0.01 Ain
NMR studies on PYP.] According to neutron diffraction
analysis, in the case of the Glu46—pCA pair, an H atom was 1.21
A from Glu46 and 1.37 A from pCA, almost at the midpoint of
the Oglu46—Opca bond (2.57 A) (Figure 1a). From this unusual
H atom position, the H bond between Glu46 and pCA was
interpreted as a low-barrier H bond (LBHB'®) in ref 8.

An LBHB is a nonstandard H bond, which was originally
proposed to possess a covalent bond-like character, thus sig-
nificantly stabilizing the transition state and facilitating enzy-
matic reactions.'”"" In original reports by Frey et al."" or Cleland
and Kreevoy,'® it was stated that an LBHB forms when the pK,
difference between donor and acceptor moieties is nearly zero. If
this is the case, the identification of an LBHB with a single mini-
mum potential can be valid only if the minimum is at the center
of the Ogju46—O,ca bond (ie,, the pK, values of the two moieties
are nearly equal), as suggested by Schutz and Warshel."> The
H atom position in the Ogjus—Opca bond in the neutron diffraction
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Figure 1. Geometry of the photoactive site in PYP. Only the H atom
position of the H bonds between Tyr42 and pCA and between Glu46
and pCA are shown (green or cyan spheres). Oxygen and nitrogen
atoms of the side chains are depicted as red and blue spheres,
respectively. (a) Neutron diffraction analysis (PDB entry 2ZOI). (b)
QM/MM-optimized structure based on the X-ray crystal structure
(PDB entry 2ZOH).

study appears to satisfy the criterion of an LBHB, which should
yield the similar pK, values for Glu46 and pCA. However,
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the “similar pK, values of Glu46 and pCA” contradict the pro-
tonated Glu46 and deprotonated pCA in the PYP ground state,
as suggested in a number of previous experimental studies.>>">
The negative bands at 1740 (78 K) and 1736 cm™* (250 K) in
FTIR studies were due to the C=O stretch of protonated
Glu46 in the PYP ground state, suggesting that Glu46 is pro-
tonated in the presence of ionized pCA."

In the previous study, we calculated pK,(Glu46) and
pK,(pCA) by using the 1.25 A structure (PDB entry 2ZOH?®)
and by solving the linear Poisson—Boltzmann equation with
consideration of the protonation states of all titratable sites in
the entire PYP."* In contrast to the pK, values of 4.4 for Glu'®
and 8.8 for pCA16 in aqueous solution, the calculated values of
pK,(Glu46) (~9) and pK,(pCA) (~6)"* support the previous
results® "3 [e.g,, Tyr42 is an H bond donor of pCA, stabilizing
ionized pCA and decreasing pK,(pCA) by ~2 units; the
downshift in pK,(pCA) simultaneously upshifts the pK, of the H
bond partner, Glu46'*]. This also suggests that the energetics
deduced from the heavy atom positions of the crystal structure
(PDB entry 2ZOH) are quite reasonable for reproducing the pK,
values.

It was suggested that a stronger H bond results in a more
downfield 'H NMR chemical shift. According to the
classification of H bonds by Jeffrey'” or Frey,'® “single-well H
bonds” are very short, typically with O—O distances of 2.4—2.5
A, and display "H NMR chemical shifts (8;) of 20—22 ppm."®
“LBHBs” are longer, 2.5-2.6 A, with a 8y of 17—19 ppm.'®
“Weak H bonds” are even longer, with a 8y of 10—12 ppm.'®
According to the criteria provided in refs 18 and 19, the
Oglus—Opca bond is not an LBHB but is more likely to be
a single-well H bond in terms of the H atom gosition. However,
the reported Ogjuue—Opca distance, 2.57 A, is too long for a
single-well H bond. Thus, on the basis of the H bond geo-
metry, it is unclear whether this protein has an LBHB. On
the other hand, a 6y of 15.2 ppm was assigned to protonated
Glu46 in NMR studies.” The value of 15.2 ppm is smaller than
that for single-well H bonds (20—22 ppm'®) or even for an
LBHB (17-19 ppm'®). Furthermore, using a quantum
mechanical/molecular mechanical (QM/MM) approach, we
reproduced the short H bond distance of the crystal structure,
Glu46—pCA (2.57 A). However, the H atom obviously belonged
to the Glu moiety,'* in agreement with FTIR studies by Kandori
et al."®> Note that the Oglus—H—0O,ca angles were 167.9° in
the neutron diffraction studies® (Figure 1a) and 169.7° in the
QM/MM geometry'* (Figure 1b), being essentially the same.

Although NMR studies and QM/MM studies indicated the
same tendency, the actual H atom position that corresponds to
a Oy of 152 ppm in the Oguy—Opca bond is yet unclear.
Because the type of H bond should not be classified on the
basis of only a single conformation with regard to the H atom
position (although it was done in ref 8), we reported not only
(i) the geometry but also (ii) the potential energy profile
of the H bond, (iii) pK, values of the donor and acceptor
moieties, and (iv) the protonation state of ArgS2, which had
been proposed to be deprotonated® to support the LBHB.'*
In this study, we further report a H atom position in the
Oglue—Opca bond and the corresponding chemical shift.
We calculated dy for the Ogjuus—Opca bond quantum chemi-
cally, with the full account of the complete PYP atomic
coordinates, defining the pCA with the covalently bonded
Cys69 and all H bond partner residues, i.e., Tyr42, Glu46, and
Thr50, as the QM region and the remaining residues as the
MM region.
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B COMPUTATIONAL PROCEDURES

As demonstrated in the previous article,"* we employed the
following systematic modeling procedure. First, we constructed
a realistic molecular model of the whole PYP using the recently
determined high-resolution crystal structure. Second, to gain a
better understanding of the electronic structure of the chromo-
phore 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. Technical
details of each modeling procedure are summarized below.

The atomic coordinates were taken from the X-ray structures
of PYP at 1.25 A resolution (PDB entry 2ZOH)® and 1.10 A re-
solution (PDB entry 10TB).** We employed the so-called
electrostatic embedding QM/MM scheme*' and used the
Qsite™ program code that was as used in previous studies."*
The detailed geometry of the QM region was optimized under
the influence of MM electrostatic/steric field (see Table S1 of
the Supporting Information for geometry and atomic charges).
We employed the restricted DFT method with the B3LYP
functional and LACVP**+ basis sets. The NMR chemical shift
was calculated by using the GIAOs method™ implemented
in Qsite® and JAGUAR 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 25 and used as
the TMS reference for oy We optimized the geometries of
maleate and compounds 1—4 at the B3LYP/LACVP**+
level. These calculations were performed with JAGUAR* (see
Table S2 of the Supporting Information for the geometry).
Further detailed analysis, e.g, reliable QM/MM calculations
involving extensive sampling,”® may be needed for scrutiny of this
issue.

The calculated OHO bond geometries and the NMR chem-
ical shifts were also evaluated by the correlation proposed by
Limbach et al*” The geometric correlation of the O, eptor
H—0yyp0r bond between the acceptor---hydrogen (Oaccepmer)
distance (r,) and the donor—hydrogen (Og4,,,—H) distance (r,)
was obtained by

q, = 20 + 29, + 2b In[1 + exp( — 2‘11”’)]

b=1[2 ) r°]/21n2
q=(n—n)/2
g, =ntn (1)

where g, ., represents a minimum value corresponding to the
minimum O, ceptor* Odonor distance in the case of a linear H bond
and 7° is the equilibrium distance in the fictive free diatomic
. 27
unit OH.
The correlation between the OHO bond geometry and the
"H NMR chemical shift §;; was obtained by

By = Son” + Ay(4p,p,)"
p,=expl — (g, +4q,/2 - %) /b]

0
p, = expl = (—q, +q,/2 = r")/b] )
where §qp;° 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. ¢, is given in eq 1. We used the same parameters
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that were used in ref 27, ie., ° = 0.96 and g, ,, = 2.38 for
Figure 3, and r° = 0.93, g, i = 2.36, Sop° = 7.9, and Ay =13 for
Figure 6 (note that in ref 27 we regarded lines 1—3 of Figure Sa
as lines 3, 1, and 2 of Table 1).

B RESULTS AND DISCUSSION

Oy Values for Compounds. To evaluate the accuracy of
the quantum chemically calculated Jy, first we calculated oy for
malaete and compounds 1—4 (Figure 2), which are supposed

H,C.__0 CH,
| )
o) o [¢] @)

H O

1 2 3 4
Figure 2. Compounds listed in Table 1.

to contain a “strong” H bond or an LBHB.?® The calculated 8y
values are considerably close to the experimentally measured
values, with discrepancies of approximately <1 ppm (Table 1).

Table 1. Experimental®® and Calculated Values of & (parts
per million) for Compounds

exptl Oy caled 6y
maleate 21.5 21.8
1 11.0 12.1
2 12.2 13.1
3 14.9 15.7
4 15.6 159

The discrepancy between the measured values (solution) and
the calculated values (solid state) is mainly due to an in-
sufficient account of the multiconfiguration of the molecular
geometry, the proton dynamics, and the ro-vibrational cor-
rections to the nuclear shielding in the calculations. In turn, this
indicates that the contributions of these features to the values
are obviously negligible, which does not practically affect any
conclusions of this study. Hence, the calculated &y values should
be considered at this accuracy level.

To quantitatively check the obtained H bond geometries,
we investigated the “H bond correlation” previously estab-
lished not only for solids but also for liquids by Steiner® or
Limbach et al.*’ by defining r; and r, as acceptor--hydrogen
(Occeptor"H) and donor—hydrogen (Ogyno—H) distances in
the Oycceptor " H—=Odonor bond, respectively (r; > r,). Interest-
ingly, the obtained H bond geometries of all compounds and
PYP fitted exactly the proposed correlation curve (eq 1)*
(Figure 3), demonstrating that the correlation in ref 27
reproduces the quantum chemically optimized O,cceprorH and
Ogonor—H distances reasonably once the O,cceptor=Oadonor distance
is specified. In contrast, the H bond geometries of the neutron
diffraction study® did not fit the proposed correlation curve.
Possibly, the deviation may be associated with thermal ellipsoids
arising from nonresolved half-protons on both sides of the H
bond center and/or thermal motions,””*” in particular when two
tautomeric forms are present.30

6y for PYP. Using the QM/MM-optimized geometry, we
calculated the dy values for the Ogjuue—O,ca and Oryan—Opca
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Figure 3. Geometric correlation of the O,ccepor H—Ogonor bond
between the acceptor---hydrogen (Oaccepmr-"H) distance (r;) and the
donor—hydrogen (Ogon—H) distance (r,) proposed in ref 27:
correlation curve (—, eq 1*’), calculated geometry (CJ), and neutron
diffraction geometry (M). Note that only eq 1 was used to depict the
correlation curve (independent of the calculated or neutron diffraction
geometries).

bonds and found them to be 14.5 and 14.6 ppm (PDB entry
2ZOH®) or 14.6 and 14.0 ppm (PDB entry 10TB*’), re-
spectively; these values differ by 0.6—0.7 and 0.3—0.9 ppm from
the experimental values of 152 and 13.7 ppm,” respectively
(Table 2). The discrepancy may also reflect the distribution of

Table 2. Experimental® and Calculated Values of 8y (parts
per million) for Short H Bonds in PYP (Figure 1)“

caled 6y
exptl  QM/MM QM/MM  neutron
Oy (2ZOH) (10TB) (2z01)
Glu46 152 14.5 14.6 19.7
(Oci—Opca) (2.57) (2.58) (2.57)
(Og—H) (1.00) (1.02) (1.21)
(H-0,cx) (1.58) (1.57) (1.37)
Tyr42 13.7 14.6 14.0 10.2
(O1y—0,cs) (2.50) (2.51) (2.52)
(Or,—H) (1.01) (1.01) (0.96)
(H=0O,ca) (1.50) (1.51) (1.65)

“Distances'* are in angstroms. The neutron diffraction geometry (PDB
entry 2ZOI) was optimized independently by (i) fixing the heavy atom
positions and the two H atoms in the Oryyy—Opca and Ogluus—Opca
bonds or (i) fixing only the Oryyy—H—0,ca and Oguus—H—0O,ca
lengths. The two cases resulted in identical chemical shifts.

H bond lengths, even in these high-resolution crystal structures
of PYP at resolutions of ~1 A (reviewed in ref 20).

We analyzed the Jy; dependence on the H atom position
(Figure 4). The origin of downfield character for the chemical
shift is considered with respect to the attenuation of the elec-
tronic shielding around the proton because of the two elec-
tronegative donor and acceptor atoms.> The maximal 8y value of
~20 ppm was observed near the center of the Og4s—O,ca bond
(Figure 3a). The 8y of ~15 ppm measured in solution fJH NMR
studies of PYP” cannot be obtained near the center of the Ogs—
O,ca bond but only at the Glu46 or pCA moiety (Figure 4a). The
same tendency holds true for the Ory,4,—O,c bond (Figure 4b).

In addition, we also analyzed the dependence of dJy
(OGlu%_OpCA) on the lengths of Ogu—O,ca and Oryp—Opca

dx.doi.org/10.1021/bi201877e | Biochemistry 2012, 51, 1171-1177
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Figure 4. Calculated &y (right vertical axis, thick blue line) in parts per
million and AE (left vertical axis, black line'*) in kilocalories per mole
along the proton transfer coordinate for H bond (a) Glu46—pCA and
(b) Tyr42—pCA donor—acceptor pairs in the PYP protein environ-
ment. AE describes the difference in energy relative to the energy
minimum. The horizontal blue line indicates the Jy obtained in
solution 'H NMR studies.” There is no energy minimum near 1.21 A
(neutron diffraction geometrys) from Ogpye and the energy is
~5 keal/mol higher than that at 1.00 A (QM/MM geometry'*). Note
that ~5 kcal/mol corresponds to ~3 pK, units, a non-negligible energy
barrier for proton migration. At each point along the proton transfer
coordinate, the geometry of the entire QM region except for the
focusing H atom was fully optimized at the B3LYP/LACV3P**+ level.

bonds (Figure S). As the length of the Otys—Opca bond
increased, Oy for the Ogpy—Opca bond increased only
marginally. The longer Ory4,—O,ca bond results in the weaker
influence of protonated Tyr42 on ionized pCA, leading to the
pK,(pCA) upshift. The pK,(pCA) upshift that arose from the
O1y42—Opca bond, favoring less ionization of pCA, causes an
increased extent of proton migration from the Glu46 moiety in
the Ogjuu6—O,ca bond, which can increase the calculated &y for
the Ogrus6—O,ca the Ogluus—Opca bond. Thus, the change in
the length of the bond could affect the dy for the Ogus6—Opca
bond. Nevertheless, the influence is apparently too weak to
increase the Oy for the Ogjuys—Opca bond to 17—19 ppm,
typical 8 values for LBHBs.'®

On the other hand, the H atom positions (lengths) of the neutron
diffraction study® yielded & values of 19.7 and 102 ppm for
the Ogjuus—Opca and Oryyy—O,ca bonds, respectively (Table 2).

i3
The obtained Jy value of 19.7 ppm satisfies the criterion of
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Figure S. Dependence of the calculated &y for the Glu46—pCA pair on
the lengths of the Ogiu46—Opca and Oryy;—O,cp bonds. Dotted white
lines indicate the QM/MM-optimized bond length of the Glu46—pCA
pair (see Table 2).

LBHB proposed by Frey (8 of 17—19 ppm'®). The fact that
the position of the H atom near the midpoint of the Ogj6—
O,ca bond resulted in a 8y of 19.7 ppm for a typical LBHB' is
also a clear validation of the criterion proposed by Schutz and
Warshel;'” i.e., the minimum of the potential energy curve in an
LBHB is at the center of the Ogjug—Opca bond. However, a 6y
of 19.7 ppm is obviously larger than the value of 152 ppm
obtained in NMR studies.” Furthermore, the presence of “LBHB”
character in the Ojuys—O,ca bond appears, in turn, to significantly
decrease the dy for the Oryy;—O,ca bond to 10.2 ppm relative to
the experimental value of 13.7 ppm (Table 2). Hence, the H
atom positions obtained in the neutron diffraction study® result
in overestimation of the chemical shift for the Og—O,ca
bond and underestimation of that for the Ory4,—O,cs bond.

Notably, Steiner” and Limbach et al”’ proposed the
correlation between oy and the H bond geometry; oy could
be reproduced solely from (r; — r,)/2 (or alternatively r, + r,),
using eqs 1 and 2. The calculated dy; values were in agreement
with the values estimated from the proposed correlation
curve,”’ demonstrating that &, can be reproduced if a
reasonable H bond geometry is provided (Figure 6). From
the &y correlation curve, the r; of 1.37 A and the r, of 1.21 A
reported for the Ogju46—Opca bond in the neutron diffraction
study® (Table 2) yielded a 8y of 20.2 ppm (Figure 6). Thus, a
Oy of ~20 ppm is an inevitable fate of an H atom at the
midpoint of the Ogus—Opca bond. It should be noted that
none of the H bond geometries investigated (even maleate)
possessed an H atom at the center of the O—O bond (Figure
6), as previously clarified by Perrin et al.>*** This is why two
independent approaches (i.e., the correlation proposed by
Limbach et al”” and QM/MM calculations) reasonably
reproduced &y values for all of the molecules (11—22 ppm). If
an H atom were truly centered between the two O atoms, all of
the molecules listed in Tables 1 and 2 would have possessed dy
values of ~20 ppm.

Proposed Roles of LBHBs in the Function of PYP. The
catalytic power of enzymes is due to the stabilization of the
transition state relative to bulk water.>* Thus, H bonds in
the catalytic site play an important role in the stabilization of the
transition state. An LBHB was originally proposed to possess
covalent bond-like character, thus significantly stabilizing the

dx.doi.org/10.1021/bi201877e | Biochemistry 2012, 51, 1171-1177
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Figure 6. Calculated &} values (vertical axis) in parts per million and
the (Oaccepwr--~H)/(Odonor—H) difference (horizontal axis) in ang-
stroms. 1y is the OgcceptorH dlstance and r, the Oy,,,,—H distance:
correlation curve (—, eqs 1 and 2%7), calculated geometry (), and
neutron diffraction geometry (M). Vertical dotted lines indicate the
(r;, — r)/2 values of OGlu46 Oyca and Oryyy—Opca bonds in the
neutron diffraction geometry.® Note that only eqs 1 and 2 were used to
depict the correlation curve (independent of the calculated geometries).

transition state and facilitating enzymatic reactions.'”'" In such

a covalent bond-like H bond, atomic charges of the H bond do-
nor and acceptor moieties will be more delocalized than those of
a conventional H bond. An advantage of the catalytic site of the
protein over bulk water is the availability of the preorganized
dipoles in the protein environment, stabilizing the transition
state electrostatically (e.g., not only polar or charged side chains
but also protein backbones). To utilize the protein dipoles
effectively, a larger polarity between the transition state and the
protein is energetically advantageous. If the H bond is an LBHB
(ie, low polarity), it will lose the electrostatic advantages
because of its more delocalized atomic charges.'”** In the
neutron diffraction studies,® it was also proposed that ionized
pCA was energetically unstable in the hydrophobic chromo-
phore unless the Ogj4—Opca bond was an LBHB like a
covalent bond. As support for the LBHB, deprotonated ArgS2
(Figure 1) on the PYP protein bulk surface was presented.®
However, the conclusion that ArgS52 on the PYP protein sur-
face was deprotonated in ref 8 is highly questionable'*
(discussed later).

It was also proposed that the LBHB might facilitate the
transfer of a proton from Glu46 to pCA in the excited state.®
However, a widely accepted view is that the proton transfer
does not occur in the excited state P* but in the following
intermediate states between pR (~3 ns after P*,** with protonated
Glu46") and pB (with deprotonated Glu46"), ie, pG —
P* —(700 fs/7 ps) — I, —(220 ps) — I;" —(3 ns) — pR —
(proton transfer, 250 ys/1.2 ms) — pB —(150 ms/2 s) — pG.>

Alternatively, the contribution of the LBHB to “fast proton
transfer in the excited state” proposed in ref 8 might cor-
respond to changes in the electronic structures of the pCA—
Glu46 moiety upon formation of P* rather than the proton
transfer in the transition between pR and pB. It was proposed
that (i) upon electronic excitation, the Ogjuys—Opca LBHB
might be relaxed to a standard H bond and (ii) an H atom might
be transferred from the center of the Ogj46—O,ca bond to the
Glu46 moiety during the lifetime of the excited state (~1 ps).®
In ref 8, changes in the CO stretching mode of Glu46 upon
formation of P* observed in ultrafast infrared spectroscopic
studies®® were interpreted as an implication of the proton
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transfer process in the electronic excited state. However, one of
the key findings in the ultrafast infrared spectroscopic studies
was that the H bond strength of the Ogju6—0O,ca bond did not
play a crucial role in the transition of the initial part of the PYP
photocycle (including the photoinduced trans—cis isomeriza-
tion process of the pCA region), as clearly stated in ref 36;
mutation of Glu46 to Asn (i.e., the weaker H bond donor) did
not essentially alter the kinetics or product yields of the pG to
PR transition via P*.>° Hence, it appears that there is no basis
of an LBHB in the PYP ground state contributing to fast proton
transfer in the excited state.®

B CONCLUSIONS

Although one might pOSSIbly argue that comparison between
the solution NMR data’ and the calculated &y values (solid state
crystal structure) is not relevant, one also should not ignore the
resulting sufficiently high correlation between the two proper-
ties (Table 1). Even if the uncertainty of the maximal value of
~1 ppm between measured and calculated & values (Table 1)
is considered, the oy of 14.5—14.6 ppm obtained in the H atom
position of the QM/MM geometries is reasonably closer to the
Oy of 15.2 ppm obtained in the NMR studies than the Jy of
19.7 ppm obtained in the H atom position of the neutron
diffraction studies (Table 2).

The assignment of H atom positions in the neutron diffrac-
tion studies should be considered to be essentially reasonable
(at 1.5 A resolution®). However, it should also be noted that
there are still uncertainties in the conclusion about the presence
or absence of an H atom stated in ref 8. In particular, the con-
clusion about the protonation state of ArgS2 on the PYP
protein surface being deprotonated in ref 8 is highly question-
able. Because in general, not all of the H or D atoms can be
assigned in neutron diffraction studies, to conclude a residue is
deprotonated requires further careful survey in contrast to the
case with a protonated residue. In this respect, the authors of
ref 8 did not provide any reasonable explanation of how the
existence of deprotonated ArgS2 is energetically possible on a
protein surface where sufficient solvation energy is available.
Furthermore, the nearest positively charged residue, Lys60,
is >7 A from ArgS2. In contrast, QM/MM geometries resulted
in a significantly smaller root-mean-square deviation with pro-
tonated Arg52 (0.14 A) than with deprotonated ArgS2 (0.35 A)
relative to the original crystal structure.'*

In the previous study,'* we reported that (i) the potential
energy profiles of the Ogjug—Opca and Oryp—O,ca bonds re-
sembled those of standard “asymmetric double-well potentials”>>*,
which differ from those of LBHBs, and (ii) Glu46 was proto-
nated and pCA desprotonated as suggested in a number of
previous studies;> >'* LBHBs can form only when the pK,
difference between donor and acceptor moieties is nearly
zero.'"'? Thus, the properties of the H bond between Glu46
and pCA in the PYP ground state are in contrast to those of
the short H bond between D1-Tyr161 (Y;) and D1-His190
(Oyz—Op; mis190 distance of 2.46 A) in photosystem II,** where
we previously observed a symmetric single-well potential
(i.e., ionic H bond®”) because of the s1m11ar pK, values of the
two residues in the protein environment.”

In the study presented here, we evaluate the position of an H
atom in the Ogjuus—Opca bond on the basis of the calculated
chemical shift. A oy of 15.2 ppm for the Ogju46—O,ca bond in
NMR studies’ should correspond to the QM/MM geometry
(6 = 14.5 ppm), where the H atom belongs to the Glu moiety,"*
rather than the neutron diffraction geometry (8 = 19.7 ppm),

dx.doi.org/10.1021/bi201877e | Biochemistry 2012, 51, 1171-1177
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where the H atom is near the midpoint of the donor and
acceptor atoms.® In addition, according to Frey’s definition,'® a
Sy of 15.2 ppm obtained in the "H NMR studies” is too small for
an LBHB (17—19 ppm'®). Again, the chemical properties of the
Oglus—Opca bond can be simply explained as a conventional
H bond, without invoking the LBHB concept.
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QM/MM-optimized geometry and charges for PYP and atomic
coordinates for compounds listed in Table 1. This material is
available free of charge via the Internet at http://pubs.acs.org.
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