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Abstract

Few other elements play a more central role in biology than hydrogen. The interactions, bonding
and movement of hydrogen atoms are central to biological catalysis, structure and function. Yet
owing to the elusive nature of a single hydrogen atom few experimental and computational
techniques can precisely determine its location. This is exemplified in short hydrogen bonds
(SHBs) where the location of the hydrogen is indicative of the underlying strength of the bonds,
which can vary from 1-5 kcal/mol in canonical hydrogen bonds, to an almost covalent nature in
single-well hydrogen bonds. Owing to the often-times inferred position of hydrogen, the role of
SHBs in biology has remained highly contested and debated. This has also led to discrepancies in
computational, biochemical and structural studies of proteins thought to utilize SHBs in
performing chemistry and stabilizing interactions. Here we discuss in detail two distinct examples,
namely the conserved catalytic triad and the photoreceptor, photoactive yellow protein, where
studies of these SHB-containing systems have permitted contextualization of the role these unique
hydrogen bonds play in biology.
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The position of a hydrogen in a short hydrogen bond (SHB) is indicative of the bond strength. Yet,
few techniques can locate a hydrogen atom in either canonical, or unusually strong, low barrier
hydrogen bonds. This has led to discrepancies among simulations and biochemical studies. In this

review we discuss two examples of SHB-containing proteins to gain insights into the energetic
role of these bonds.
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1. Short Hydrogen Bonds in Biology

Hydrogen bond strength in proteins is dictated through a myriad of well understood
processes, such as heavy-atom distances, geometry and electrostatics.[!] Yet, it is the less
well understood properties of hydrogen bonds that perhaps provide the largest energetic
contributions in biology. An enigma persists as the often-times elusive location of the
hydrogen atom in short hydrogen bonds (SHBSs) indicates the underlying free-energy
associated with this interaction. As the ApKa between the donor and acceptor atoms
decreases and the distance between them approaches the sum of their van der Waals radii,
the overall covalent character of the hydrogen bond increases, and the position of the
hydrogen atom can no longer be inferred geometrically. Several scenarios, which depend on
where the hydrogen atom resides, lead to drastically distinct energetic consequences (Figure
1). In short ionic hydrogen bonds (SIHBs) the hydrogen atom remains bound to the heavy-
atom donor regardless of the proximity of heavy-atoms, and energetically this interaction is
on the order of normal hydrogen bonds. As the energetic barrier difference becomes less
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through matching of pKa values, two low energetic barrier wells of equal magnitude dictate
that hydrogen atoms in low barrier hydrogen bonds (LBHBS) are found at the center
(average position in a population) of the two heavy-atoms. In an LBHB the hydrogen atom
can move freely between heavy-atoms while leading to ~15 kcal/mol of free-energy in
certain cases.[2] Another scenario exists in what are known as single-well hydrogen bonds
(SWHBs) where the approach of heavy-atoms is so close that the barrier existing between
the two wells is lost entirely, and the hydrogen atom shows characteristics of being bound to
both the heavy-atoms simultaneously. The energetic consequence of the latter interaction is
therefore on the order of a covalent bond. Although these are discrete descriptions of various
SHBs, it is likely that there is a continuum of states and free-energy existing among the two
SHB extremes of a SIHB and a SWHBLE!

Although LBHBs in general were first proposed well more than 20 years ago,[4l the unusual
energetic consequences of SHBs in biological catalysis were first treatised in two seminal
papers in 1994.128 5] At that time, it was postulated that SHBs are responsible, or perhaps
the missing link, in the search for the energetic requirements needed to stabilize enzyme
transition states or other intermediates. The large family of serine proteases containing the
conserved catalytic triad were the first ones to be discussed and debated, and since then
SHBs have been invoked in a diverse array of enzymes and reaction archetypes beyond the
catalytic triad-containing trypsin, chymotrypsin, subtilisin, elastase, caspase, alpha-lytic
protease and acetyltransferases.[6] Structural studies on several aspartic proteinases, such as
HIV proteasel’] and endothiapepsinl®] have revealed the unique functional role of SHBs in
this catalytic archetype as well. Catalytically relevant SHBs have also been identified, or
proposed to play roles in beta lactamase, ¥ triosephosphate isomerase,[10]
methylthioadenosine nucleosidase, 1] ketosteroid isomerase,[12] pyruvate oxidase,[13]
transketolase,[13] aspartate aminotransferase,[14] and more recently a nucleotidyltransferase
that shares structural homology with a mammalian DNA polymerase.[*5] The list of
enzymes proposed or demonstrated to use SHBs to perform chemistry is ever expanding.

Beyond their role in catalysis, interactions involving hydrogen atoms are the key
contributors to the driving force of ligand and drug binding to target biomacromolecules, in
addition to stabilization of biomolecular structure.[82] Therefore, SHBs do not function
exclusively in enzyme catalysis and have also been proposed to play a key role in processes,
such as in conferring “exquisite specificity” in a phosphate binding protein, [16]

carbohydrate recognition in concanavalin A,[17] chromophore tuning in green fluorescent
protein,[18] as well as allosteric communication.[23] Additionally, a vast amount of
biochemical, structural and theoretical studies exist on structural SHBs in photoactive yellow
protein, which will be discussed in detail.

As soon as the role of SHBs in biological catalysis was first put forth, the debate regarding
their relevance and energetic contributions began in earnest. Various counter arguments have
been proposed to account for unusual biological energetics of SHBs, such as not being
anything other than electrostatics. In fact, Arieh Warshel offered an alternative explanation
to the initial series of LBHB papers by suggesting that an LBHB is an anti-catalytic versus a
canonical hydrogen bond.[19] Yet beyond the debate established through theory and
molecular simulations, several experimental examples now exist where the loss of a SHB
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through mutation has little effect on the underlying energetics, thus further confounding the

original narrative on the extreme free-energy contributions of these types of interactions.
[15-16, 20]

Even though their classification has been challenged by several studies, LBHBs have been
routinely observed to occur in certain simple compounds, yet they were not discovered in
proteins until much later. In biological systems LBHBs have been commonly inferred by far
downfield nuclear magnetic resonance (NMR) chemical shift values, isotope effects on the
NMR chemical shifts as well as unique H/D fractionation factors and infrared stretching
frequencies. However, none of these methods allow a direct measurement of the distance
between the donor and acceptor atoms, nor the location of the hydrogen atom between them.
[21] Ultra-high-resolution X-ray crystallography (<1.0 A resolution) and neutron diffraction
are bridging this gap, making the direct visualization of hydrogen-atom positions possible.
Moreover, details of SHBs and LBHBs have been revealed by computational investigations
of biomolecular systems where the positions of hydrogen atoms in the ground states are
explicitly available. Yet, despite having been proposed, debated, and tested for over 20 years
now, few examples exist where the energetic role of SHBs has been unequivocally
corroborated with structural, biochemical and molecular simulations studies. Some examples
do exist, of which here we will discuss the role of catalytic and structural SHBs where the
placement of the hydrogen atom, and the accompanying debate, has been firmly established.

2. Short hydrogen bonds in catalytic triads

The involvement of an LBHB in biological catalysis was first hypothesized by Frey et al and
Cleland et al. in chymotrypsin, as well as in several other enzymes in a relatively short span
of time. [22.5b. <] Chymotrypsin is a classical serine protease that utilizes the canonical
serine, histidine, aspartic acid catalytic triad for cleaving the peptide bond (Figure 2A). The
efficiency of the catalytic triad is achieved through a hydrogen bond between the aspartic
acid and the N& of the histidine; it is thus this hydrogen bond that has been the subject of the
LBHB debate in this family of enzymes. The Asp-His hydrogen bonding interaction
increases the basicity of the histidine Ne while facilitating deprotonation of the serine
hydroxyl and generation of the reactive nucleophile. The resulting nucleophile attacks the
scissile peptide bond and generates a negatively charged covalent intermediate that is
stabilized through hydrogen bonding interactions in the oxyanion hole (Figure 2A). This
first tetrahedral intermediate collapses resulting in a covalent acyl-enzyme intermediate and
releasing of the C-terminal fragment. This is followed by the attack of a water molecule,
forming a second tetrahedral intermediate, which is resolved by the release of the N-terminal
fragment and regeneration of the free nucleophile. The common architecture of the catalytic
triad is found in a variety of other proteases like trypsin,[22] subtilisin,[23] elastase,[24] a.-
Iytic protease,[2°] and NS3 from Dengue virus type 11,1261 yet a diversity of nucleophiles
abound, such as in cysteine proteases(?7] and more recently in aminoglycoside
acetyltransferases.[6: ¢l

The initial hallmark of an LBHB in the serine protease family, an unusually low field proton
NMR signal observed in chymotrypsin,[28], was also found in trypsinl2%] and a-lytic
protease.[30] Based on the results obtained by measuring the chemical shifts in model small
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molecule compounds, Frey et al. postulated that LBHBs can be formed in a protein active
site if the difference in the pKa values of the heavy atoms is close to zero, geometry is
favorable and other H-bonding possibilities are not available.[?3] According to their proposed
mechanism, an LBHB forms between the histidine and the aspartic acid in the protonated
state of the catalytic triad as a means to stabilize the transition-state complex while reducing
the activation energy and increasing the rate of catalysis through an energetic effect on the
order of 12-20 kcal/mol. Similar to the observations by Frey et al, Cleland and Kreevoy also
hypothesized that formation of an LBHB is only permissible in the transition-state complex,
where a conventional hydrogen bond converts into an LBHB due to the favorable conditions
provided by the microenvironment of the active site.[5¢]

The underlying LBHB hypothesis has been the topic of a series of theoretical and
experimental studies aimed at investigating its existence and controversial energetic
contribution to catalysis. The first rebuttal of the hypothesis was proposed by Warshel et al.,
less than a year after the first set of papers on the topic, on the grounds that purely
electrostatic factors are responsible for the stabilization of hydrogen bonds in “condensed”
phase systems, such as proteins. Thus the catalytic effect of an LBHB can also be considered
largely electrostatic.l1% It was also maintained that the environment of an enzyme active site
leads to polarization of the hydrogen bond to attain a large solvation energy, thus favoring an
asymmetrical hydrogen bond configuration over the symmetrical one of an LBHB (Figure 1)
and resulting in LBHBSs having an anti-catalytic effect. This is caused by the polar
microenvironment of active site causing the solvation of the hydrogen bond to achieve
electrostatic stabilization of the ionic transition state.[31] As has been demonstrated in the
case of Sy2-type reactions, solvation energy for an asymmetric configuration of the
hydrogen bond, where the hydrogen atom is localized to one of the heavy atoms, is much
larger compared to that of a delocalized charge system of an LBHB.[32] Thus in an enzyme
active site, an asymmetric non-LBHB configuration would be preferred. Additionally, it was
advocated that enzymes promote a pre-organized polar microenvironment in the active site,
which allows for transition state stabilization and facilitates catalysis, instead of the process
being driven by LBHB formation. Theoretical studies on several other enzyme systems, like
trypsin,[33] subtilisin,[34] carbonic anhydrase,[3%] triose phosphate isomerase, [3¢]
staphylococcal nucleasel37] have also reported that electrostatic factors suffice for transition
state stabilization and the resultant catalytic effects and no other explanations need be
invoked.

The observations made by Warshel were subsequently refuted by Frey and Cleland. It was
argued that the microenvironment found in proteins cannot be assigned as a liquid solvent
like state and the idea that all hydrogen bonds in a condensed state are weak, with an energy
of ~5 kcal/mol, was considered incorrect (Response to [19]). Countering Warshel’s argument
it was also maintained that the pKa values of the groups engaged in hydrogen bonding need
not match under aqueous conditions, rather only in the microenvironment of an enzyme’s
active site. Cleland and Kreevoy also argued that most chemists prefer to reserve the term
“electrostatic” for first-order coulombic interactions, therefore, all effects cannot be included
in electrostatics and that by this criterion hydrogen bonds are not simply electrostatic
(Response to [19]). Further experimental studies were carried out by Cassidy et al., where
they studied the NMR properties of chymotrypsin in complex with trifluoromethyl ketones
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(TFKs), which are chemical mimetics of the serine protease transition statel38]. Based on
these studies, they postulated that LBHB formation is induced upon substrate binding and
leads to steric compression between the catalytic histidine and aspartate. LBHB formation
stabilizes the tetrahedral intermediate by relieving the steric strain between these residues.
This mechanism aids in increasing the basicity of the histidine while making the proton
abstraction from the serine more effective. The difference in free-energy for formation of an
LBHB in the chymotrypsin-TFK complex and the conventional hydrogen bond in the case of
chymotrypsin-imidazolium ion was found to be 7 kcal/mol, in agreement with the
observations made by Frey et al.[28] Based on their results, Cassidy et al. concluded that
LBHBs are a significant, but not the sole factor contributing to catalysis.[38] Additional
interactions between the substrate and the active site residues were proposed to also aid in
catalysis by facilitating the proper orientation of the reactive groups.

Schutz and Warshel continued to further question the LBHB hypothesis based on results
from theoretical study of chymotrypsin in complex with TFK, using a protein dipoles
Langevin dipoles (PDLD/S-LRA) model for calculating electrostatic energies and pKa
values, and an empirical valence bond (EVB) method based calculation for examining the
proton transfer profile.[3%] Their observations supported their previous hypothesis that
enzymes function by providing a pre-organization effect and that the LBHB proposal
corresponds to an anti-catalytic effect, since it implies that the ionic state is destabilized in
the enzyme. Based on the results of their calculations, they demonstrated that experimental
LBHB definitions are equally consistent with SIHBs. Additionally, a positive free-energy
profile was obtained from both the PDLD/S-LRA and EVB calculations, in the absence or
presence of TFK, countering the existence of an LBHB. The authors maintained that the sole
criterion to conclude the existence of LBHBSs should not be the distance between the donor
and acceptor moieties or the strength of hydrogen bond, or NMR chemical shifts or
fractionation factors. The pKa values of the donor and acceptor moieties are crucial in
determining the energy barrier required to move the hydrogen atom between the two
moieties, thus free-energy profile of proton transfer needs to be evaluated. It was also
suggested that another important factor to consider is the energetics of the different
ionization states of the system. The relative contribution of the relevant resonance structures
needs to be considered while designating an LBHB to be catalytically important.[3°]

More recently, Ishida adopted two complementary approaches to study the downfield proton
chemical shift observed in trypsin; an ab initio QM/MM framework to calculate the NMR
chemical shifts of the histidine imidazole ring, and QM/MM calculations combined with
molecular dynamics free-energy perturbation (MD-FEP) simulations to calculate free-energy
profile for proton transfer.[40] A largely downfield shift of 8.4 ppm was observed for the
imidazole hydrogen atom, which the author attributed to be arising from an electrostatic
interaction between the histidine and negatively charged aspartate. The free-energy profile
along the proton-transfer coordinate implied that the proton resides with the histidine,
instead of being shared with the aspartate. In spite of the canonical hydrogen bond energy
profile and the absence of the steric compression induced by substrate binding, the
calculated chemical shifts were in agreement with the experimentally determined values.
The downfield shift was thus concluded to result from the strong electrostatic interaction
between the protonated histidine and ionized aspartate, which de-shields the electronic
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environment of the hydrogen bonding proton. This analysis concluded that these
observations can be explained based on the concept of electrostatic stabilization alone,
without invoking a covalent-like bonding character nor the symmetrical double well
potential of an LBHB.[40]

In addition to the theoretical studies refuting the existence of LBHB in serine proteases,
there have been some reports of experimental studies contradicting the LBHB hypothesis as
well. X-ray crystallography studies of a-lytic protease bound to the peptidyl boronic acid
inhibitor revealed that the hydrogen bond in the catalytic triad is a normal ionic hydrogen
bond and not an LBHB.[41] In both the structures, the hydrogen bond between the two
catalytic residues was too long to be considered as an LBHB (2.755 + 0.005 A and 2.734 +
0.005 A). Additionally, the electron density indicated the hydrogen atom to be bound to the
histidine, leading the authors to conclude it to be a SIHB. Based on their observations, the
authors also maintained that an LBHB is not necessary for efficient catalysis by serine
proteases. The authors favored the ideas put forward by Warshel et al.,[19 39] that enzymes
are able to catalyze reactions effectively because of a pre-organized microenvironment
consisting of several strong ionic HBs in and around the active site. This network of bonds
aids in the optimal positioning and stabilization of the intermediates and drives the catalysis,
rather than an exceptionally strong LBHB being the sole contributor.

In addition to several ultra-high-resolution X-ray crystal structures (<1.0 A resolution),
neutron crystallographic studies, in which explicit determination of hydrogen-atom positions
is possible, should have put an end to the debate of LBHBs in the catalytic triad. Yet, these
studies have only added complexities to this story. Similar to a-lytic protease, a SIHB was
also observed in case of porcine pancreatic elastase complexed with a peptidic inhibitor to
mimic the tetrahedral transition state.[24] The hydrogen bond length between the catalytic
histidine and aspartic acid residues was determined to be 2.62 A. However, the nuclear
density maps showed a doubly protonated histidine, indicating the existence of a SIHB
rather than an LBHB. Sub-Angstrom crystallographic studies of subtilisin revealed the
presence of an LBHB, indicated by the distance between the donor and acceptor atoms (2.62
A) as well as a hydrogen atom located equidistant between the two heavy atoms.[42] More
recently, further direct evidence for LBHB mediated catalytic enhancement was reported in
an acetyltransferase, which facilitates catalysis using a novel variation of the catalytic triad.
[6b] This previously unidentified non-canonical catalytic triad consists of a histidine and a
glutamic acid, while the amine of the substrate that gets acetylated serves as the nucleophile
(Figure 2B). Based on X-ray and neutron diffraction studies of a catalytically competent
ternary complex, an LBHB was unambiguously identified in the active site, with the proton
residing equidistant between the glutamic acid and the histidine. Several other related
acetyltransferases, utilize the same catalytic residues and thus likely employ an LBHB as a
common catalytic mechanism as well.[43] Yet the earlier studies on the acetyltransferase
demonstrated that LBHB formation afforded only a 30-fold increase in the catalytic
turnover, a far cry from the enhancement that would be provided by tens of kcals/mol of
energy. Interestingly, further studies of the acetyltransferase complexed with other substrates
revealed that different types of SHBs exist in the same active site and were employed to
catalytically and kinetically distinguish between chemically similar substrates.[6¢] Indeed, an
LBHB is formed in the case of the most preferred substrate, whereas a conventional
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hydrogen bond is found in the case of the least preferred onel6¢l (Figure 2B). This study
provided the first ever experimental demonstration of how the electrostatic modulation of a
SHB is linked to catalytic selection, but this hasn’t been tested by theoretical studies thus far.
Moreover, the catalytic enhancement is far below what should be achieved through the
proposed energetic consequences of an LBHB.

3. Short hydrogen bonds in photoactive yellow protein

Photoactive yellow protein (PYP) is a blue light photoreceptor where the thermal reaction
cycle entails conformational changes associated with a photon-induced proton transfer
process.[*4] The para-coumaric acid (pCA) chromophore of PYP undergoes a trans-to-cis
isomerization upon absorption of a photon, concomitantly triggering changes in the
hydrogen-bonding network with the protein.[4] PYP was one of the first proteins with
crystallographic evidence of a functionally important SHB[6 (Figure 3). The SHBs
between the pCA and Glu46 and Tyr42 have been observed to be important for the photo-
cycling and stability of PYP,[452 471 while another residue located adjacent to the
chromophore pocket (Arg52) has been proposed to act as a counterion to the negative charge
on the pCA moleculel#8: 48] (Figure 3). There has been quite some contention regarding the
protonation state of Arg52 and the location of the two hydrogen atoms involved in SHBs.
Based on neutron and X-ray crystallographic structures, the position of hydrogen atoms in
the SHBs of PYP were explicitly determined by Yamaguchi et al.[4%] These studies
demonstrated the SHB between pCA and Glu46 to be an LBHB, whereas the interaction
with Tyr42 was found to be a SIHB (Figure 3).14% In addition to unambiguously identifying
the LBHB in PYP, it was also determined that Arg52 was unexpectedly deprotonated. In
order to explain the occurrence of a neutral Arg52 it was postulated that the strong bond
strength afforded by an LBHB energetically compensates for the presence of the negative
charge of an anionic pCA located in the PYP core. The direct determination of proton
positions in the SHBs of PYP has led to a series of contradictory experimental and
computational studies of the SHBs as well as the protonation state of Arg52.

Based on the provocative nature of the LBHB and neutral protonation state of Arg52, a large
number of molecular simulations have been carried out on the Yamaguchi PYP structure.
Using a large-scale QM/MM approach, Saito et al.[5% determined that the bond lengths of
the SHB between pCA, Tyr42 and Glu46 were supportive of the neutron crystal structure,
yet the hydrogen atom involved in the Glu46 SHB was found to be a SIHB, rather than an
LBHB (Figure 1). Thus, it was concluded that an LBHB is not required to stabilize the
anionic chromophore, and that some stabilization is achieved by the SHB between Tyr42
and the chromophore. Additionally, the short bond length between Glu46 and pCA were said
to be explained by an electrostatic interaction, rather than an LBHB, mimicking the thoughts
of Warshel on the nature of LBHBs in general. In another study by Graen et al.,[52] QM/MM
calculations were performed to determine the extent of delocalization of the Glu46 bound
hydrogen atom under vacuum, in crystal and in solution conditions. The calculations in this
study strongly supported the presence of a protonated Arg52 and an LBHB was found to
exist only under vacuum, where the authors attributed it to a shift in the potential minimum
due to an anisotropic protein environment in vacuum.
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The neutral Arg52 found in the neutron structure was also questioned by other studies, given
that the intrinsic pKa value was determined to be 13.8 and that the pH of the crystal structure
state was 9.[52] pKa calculations were performed to determine the protonation states of all
titratable sites of PYP and it was determined that Arg52 is in a protonated form.[50]
Independent QM/MM analyses also supported the occurrence of a protonated Arg52, as
models with a deprotonated Arg52 had a larger RMSD (0.35 A) than the protonated (0.14 A)
one. The existence of a protonated Arg52 in PYP was also argued for in a study where
differences between the pKa values of Arg52 in crystal and in solution were calculated.[®1]
An upward shift of two pKa units was reported in the crystal, as compared to the solution,
thus making it unlikely for a deprotonated Arg52 to be present. Furthermore, re-examination
of the crystallographic data also indicated that density maps were insufficient to conclude a
fully deprotonated Arg52.

In addition to theoretical studies of the SHBs, NMR experiments have also challenged the
positions of the protons in the PYP crystallographic models. Typically, shorter donor-
acceptor distances of an LBHB translate to a downfield NMR chemical shift for the shared
hydrogen atom. Consequently, the chemical shift of a hydrogen atom in an LBHB is
observed to be in the range of 17-19 ppm, whereas a value of 20-22 ppm has been reported
in the case of single-well hydrogen bonds.[®3] Yet in a study by Sigala et al., two far-
downfield peaks at 13.7 and 15.2 ppm in 1H-NMR spectrum were reported to correspond to
the protons bound to Tyr42 and Glu46 respectively,[>4] countering the presence of an LBHB.
A neutral Arg52 was also refuted in other NMR experiments that showed there were four
protons in the head group, indicating a protonated guanidinium in solution as well.[5%]

In the midst of the multiple reports challenging the Yamaguchi structure,[4] there have been
several reports in agreement with the crystallographic proton positions. Hirano and Sato
reasoned that the protein electrostatic environment influences the spectral properties of pCA
and consequently, the electronic properties of the LBHB and Arg52. They used the Own N-
layered Integrated molecular Orbital and Molecular mechanics (ONIOM) method, to test the
existence of an LBHB in PYP.[56] ONIOM uses hybrid quantum and classical calculation to
allow modeling of the multiple electronic states and charge transfer associated with protein
function and the nature of hydrogen bonds. Two models were used; one based on the neutron
structure, with an LBHB and a deprotonated Arg52 (called the deprotonated model), and a
second model that consisted of a protonated Arg52, a neutral Glu46 with the proton residing
on the carboxyl group and a deprotonated and negatively charged chromophore. They
calculated the potential energy curve for proton migration between Glu46 and pCA in both
models and it was observed that the deprotonation of Arg52 is crucial for the existence of an
LBHB.

Kanematsu et al. concluded that in order to be able to accurately obtain molecular
geometries and chemical shifts from computational studies, fluctuations in hydrogen bond
due to the nuclear quantum effects also need to be included in the model. An extended
ONIOM with multicomponent quantum mechanics (MC-QM) method with explicit
inclusion of nuclear quantum effects was used to study the changes in PYP geometry and
isotope shifts due to the surrounding protein environment as well as quantum and thermal
effects>7]. According to their results, the elongation of the O-H bond of Glu46 can be
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explained by the presence of a neutral Arg52. In another study by Kanematsu et al., they
performed vibrational analysis of the Glu46 SHB using both equilibrium structure as well as
the PYP crystal structure and the results supported the occurrence of an LBHB in the
deuterated PYP crystal structure®8l. The equilibrium structure had an O-O distance of 2.47
A, giving rise to a single-well shape potential energy curve where the experimentally
determined crystal structure had an O-O distance of 2.56 A and a double-well shape with a
low energy barrier. The vibrationally averaged O-H bond length for the crystal structure was
found to be in agreement with the corresponding crystal structure values, whereas the values
for the equilibrium structure were underestimated. This suggests that the elongation of the
0O-0 distance from the equilibrium structure to the experimentally determined structure
occurs through quantum mechanical or thermal fluctuation.

An interesting case for the Yamaguchi neutron diffraction studies was made by Nadal-Ferret
et al., who argued that the conflicting reports in the literature can be explained by taking into
account different states of the PYP structure used, crystalline versus the solution state.[>°]
QM/MM simulations with density functional theory (DFT) based treatment of quantum
region were carried out to compute the potential energy profile for the transfer of a hydrogen
atom from Glu46 to pCA for both neutral and protonated Arg52. The energy profile along
the proton-transfer coordinate was found to be very anharmonic. Delocalization of the Glu46
bound hydrogen atom was observed to occur only when Arg52 was deprotonated. Also, the
chemical shift of the ground vibrational state of deuterated PYP was calculated to be 18.5
ppm, a value indicative of an LBHB. Contradicting results were obtained in the case of a
solvated system, namely, a protonated Arg52 and a conventional hydrogen bond between
Glu46 and the chromophore. It was concluded that the solvation of the system leads to
protonation of Arg52, and the resulting thermal agitation in solution weakens the LBHB
causing it to revert to a normal hydrogen bond.

Recent further experimental support for the Yamaguchi structure came in the form of
neutron crystallographic studies of the E46Q mutant of PYP.[80] Overall, the structure was
found to be very similar to the original. However, the Glu46 LBHB was found to be
lengthened in the E46Q mutant to 2.85 + 0.04 A. In the E46Q mutant, the Glu46 deuterium
atom was experimentally found to be covalently bound to GIn46, with a bond length of 1.02
A, thus implying the conversion of LBHB to a canonical hydrogen bond. Additionally,
inspection of the nuclear density maps revealed that the E46Q mutant showed more
prominent nuclear density for the deuterium atoms of the guanidinium group than the wild
type PYP. This led the authors to suggest Arg52 was more highly protonated in E46Q
compared to the neutral Arg52 wild type PYP. These results conclusively demonstrated that
the SHB vicinal to the chromophore influences the pKa of Arg52 in crystalline PYP.

4. Conclusions

It has been stated that the most conclusive way to categorize a SHB is through determination
of the hydrogen atom position through neutron diffraction, likely in addition to ultra-high-
resolution X-ray crystallography.[>®! Indeed, at the outset we intended to demonstrate the
position that the direct determination of hydrogen atom location is the gold-standard for the
study of SHBs and the identification of SIHBs, LBHBs or SWHBs. The fact that we even
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failed to convince ourselves of this is only representative of the contentious nature of the role
of SHBs in biology, coupled to the lack of consistency among structure, biochemistry and
simulations. While we maintain that hydrogen atom location is critical to accurately define
the type of SHB involved, relying solely on a single experimental or theoretical technique
can lead to contradicting observations and interpretations due to the inherent limitations and
errors associated with the individual techniques, thus confounding the SHB narrative. We
presented in detail the two SHB-containing archetypal proteins that above and beyond have
been studied in a level of detail where one would expect a consistent story to arise, yet that
evidently is not the case thus far. The inconsistency in tying together theoretical and
experimental studies seems to be the only consistency in the study of SHBs; so what if
anything can be done to fully delineate the true thermodynamic effect of SHBs in biology
and where is the disconnect among the different methodologies?

Classical computational methods are fast, but their accuracy depends on the quality of
underlying force-fields. It has been shown that hydrogen bonds depend on force-field terms.
[61] A large-scale study of classical force-field (with fixed atomic charges) based simulations
showing the successes and failures for hydrogen bonding patterns in different protein and
enzyme systems remains missing. With the emergence of polarizable force-fields,[62]
classical methods may offer future opportunities for investigating the nature of hydrogen
bonds in proteins. More commonly, the quantum methods (and QM/MM) have been used for
investigating proteins and enzymes!63! particularly involving biochemical reactions with
proton or hydride transfer.[64]

Hydrogen atoms are light particles and their quantum behavior (including tunneling) adds
another layer of complexity for computational studies. Even standard QM methods have
been unable to fully explain the observed experimental observations, therefore,
computational methods that include the quantum behavior of the hydrogen nuclei have been
developed.[%5] These methods include nuclear wavefunction methods!6¢l and vibrational
analysis, and have been successfully able to explain hydrogen bonding and catalytic rates
associated with enzymes that involve hydride transfer.[64 671 Moreover, proteins and
enzymes do not stay fixed in a single conformation, and conformational sampling drives the
catalytic cycle of enzymes.[68] Now it is widely acknowledged that the location of hydrogen
between heavy atoms can be subtly controlled by interconversion of protein conformations
between different populations.[6%] Unlike most experimental techniques that inherently
collect information representing ensembles, computational methods need to explicitly
include means to include conformational sampling at different scales.

An enzyme’s active site environment is also crucial in the formation and the strength of
bonds that drive catalysis. In the case of LBHBS, the distance at which the pKa values of the
donor and acceptor atoms match depends on the local environment.[6¢] This challenges the
use of a threshold distance or the downfield chemical shift of the proton as the sole criterion
for defining LBHBS, since both ionic and covalent hydrogen bonds can exist at shorter than
conventional distances. Thus, a multitude of complementary experimental approaches need
to be adopted in order to definitively ascertain the existence of LBHBs. Crystallographic
data, H/D fractionation factors, chemical shifts, isotope effects on NMR chemical shifts and
infrared stretching frequencies, energetics of hydrogen bond, proton transfer profiles are all
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critical but not mutually exclusive pieces of information required to be able to irrefutably
demonstrate the existence of an LBHB. Perhaps the most rational argument regarding
reconciliation of the discrepancies among structure, biochemistry (NMR) and simulations
was also made in studies on PYP, where it was explicitly demonstrated and discussed that
the state of matter affects the results.[9 Indeed, the microenvironment of the crystal is
vastly different from that in the solution environment used for biochemical studies, yet it is
often the coordinates from crystal structures that are used for molecular simulations in a
pseudo-hydrated environment. The last point we will suggest, though, is that perhaps the
theory underlying the energetic contribution of LBHBs in biological systems needs to be
further refined to better match what is observed in simulations and biochemical experiments,
therefore we would like to say that the debate over the energetic role of SHBs in biology is
still in its infancy.
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Figure 1. Schematic of typical potential energy profilesfor different types of hydrogen bonds.
A) In a canonical hydrogen bond, an asymmetric double well potential exists, where the

hydrogen remains attached to the donor heavy atom. In a short-ionic hydrogen bond (SIHB),
the asymmetric double well persists even though the distance between the atoms can be less
than the van der Waals radii. B) In a low barrier hydrogen bond (LBHB) matching pKa
values of the donor and acceptor heavy atoms means that the transfer of the hydrogen to
either heavy atoms occurs with an equal probability and the average position of the
hydrogen atom is in the center, as seen in structural studies. C) In single-well hydrogen bond
(SWHB) the energetic barrier for transfer of the hydrogen atom is lost completely and it is
simultaneously bound to both the heavy atoms. The dashed lines within the wells represent

the zero-point energies.
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Figure 2. Low barrier hydrogen bondsin catalytic triads.
A) Three states of a general catalytic triad mechanism are shown. In the starting enzyme

substrate complex, a hydrogen bond exists between the aspartic acid and the histidine N§, an
interaction found in some instances to be an LBHB, increases the basicity of the histidine
Ne (left). This permits the abstraction of a proton from the nucleophile, which subsequently
attacks the peptide bond and generates the first tetrahedral intermediate (center). The first
intermediate collapses resulting in the first two products of the reaction (right). R groups
indicate continuation of the protein chain. B) The local chemical environment of the non-
canonical (Glu-His-antibiotic amine) catalytic triad found in an aminoglycoside
acetyltransferase dictates the type of hydrogen bond when bound to B) kanamycin and C)
gentamicin. The Fo-Fc nuclear omit density for the hydrogen atom involved in the hydrogen
bond between the catalytic residues is shown in green. For the least catalytically preferred
substrate (kanamycin), a canonical hydrogen bond is found, whereas for one of the best
turned over antibiotics (gentamicin) a low barrier hydrogen bond is found.
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A) H 0

¢

Figure 3. The chromophore binding sitein photoactive yellow protein (PYP).
A) A schematic of the PYP chromophore (pCA) binding site with the two types of SHBs

indicated. R groups indicate continuation of the protein chain. B) The neutron crystal
structure of the PYP chromophore active site with the two types of SHBs indicated.
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