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Abstract

Short hydrogen bonds, with heavy-atom distances less than 2.7 A, are believed to exhibit proton
delocalization, and their possible role in catalysis has been widely debated. While spectroscopic
and/or structural methods are usually employed to study the degree of proton delocalization,
ambiguities still arise, and no direct information on the corresponding potential energy surface is
obtained. Here, we apply an external electric field to perturb the short hydrogen bond(s) within

a collection of green fluorescent protein S65T/H148D variants and photoactive yellow protein
mutants, where the chromophore participates in the short hydrogen bond(s) and serves as an
optical probe of the proton position. As the proton is charged, its position may shift in response

to the external electric field, and the chromophore’s electronic absorption can thus reflect the ease
of proton transfer. The results suggest that low-barrier hydrogen bonds (LBHBS) are not present
within these proteins even when proton affinities between donor and acceptor are closely matched.
Exploiting the chromophores as precalibrated electrostatic probes, the covalency of short hydrogen
bonds as a nonelectrostatic component is also revealed. A theoretical framework is developed to
address a possible contribution of unusually large polarizabilities of short hydrogen bonds due to
proton delocalization, but no clear evidence for this phenomenon is found in accordance with the
absence of LBHBs.
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INTRODUCTION

Hydrogen bonds are arguably one of the most important chemical bonds and are ubiquitous
in biomolecules and materials.2:2 Their intermediate strengths bridge between typical
covalent and other noncovalent interactions,3 and they also play essential roles in mediating
proton transfers.* Research on hydrogen bonds has flourished over nearly a century®~’ since
Linus Pauling first elucidated the nature of hydrogen bonds in the late 1930s;8 nonetheless,
the exact correlation between geometries and energetics of hydrogen bonds remains
controversial.?10 It is generally accepted that the topologies of potential energy surfaces
(PESS) of protons in hydrogen bonds are strongly dependent on the heavy-atom distances
(R’s) and the relative proton affinities (ApK,’s) between donors and acceptors.11-13 Note
that pK, (also proposed under the name pAn4) is used here to describe the proton affinity
of buried residues instead of the more commonly used pKj, which is complicated by water
solvation.® Because the proton is relatively light, nuclear quantum effects such as tunneling
and delocalization can also be important especially for short hydrogen bonds, 1316 so this is
arich area of investigation.

The PESs for hydrogen bonds with heavy-atom separations (/s) less than 2.7 A are
especially difficult to generalize and can only be examined on a case-by-case basis; the
placement of the zero-point energy (ZPE) with respect to the barrier between wells is hotly
debated.11:17-20 |f the proton affinity on each side is mismatched, one would expect the
proton to be localized on the donor, and the hydrogen bond is classified as a strong ionic
hydrogen bond (SIHB).2! When the proton affinities of donors and acceptors are closely
matched,12 the PESs become shallow and strongly anharmonic due to the strong coupling
between the proton binding sites.13 This could bring the ZPE close to or above the barrier
and result in low-barrier hydrogen bonds (LBHBS), in which the proton is delocalized
between donors and acceptors, and the corresponding PES is virtually indistinguishable
from a single-well potential. Otherwise, the proton is equally likely to localize on the
donor or acceptor, and we have a double-well potential.1” Owing to the abundance and
hypothesized strengths of short hydrogen bonds in proteins, especially at the active sites of
many enzymes,22:23 the functional contribution of LBHBs to the catalytic power of enzymes
has been actively debated.?42° The search for functionally important LBHBs in proteins
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has been rather difficult, however,26-28 since no single approach can provide unambiguous
evidence for the degree of delocalization.1® X-ray and neutron diffraction are utilized to
characterize the nuclear coordinates, while energetic information is mostly extracted from
spectroscopic studies frequently combined with isotope substitution.2:10.29-33

In our previous work, a short hydrogen bond with the hydroxyl group of the protonated
neutral or A state of the chromophore was discovered in a particular green fluorescent
protein (GFP) mutant, S65T/H148D, using X-ray crystallography (Figure 1A).34 This was
accompanied by an unusually featureless visible absorption band at 77 K compared with
that of the normal A state of the chromophore when histidine is at position 148.35 We
recently systematically tuned the chromophore’s pK,, via halogenation (Figure 1B,C) to test
whether nearly zero ApK,, and short R between the chromophore and D148 are sufficient
for a LBHB to exist.3¢ To characterize the energetics of the short hydrogen bond across

the halogenated series, the spectral isotope effect (SIE) together with isotope fractionation
factor at room temperature were measured by exploiting the halogenated chromophore as
both an active participant in the short hydrogen bond and a sensitive optical probe of the
proton position. The short O-O distance was demonstrated to persist throughout the variant
series, but the data were inconsistent with an LBHB despite the close donor—acceptor proton
affinity. In the present work, we extend the variant series (Figure 1C) and use electronic
Stark spectroscopy at 77 K to provide new insights.3” Because proton transfer involves the
movement of charge, one expects that it could be sensitive to an electric field, whether

from the protein itself or an applied field. Thus, Stark spectroscopy can provide a novel
approach for analyzing the extent of proton transfer between two wells and the degree

of proton delocalization can be inferred, quite analogous to our previous applications to
electron delocalization in mixed-valence systems.38

Electronic Stark spectroscopy can also serve as a useful tool for extracting the underlying
populations from the broad visible absorption bands associated with the S65T/H148D
variants based on differences in Stark tuning rates. We associate the deconvolved
populations with the proton being in each well, corresponding to a state with the protonated
chromophore possessing a slightly lengthened O-H, which we will call an “A-like A

state”, and another state with the deprotonated chromophore engaging in a short hydrogen
bond with its protonated partner D148, denoted a “B-like A state” (the B state of the

GFP chromophore is the deprotonated form) (Figure 1B). We find that the correlations
between the Stark tuning rates and the absorption maxima deviate from the calibration
curves obtained through mutants with a normal hydrogen bond to the chromophore, i.e.,

not involving the H148D mutation,3940 suggesting the effect of the short hydrogen bond

on the chromophore cannot be solely explained by electrostatics as was the case for

these species with normal hydrogen bonds. Rather, it is likely that the covalency of

the short hydrogen bond, owing to extended electron delocalization, alters the electronic
properties of the neutral and deprotonated chromophores. Replacement of exchangeable
protons with deuterons is also conducted to fine-tune the O—H(D) distance and gauge the
influence of the proton (deuteron). To complement the results from the short-hydrogen-bond
GFPs, photoactive yellow protein (PYP) and some of its mutants, which were previously
characterized to be a closely related system3° and possess two short hydrogen bonds with its
chromophore (Figure 2),18-204142 are also analyzed and help strengthen the findings.
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This study points out the fundamental differences between short hydrogen bonds, which
have non-negligible covalency,230:3143.44 and other noncovalent interactions (e.g., normal
hydrogen bonds, r stacking, and hydrophobic interactions), which can be adequately
described by classical electrostatics.*> We also shed light on the coupling between

a rr-conjugated system and short hydrogen bonds, which is of particular interest for
understanding and designing molecular assemblies in the fields of resonance-assisted
hydrogen bonds (RAHBs)12.14 and hydrogen-bond-mediated mixed-valence systems.46:47

2. EXPERIMENTAL METHODS

The experimental methods, including sample preparations, UV-vis absorption
measurements, 77 K Stark spectroscopy, preresonance Raman spectroscopy, and X-ray
crystallography, are detailed in the Supporting Information Sections S1-S3.

3. RESULTS AND DISCUSSION

3.1. Characterization of Short Hydrogen Bonds and Their Proton PESs.

3.1.1. Mutant and Variant Design.—We introduced three more members, Y66(2,3-
FoY), Y66(3-Br1Y), and Y66(3-11Y), to the series of GFP chromophore variants (Figure
1C) in the background of S65T/H148D (short-hydrogen-bond GFP)3¢ to better match the
proton affinities between the donor and acceptor (Table 1), as determined by titrating

the chromophores under denaturing condition (Figure S24). We chose not to approximate
the proton affinity of the substituted chromophore with the measured pKj in the native
protein environment, as the presence of the short hydrogen bond would likely perturb the
pKj of the chromophore to different degrees across the halogenated variant series. The
chromophore could also only undergo proton exchange with the bulk solvent through
hydrogen-bond relays rather than be directly solvent accessible. X-ray crystallography
revealed a consistent O—O distance of 2.4-2.6 A for the short hydrogen bond across the
variants within experimental error (Table 1 and Table S8, see also Figure S6). It is not
possible to assign the proton position even with the highest-resolution X-ray structure at
hand (Y66(2,3-F,Y), 1.18 A), but on the basis of extensive empirical observations on short
hydrogen bonds?30 and theoretical modeling,13:36 we can safely assume that the proton
equilibrium position is slightly shifted away from either the proton donor or acceptor
compared to the normal hydrogen bond. In particular, if the chromophore acts as a proton
donor (i.e., having a larger pK than its partner D148), the O-H distance is estimated to
lengthen from ~0.95 to ~1.05 A due to the stronger coupling between the donor and acceptor
O-H potentials.13:36

PYP serves as another superb model system for elucidating the influence of short hydrogen
bonds on chromophore properties. It is known from the crystal structures of wild-type
Halorhodospira halophilaPYP (HhPYP) that the chromophore, anionic p-coumaric acid,
interacts with its neighboring residues Y42 and E46 through two short hydrogen bonds
(Figure 2, Table 1). In addition to the thoroughly scrutinized HhPYP, we also choose to
study PYP from Salinibacter ruber (SrPYP),>1 which has been found to exhibit larger SIEs
at room temperature than HhPYP.52 Even though no crystal structure has been solved for
SrPYP to date, the conserved Y42 and E46 from sequence alignment and the large SIE
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suggest the existence of at least one short hydrogen bond between the chromophore and
these residues. In addition to the PYPs from two different species, we include a combination
of HhPYP Y42F and E46Q mutations to break the hydrogen bond associated with the
former and/or elongate that associated with the latter (Figure 2, Table 1) to probe the effect
of short hydrogen bonds.#149:50 Unfortunately, SrPYP is effectively negatively supercharged
(nearly 20% aspartate and glutamate), such that the Y42F mutation leads to chromophore
protonation by raising the chromophore’s proton affinity and breaking the short hydrogen
bond(s) (Figure S13).

Note that we use “variants” and “mutants” to distinguish changes to the chromophore
introduced by amber suppression and protein environment, respectively, to facilitate the
following discussion. As a useful shorthand, “anomalous A state” refers to a chromophore
that engages in short hydrogen bond(s) (R< 2.7 A), as in the S65T/H148D GFP variants
and PYP mutants, while “normal A state” is reserved for neutral chromophores that only
participate in normal hydrogen bond(s) (R> 2.7 A) or other noncovalent interactions, such
as those in the H148 chromophore variants. For clarity, since there is one proton present
between D148 and the chromophore in these short-hydrogen-bond GFPs (Figure 1B), rather
than referring to these two species as the conventional A and B states, we shall designate
these species as A-like and B-like A states, the population ratio of which is internally
governed by ApK, instead of external pH.23 We reserve the actual B state to the case in
which both D148 and the chromophore are deprotonated at high pH, which is still redder
than the red band (B-like A state) deconvolved from absorption of the anomalous A state
(see below). In other words, the hydrogen bond is no longer present between D148 and the
chromophore in the B state because there is no mediating proton; in fact, D148 flips away
from the chromophore as determined by X-ray crystallography (see Section S6 in ref 36).
The analogous A-like A state is absent in PYPs because of the large p K, mismatch between
the PYP chromophore and E46 or Y42,18.20.4252 resembling the case of the 3,5-Cl,Y
H148D GFP variant, so no further deconvolution is required for PYPs, as also suggested by
Stark spectroscopy (Section S5, see also ref 54).

3.1.2. Proton PESs and Deconvolution of Short-Hydrogen-Bond Protein
Electronic Absorption Spectra by Stark Spectroscopy.—!H NMR would be a
superb method for probing the short hydrogen bonds due to the proton’s expected downfield
chemical shift.19:20 However, no downfield signal was found for these short-hydrogen-bond
GFPs (Section S7 of ref 36; see also ref 34), presumably due to the sought-after protons
being in chemical exchange with solvents at an unfavorable time scale.% Instead, we
analyze these short hydrogen bonds with other spectroscopic methods at hand. Unlike the
77 K electronic absorption spectra for most normal A states, the spectra for the A states
from H148D GFP variants remain relatively featureless in a frozen glass at low temperature
but exhibit a consistent dip in the middle except for the Y66 counterpart (Figure 3A and
Figure S26). If the associated short hydrogen bond corresponds to a LBHB, the spectral dip
could be the vibronic feature of absorption from a single species with a delocalized proton.
However, deuteration not only widens the absorption band but also enhances the dip (Figure
3A and Figure S26), especially for variants with nearly zero ApK,, (Figure 3B).

J Phys Chem B. Author manuscript; available in PMC 2021 October 29.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lin and Boxer

Page 6

When the Stark tuning rates are different for underlying populations, the Stark spectra,
whose line shapes are typically dominated by the second derivative of the absorption,

are very useful for deconvolving the bands (Section S5). Through simultaneous fitting of
both low-temperature absorption and Stark spectra, one homogeneous population with only
one set of electro-optic parameters is insufficient to account for features across the entire
absorption and Stark spectra (Figure 3C and Figure S9), justifying the assertion that there
are at least two populations. This is rather unusual, as the absorption and Stark spectra

of normal GFPs in either deprotonated3® or protonated states*C can be fully accounted

for with a single set of electro-optic parameters shared between the main and vibronic
sidebands. Assuming two populations and constraining with minimal spectral overlap, two
distinct bands are resolved for all variants (Figure 3C and Figure S9), except for Y66 and
Y66(3,5-Cl,Y) variants due to the larger degrees of pK, mismatch (Table 1). Interestingly,
the redder band resembles the typical B-state band shape found in many normal GFPs,3% and
its vibronic feature contributes to the dip. The bluer band is broad and featureless, behaving
more similarly to the absorption band of the H148D Y66 variant than the vibronic structure
observed in most other normal A-state spectra at low temperature.*0 On the basis of the
population ratio and ApK,, (Figure S9), the red and blue bands can be intuitively assigned
to species with the proton localized in each well of the PES. This is consistent with and
reinforces the conclusion from the previous room-temperature study.3¢ This assignment also
agrees with the trend of SIE for each species: the underlying red band red-shifts and the
blue band blue-shifts upon deuteration (Figure 3A and Figure S26, Table S10). This SIE
can be explained by the anharmonicity of the double-well PES causing a larger tendency for
the deuteron to localize toward the donor or acceptor compared to the proton (Figures 1B
and 3B), and these subtle changes in proton or deuteron positions can be sensitively probed
by the chromophore absorption spectra. Population transfer between two wells caused by
the external electric field should manifest as zeroth derivatives (a “non-classical” Stark
effect®’) rather than the typical second-derivative line shapes from charge displacement
upon excitation (a linear Stark effect;37 see Section S5 for more discussion). Such a zeroth
derivative component is not observed for each band in the Stark spectra within our ability
to deconvolve the data (Figure 3C and Figure S9), suggesting that external electric field
driven proton transfer is not significant, and hence, there is a high barrier in the PESs. This
can be further attested by the 4w (where w is the field modulation frequency, see ref 37)
spectra resembling second derivatives of 2w spectra (Figure S11), as expected for charge
displacement upon excitation rather than proton transfer within the short hydrogen bond.3”

Besides the sum-of-derivative analysis of the Stark spectra that has been discussed so far,
the field strength Feyt dependence of Stark spectra (both 2w and 4w) provides additional
qualitative evidence for the proposed topology of the proton PES. Significant deviation from
the typical external field dependence of Stark spectra (i.e., 2w and 4w spectra scaling with
F2. and F,, respectively) observed for charge displacement upon excitation is expected

for borderline single-well/double-well cases due to proton transfer through the low barrier
between the wells (Section S5; ref 57), while a single-well potential still follows the

classical field dependence as the proton is extensively delocalized. The absence of deviations
for all variants (Figure S12) suggests that either population exchange between two wells
through tunneling and thermal activation is minimal at 77 K or the currently achievable
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strength for the applied electric field is still too low for significant external field-induced
proton transfer to occur. Applied fields of ~ £x 1.4 MV/cm can be achieved on frozen
glasses before dielectric breakdown, where fis the local field factor, which is necessary
due to the larger field experienced by the chromophore compared to the externally applied
field based on the unavoidable polarization effect of the chromophore environment.37 Either
way, this rules out the existence of a LBHB in the S65T/H148D variants. A single-well
potential for the short hydrogen bond could also be inferred just on the basis of the
observed field dependence and the second-derivative line shapes, but this scenario is ruled
out in combination with precedent evidence from the inadequacy of one-band fit for low-
temperature Stark spectra (Figure 3C and Figure S9) and room-temperature SIE/isotope
fractionation factors.36

3.1.3. Proton PESs and Deconvolution of Short-Hydrogen-Bond Protein
Vibrational Spectra by Raman Spectroscopy.—To further establish the topology of
the PES, we also acquired the corresponding room-temperature vibrational spectra of the
chromophore’s phenol stretching mode (around 1230-1270 cm™1,58:59 see also Section S6)
for the S65T/H148D variants using preresonance Raman spectroscopy (Figure 4A). This
method combines the advantages of selectively enhancing signals from vibrational modes
that are strongly coupled to the chromophore excitation (in contrast to IR spectroscopy),
showing narrow peak widths (as opposed to UV-vis spectroscopy), and possessing a

fast intrinsic time scale comparable to that of electronic transitions (unlike IR and

NMR spectroscopy). The phenol stretching mode blue-shifts as the chromophore becomes
deprotonated®859 and is therefore a sensitive proton probe. If the population exchange
between A-like and B-like A states is much slower than the electronic time scale, a split

in the phenol stretching peak would be expected, provided that the peak width is narrow
enough to be resolvable. This is reminiscent of the spectroscopic strategies exploited to
determine the ApK|, of a catalytically relevant hydrogen bond in ketosteroid isomerase
(KSI)50 and the degree of electron delocalization in 2-norbornyl cation®1-63 and mixed-
valence compounds.®4-67 While the Raman spectra of the protonated 3-Cl;Y, 3-Br;Y, and
3-11Y variants show a single peak, two peaks can be readily seen upon deuterium exchange
(Figure 4A and Figure S19), indicating a placement of the deuteron ZPE below the barrier
between two wells of the hydrogen-bond PES and setting a nonzero lower bound on the
barrier height (Figure 4B). No conclusive placement of the proton ZPE can be inferred if
we solely rely on the spectra for the protonated species. However, Raman features from both
protonated and deuterated samples can be well-interpreted on the basis of the ground-state
wave functions of proton and deuteron within the PES calculated from McKenzie’s one-
dimensional coupled Morse potential model,13:36 in which the proton wave function is still
fairly delocalized even with its ZPE below the barrier and may be the reason for the merging
of the two underlying peaks (Figure 4B). Note that the calculated PESs suggest a tunneling
splitting (i.e., the energy difference the ground and first excited states) of ~700 cm™1, which
implies a lack of significant population for the proton in the first excited state even at room
temperature (kg 7~ 200 cm™1). As such, conclusions from both room-temperature and 77 K
measurements should be comparable so long as the geometries are consistent. The peak(s)
of interest for the even better pK,-matched fluorinated variants are unfortunately masked
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by the intense features from C—F stretching (Section S6, Figure S21), and thus no useful
information could be obtained from these constructs.

3.2. Perturbation of the Short Hydrogen Bonds.

The strategy of modulating ApK, via chromophore halogenation and using the chromophore
absorption as a proton reporter is a double-edged sword: this approach is minimally
perturbative in terms of structures (however, see Section S4 for more discussion on
structures), yet the color of the chromophore can be affected by bot#1the proton position

and effects due to substituent-specific modulations in electronic distribution. Both are
simultaneously changed by the substituents and therefore hard to tease apart. Closer
examination of the absorption maxima from the deconvolved bands reveals that while the
trend in colors for both A-like and B-like A states across variants is primarily governed

by the electronic distribution of the GFP chromophore, ApK,, only affects the A-like A
states significantly.12:31 Specifically, if we plot the B state absorption maxima for the
corresponding H148 variants (Table S11) against the A-like and B-like A states’ absorption
maxima, clear correlations for both can be seen, especially for the latter (Figure 5A, dashed
lines). H148 variants are chosen because D148 is found to be twisted to the exterior of the
protein and no longer engages in hydrogen bonding with the chromophore in the B state
(see Section S6 in ref 36), and B states are chosen because there is no normal A state to
compare against for these halogenated chromophores due to their low pKj3’s. However, if we
plot the absorption maxima against ApK,, a more evident trend can only be observed for
the A-like A state (Figure 5B), which likely suggests that the modification in O—H distances
through Ap K, tuning is not sufficient to dominate the electronic effect for the B-like A state.
This is not surprising, since the proton is closer to the chromophore in the A-like A state
(Figure 1B). We will see that the same phenomenon is at work when we later scrutinize

the Stark tuning rates for both anomalous A states. In hindsight, it was fortunate in our
previous study3® that the absorption maxima of the unresolved room-temperature anomalous
A state bands from short-hydrogen-bond GFPs reflect the underlying population ratio from
each well (Figure S25), and the resulting effect overwhelms the complicating electronic
perturbation and allowed us to extract the direct consequences from Ap K, tuning.

To study the influence of the short hydrogen bond on the chromophore’s electronic structure,
we extracted the Stark tuning rates for the population in each well of the PES from the
protonated and deuterated S65T/H148D GFP variants (as in Figure 3C) and list them in
Table 2. At first glance, other than the almost consistent and interesting decrease in Stark
tuning rates upon deuteration, discussed in detail below, it is rather difficult to pinpoint

an obvious trend as a function of ApK, due to the aforementioned convolution of proton
position and electronic effects from the halogen substituents. This convolution can be
resolved, however, by comparison to the deprotonated and protonated chromophores under
electrostatic influences3%40 to isolate the additional perturbation of the short hydrogen bond
from the electrostatic effect. This approach also relieves the severe problem of comparing
H148D species with their H148 counterparts (Figure 5A), as both changes in hydrogen bond
distances and hydrogen bond partners are accounted for by the electrostatic responses of the
calibrated chromophore.
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We examine the B-like A state first (Figure 6A). The red line in Figure 6A is the absorption
maximum vs Stark tuning rate correlation curve for the unsubstituted normal B state anionic
chromophore to quantitatively capture its electrostatic response. This curve is a fit from

the data of S65T environmental mutants using the Marcus—Hush model and diabatic states
in Figure 6D (left) developed in our previous work.3° We have previously demonstrated
that it is meaningful to treat chromophore variants and environmental mutants the same
way in terms of electron density modulation3? (see also ref 68), so we can safely perform
the same analysis here even with the change in chromophore identities. Data from H148
with halogenated chromophore variants are also shown in squares. As previously detailed
in ref 39, while the variants follow a general trend consistent with the fitted curve from
environmental mutants, some non-negligible deviations from the environmental mutants
can be observed, reflecting characteristics from individual substituted chromophores and
complicating the use of these chromophore variants as consistent electrostatic probes. We
expect that the same deviation also occurs in the B-like A state for H148D variants. Indeed,
as we plot the corresponding data in Figure 6A, the same general pattern persists, albeit
with bluer absorption maxima and larger Stark tuning rates. On the other hand, no obvious
trend related to ApK,, can be identified (as opposed to the A-like A state, vide infra), and

if a trend does exist, it is likely masked by the substitution-specific electronic effect. Data
from H148D variants exhibit a larger spread compared to the H148 counterparts (Figure
6A). Both data sets also noticeably biased toward the side of larger D ucT or smaller
within the framework of the Marcus—Hush treatment (Figure 6D, left).3% At this point, it

is not possible to distinguish which of the two Marcus—Hush parameters, Auct and Vp, is
affected more by the short hydrogen bond because of the intrinsic electronic variations due
to substituents on the chromophores.

To help clarify and resolve this GFP chromophore variant complexity, HhPYP mutants

can offer an incisive answer, since they exist in a B-like A state and possess the same
chromophore but various hydrogen-bonding patterns through mutagenesis at Y42 and E46
(Table 1 and Figure 2). We have concluded in our previous work3? that, by comparing

the correlation between the Stokes shift and absorption maximum from PYP and GFP
mutants, both anionic chromophores follow the same guantitative behavior and share the
same electronic coupling Vg even in the presence of short hydrogen bonds. In contrast, when
analyzing with the correlation plot between the absorption maximum and Stark tuning rate
(Figure 6B), as we alter the number of short hydrogen bonds in HhPYP from two (Y42/E46)
to one (Y42/E46Q and Y42F/E46) and finally to zero (Y42F/E46Q), the data point moves
closer and closer to the GFP-based B-state fit curve and finally sits exactly on it. This

shows an unambiguous trend of decreasing Ayt or increasing V4 as we remove more short
hydrogen bonds. Because we know that V4 is unchanged across this mutant series, 3% Auct
becomes the only factor that is influenced by the short hydrogen bond. By extension, we can
argue that the S65T/H148D GFP variants likely share the same behavior, but it is concealed
by the additional substituent-specific electronic effects from halogenation. Conversely, the
SrPYP mutants exhibit the opposite trend upon E46Q mutation, which is different from that
expected from the room-temperature SIE study,2 suggesting a nontrivial interplay between
the two putative short hydrogen bonds that could be studied through NMR.59
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For the A-like A state, the same exercise can be duplicated (Figure 6C). The A-state fit
curve0 is exploited to reflect the electrostatic response of the unsubstituted normal A

state chromophore. Deviations of H148D variants from the A-state fit curve can again be
seen, but this time they correspond to larger V" or smaller f,c1 than the normal A state
according to the three-form model (Figure 6D, right).4 Since there is no valid comparison
for the A-like A state with the corresponding halogenated chromophores in the normal A
state due to the low pKj’s of halogenated chromophores, we cannot rule out the possibility
of substituent-specific electronic effects to explain the absence of any obvious pattern of
these data points. However, the fact that values with larger deviations correspond to better
pK,-matched variants suggests that the electronic structure of the protonated chromophore
is modulated through the proton when it serves as a proton donor in a short hydrogen bond.
Relying on the robust insensitivity of 4 for the deprotonated halogenated chromophore
from the Stokes shift study3? and the previous conclusion from the B-like A state, we
speculate that fucT could again be the only parameter that is subject to the perturbation of
the short hydrogen bond. Just as how we scrutinized the variation in V4 of the deprotonated
chromophore through its Stokes shift, this claim could in principle be tested with the
correlation of Stokes shift from A* emission and absorption maximum (as in Figure 8 in ref
39) by considering an additional vibronic coupling, but the relevant measurements are so far
inaccessible for most GFP mutants and variants given the efficiency of excited-state proton
transfer and the chromophore’s low pK;.

In summary, we have identified that /Azct for the deprotonated chromophore and /¢ for
the protonated chromophore increases and decreases, respectively, in the presence of short
hydrogen bond(s). Both quantities are products of the (difference) dipole moment (A)uct
and the local field factor 7 which arise from the electron distribution of the 5z system per
se and the polarizability of the = system’s environment, respectively. In the following, we
will propose a mechanism for the short hydrogen bond to perturb each of the quantities and
examine the corresponding plausibility.

3.2.1. Perturbation on Dipole Moments.—On the basis of the short hydrogen bond’s
ability to modulate the O-H internuclear distance, the (difference) dipole moments of the
chromophores, which are of electronic origin, can be evidently tuned by the short hydrogen
bond. Specifically, the chromophore’s O-H distance is lengthened or shortened when the
chromophore behaves as a proton donor or acceptor, respectively.30:31 We have asserted in
our previous work that the A state behavior is not at all akin to the B state counterpart owing
to the covalency of the O—H bond,*® so we should expect a deviation in the character of the
A-like A state from an electrostatically perturbed normal A state. By elongating the O-H
bond, we expect the CT form (Figure 6D, right) to be less charge localized on both ends of
the chromophores, thereby reducing uct (Figure 6E, right).

To understand the B-like A state’s response to the short hydrogen bond, we need to

invoke the covalent nature of the short hydrogen bonds to explain the deviation from the
electrostatically modulated B state, which includes examples perturbed by normal hydrogen
bonds.39 The covalency of short hydrogen bonds as opposed to normal ones has been
documented with NMR.70 It results from the delocalization of electrons between the proton
donor and acceptor, where the exchange interaction is necessary for the short hydrogen
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bond to overcome the unfavorable van der Waals repulsion between the overlapping heavy
atoms of the proton donor and acceptors, and so a model with only classical electrostatics

is insufficient to predict the existence of short hydrogen bonds.*3 This also rationalizes

the inability of using classical molecular dynamics to simulate and maintain the short
hydrogen bond (O-O distance ~2.6 A) between Y16 of KSI and its substrate analogue
19-nortestoterone (Supplementary Text 4 from ref 71) in contrast to QM/MM simulations
in ref 72. In the language of molecular orbitals, the lone pair electrons in the nonbonding
orbital of the proton acceptor partially occupies the vacant o* orbital of the donor—proton
covalent bond,31:4344 resulting in a more delocalized electron distribution within the short
hydrogen bond and a weakening and lengthening of the donor—proton bond (Figure 6E,
left). The interaction strength strongly depends on the energy matching of the two involved
orbitals, which is equivalent to pK, matching. Therefore, when the chromophore behaves as
a proton acceptor in the B-like A state, it donates its electrons and leads to a more spread-out
electron distribution, and hence a larger AucT.

By virtue of forming a short hydrogen bond with its partner, the number of electrons within
the chromophore is no longer conserved due to electron delocalization across the hydrogen
bond. A similar phenomenon can be achieved when the chromophore is covalently modified
by halogens, as the identity of the chromophore becomes slightly different. Since the proton
is attached to the chromophore through a true covalent bond (a hydroxyl group) rather

than a partially covalent hydrogen bond, the A-like A state is more sensitive to changes

in ApK,. In contrast, the B-like A state is understandably dominated by the electronic
effect from substitutions, yet another covalent interaction, in the chromophore variants.
This is reminiscent of the effect on the absorption maxima observed in Figure 5. The
phenomenon of short hydrogen bonds modulating 7z systems has also been extensively
investigated, notably in the context of RAHB1214 and hydrogen-bond-mediated mixed-
valence complexes,*647 in which electrons within hydrogen bonds can be thought of as part
of the delocalized 7 systems.14

3.2.2. Perturbation on Local Field Factors.—In addition to the change in electronic
dipole moments discussed so far, another provocative proposal is that proton polarization
within the short hydrogen bond(s) might manifest itself as a local field factor 7, as this
could also increase AT for the B-like A state. While we will argue below that this is
likely not making a significant contribution, the underlying concepts are interesting and
may apply to other short hydrogen bond systems, so the basic idea is developed in the
following and in further detail in Sections S7 and S8. The local field factor is typically
considered as originating from field-induced molecular rotation of solvent (the reaction
field), nuclear displacement, and electronic distortion in the environment. We are not aware
of any analysis suggesting that 7could also specifically be affected by electric-field-induced
proton polarization, which is analogous to magnetic-field-induced ring currents that account
for the (de)shielding of nuclei in NMR’3 (see footnote 100 in the Supporting Information).
While we have shown in Section 3.1.2 that the proton in the short hydrogen bond of GFP
variants cannot be transferred across wells via experimentally accessible external electric
fields, it could be displaced slightly within each well.

J Phys Chem B. Author manuscript; available in PMC 2021 October 29.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lin and Boxer

Page 12

Treating the problem classically, since a proton carries a positive elementary charge +¢,
an external field Fsy¢ can shift its mean position, whose displacement Aris determined by
the Jocal curvature of the hydrogen bond PES, Vig” (1), and reflects the degree of proton
delocalization (Figure 7, more in Sections S7 and S8):

eFext

Ar = "
Vug”(ro)

0]

where 1 is the most probably position of the proton wave function in the absence of

an applied field, and Arrefers to the difference between situations with and without the
external field. The displaced proton subsequently generates an induced dipole field Ay
and effectively amplifies the external field Fuyy, leading to a larger internal field Ant sensed
by the GFP or PYP chromophore (Figure 7):

Fing = Fext + AFyg + AFnon—HB

262 1 @

=|l+————+ 1 — D|Fext = fF,
47L'€0r3 VHB ("0) (f non-HB ) ext f ext

where ris the distance between the proton and the phenol(ate) oxygen (Section S7), and ¢
is the vacuum permittivity. The induced fields from other sources are collectively denoted

as AFnon-HB (= (fon-HB — 1) Fext) and factored in according to the superposition principle,
assuming they are not simultaneously affected by the polarized short hydrogen bond. Note
that the overall local field factor freduces to fon-Hg in the absence of a short hydrogen
bond. Since the principal axes for the polarizable moieties are in general not colinear with
externally applied fields, any local field factor should be a tensor rather than a scalar

as shown in eq 2, and we reserve a more explicit tensor treatment for Section S7. The
concept of proton polarizability was strongly advocated by Georg Zundel, who invoked the
existence of such a notion for the pK,-matched short hydrogen bond in the Zundel cation
(H,0---H*---OH,) to explain the broad continuum IR band of diluted aqueous acid due to the
susceptibility of the proton position to environmental electrostatic fluctuations.”* Along the
same vein, Perrin and Lau showed that protons that are found to be equally shared between
donors and acceptors of short hydrogen bonds in crystals could localize on either side owing
to their sensitivity to the environment that leads to symmetry breaking,”:7> reminiscent of
electron localization in the Creutz—Taube ion at 77 K.38

On the basis of eq 2, the shallower the PES is, corresponding to shorter heavy-atom
distances and/or better pK,, matching,! the more delocalized the associated proton is and
the more polarizable the hydrogen bond is, causing a larger local field factor 7 Even though
we argue that the PESs for the short hydrogen bond in the protonated S65T/H148D GFP
variants are double-welled, the local curvatures at the energetic minima should be smaller
than that of a normal hydrogen bond (Section S8). As the GFP chromophore can sense the
delocalized proton within each well, smaller local curvatures could result in the relatively
featureless electronic absorption bands observed from short-hydrogen-bond GFPs (Figure
3A). However, because the proton is closer to the chromophore for the A-like A state than
the B-like A state, the former should have a larger fthan the latter (eq 2), which conflicts
with the decrease in ficT due to the short hydrogen bond for the A-like A state, indicating
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that the proton polarizability could not be the major contributor to the anomaly in the
observed Stark tuning rates.

Since fis positively correlated with the degree of proton delocalization, a simple way to
assess its existence is to measure the Stark tuning rates of proteins where protons are
exchanged for deuterons. The consistent decrease in Stark tuning rates for both A-like and
B-like A states of GFPs upon deuterium exchange in Table 2 looks very suggestive, as it
can be readily understood as the deuteron being more localized than the proton and thus
showing a smaller 7(Section S8). Slight decreases in the Stark tuning rates of deuterated
PYPs were also found as compared to the protonated counterparts (Figure 6B), lending
support to this argument. However, by examining Figure 6A,C and viewing the GFP variant
series as a whole rather than individually, the data points from deuterated samples do

not follow a noticeably different trend in a comparison with the protonated counterparts,
which is in contradiction with a smaller fexpected for deuterated species, so it appears
that proton polarizability cannot explain the observed isotope effect. Rather, it could be
plausibly rationalized as an electronic effect in response to the isotope substitution, the
same origin as the electrostatic modulation of the chromophore’s color.3%:40 Specifically,
the SIE can explain this observation: because deuteration causes a blue and red shift of
A-like and B-like A states, respectively,38 it reduces the Stark tuning rates in both cases
based on the Stark tuning rate vs absorption maximum correlation from the chromophores
in their corresponding protonation states (Figure 6A,C). The degree of the Stark tuning rate
decrease also correlates with the magnitude of the SIE (Table S10), further strengthening
the plausibility of electrostatic modulation over proton polarizability. The anomalies in the
observed Stark tuning rates from short-hydrogen-bond GFP variants can therefore be fully
explicated with the covalency of the short hydrogen bond (Section 3.2.1), and the observed
large Ay for PYPs can also be accounted for using a similar argument.

Even though it seems unlikely that the Zundel polarizability is a dominant mechanism for
the perturbation from short hydrogen bonds in these proteins, it might be more prominent
in systems with more delocalized protons, such as true FBHBs, where the anticipated
polarization could be less masked by the substituents’ electronic effect.’® Past evidence for
the Zundel polarizability has relied heavily on vibrational observables through IR or Raman
spectroscopy to avoid substantial electronic polarization from the probes, where the electric
fields were provided by condensed-phase environments (e.g., solvents, ions, and protein
residues)’# rather than externally applied. It would be very interesting to search for proteins
with precalibrated vibrational probes®® participating in short hydrogen bonds and to directly
apply an external field in order to validate the existence of proton polarizability through
enhanced Stark tuning rates within these proteins.

4. CONCLUSIONS

Using the normal A and B states as well-calibrated electrostatic probes, we identify

how the electron distribution of the chromophore is perturbed when engaging in a short
hydrogen bond. This leads to a smaller Stark tuning rate for the protonated chromophore
but enhances the Stark tuning rate for the deprotonated chromophores. The correlation
between Stark tuning rates and absorption maxima obtained from these situations deviates
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from that expected from pure electrostatic color tuning. On the basis of the applicability

of classical electrostatics, we are thus able to distinguish short hydrogen bonds from

other noncovalent interactions, including normal hydrogen bonds, = stacking, and cation/
anion—rt interactions. Specifically, electrons are still confined within the 7z system of the
chromophore when participating in noncovalent interactions, and this can be treated well
with classical electrostatics. Conversely, covalent modifications, such as halogenation and
short hydrogen bonds, allow electrons to smear outside the original conjugation through
exchange interactions due to the quantum nature of electrons, and this is combined with the
classical electrostatically induced electron polarization.

With a proton-sensitive electronic probe, we also demonstrate how either electronic Stark
or preresonance Raman spectroscopy can be a useful diagnostic tool for LBHBs. We

use these methods to reinforce our previous argument that short-hydrogen-bond GFPs do
not contain LBHBs regardless of how closely we match the donor-acceptor pK,.36 We
also observed no evidence to support the notion of large proton polarizabilities from short-
hydrogen-bond GFPs and PYPs, likely because the proton(s) involved is not delocalized
enough due to the absence of LBHBs. Given the ubiquity of short hydrogen bonds in
proteins?2:23 in combination with the scarce examples characterized with LBHBs,22:27:28
there seems to be lack of an energetic advantage for LBHBs to exist, either due to

the aforementioned symmetry breaking originating from solvation’® or the difficulty of
stabilizing a delocalized charge within polar environments.””:78 Given the large proton
polarizability hypothesized within these short hydrogen bonds,’# it is evident how the
corresponding structure—energetics relationship is strongly context dependent,10:18.19,79-82
and the role of the environment is the key to resolving conflicting results for this long-
standing problem. In this regard, more local vibrational probes could be more suitable for
measuring the environmental subtleties* and identifying the appropriate parameter(s) for
quantifying different environments of short hydrogen bonds.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Structure and energetics of the short hydrogen bond in ih:GFP S65T H148D variants (see

Section S1 for the nomenclature of circularly permuted GFPs). (A) Chromophore and
D148 structure with the electron density (2mf, — DF; contoured at 1o) of ih:GFP S65T
H148D (PDB: 4ZF336). Structures of other variants can be found in Section S4 and figures
therein; chromophore-D148 O-0 distances for other variants are listed in Table 1. (B) A
representative proton PES (in this case the Y66 variant) calculated from McKenzie’s one-
dimensional coupled Morse potential model3 with parameters determined in the previous
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study.38 The relative free energy between the two wells is governed by ApK,, (vide infra)
through AG° = R7'In 10 ApK,, where Tis at 300 K. The two energy wells correspond to
the proton residing more at the chromophore or at D148, which we refer to as the A-like
and B-like A states, respectively. The corresponding ground-state wave function and ZPE
for proton or deuteron are shown in blue or red, respectively. Deuteration lowers the ZPE
and reduces delocalization. (C) The relative proton affinity, ApK,, of the short hydrogen
bond is tuned via systematic introduction of halogen(s) to the chromophore in the H148D
background, and the estimated PESs are shown below the arrow. ApK, values for the
variants are listed in Table 1.
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chromophore . chromophore R - chromophore
wild type E46Q E4 Ya2F

Figure 2.
Local structure with the electron density (2mF, — DF; contoured at 1o) for each HhPYP

mutant, including wild-type (green, left, PDB: 1INWZ48), E46Q (cyan, middle, PDB:
1UGU#*9), and Y42F (magenta, right, PDB: 1F91%0). The hydrogen bond distances (in A)
are labeled in red and also listed in Table 1.
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Figure 3.

Absorption spectra, Stark spectra, and energetics of a representative S65T H148D GFP
variant, ih:GFP S65T Y66(3-Cl;Y) H148D. (A) The 77 K absorption spectra of the
protonated (blue) and deuterated (red) species at pH 5 and pD 5, respectively. The
corresponding A-like (dashed) and B-like (dashed—dotted) A state bands are deconvolved
from simultaneous fitting of the absorption and Stark spectra (panel C). The direction of
SIE upon deuteration for each underlying population is shown with a green arrow. Note that
the maximum extinction coefficient of the normal protonated chromophore in GFP is about
60% of the deprotonated counterpart.53 (B) The corresponding PES and ZPEs for the short
hydrogen bond with ApK,, = +0.8. The color coding follows Figure 1B. Deuteration further
localizes the hydron wave function toward the donor and acceptor, causing the SIE seen in
panel A. (C) The 77 K absorption (upper panels) and 2w Stark spectra (lower panels, scaled
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to 1 MV/cm) for the protonated Y66(3-Cl;Y)/H148D variant at pH 5. The sum-of-derivative
analysis is performed with one-band (left panels) and two-band (right panels) fits. One can
see that the one-band fit is not satisfactory for both spectra simultaneously, especially in the
region around 22 000 cm™~2 (circled), so an additional set of Stark parameters is required to
fully recapitulate both band shapes. The Stark tuning rates in Table 2 can then be extracted
from the magnitudes of the second-derivative components.3”
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Figure 4.
Preresonance Raman spectra and derived PESs for pK,-matched

GFPs. (A) Preresonance

Raman spectra with 633 nm excitation of representative protonated (pH 5, blue traces)

and deuterated (pD 5, red traces) S65T H148D GFP variants, wh

ich are Y66 (top) and

Y66(3-Cl;Y) (bottom) in this case. The peaks of interest, corresponding to a proton-sensitive
phenol stretching mode, are highlighted within green boxes. Raman features outside the

boxes are associated with other phenol modes that are not protonation-sensitive.>® Note that

the observed Raman intensities are not concentration normalized

Raman bands can be understood through (B) their corresponding PESs and ZPEs, which are

. The appearances of the

reproduced from Figures 1B and 3B. More discussion can be found in Section S6.
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Figure 5.

Correlation plots of the absorption maxima from the anomalous A states (Table S10) with
(A) B-state 0-0 energy from their corresponding ih:GFP S65T H148 variants (Table S11)
and (B) ApK, (Table 1). The color coding is consistent with Figure 1C. The plots are meant
to gauge the contribution of electronic and proton position effects from halogenation to

the absorption maxima of the anomalous A state. The electronic effect shows substantial
influences on both the A-like and B-like A states, while the former is much more sensitive to
the proton effect.
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Correlation of absorption maxima and Stark tuning rates and contributing resonance forms
for (A) B-like A state from short-hydrogen-bond GFP variants, (B) PYP mutants, and

(C) A-like A state from short-hydrogen-bond GFP variants (Table 2 and Table S10). The
calibration curves for the corresponding normal states are reproduced from refs 39 and

40 and are shown in red. The trends of Stark tuning rate change and spectral shift (SIE)

upon deuteration are represented with green thick arrows. (D) The diabatic difference dipole
moments and couplings between the underlying resonance forms of the deprotonated (left)3°
and protonated (right) chromophore.4° Technically, difference dipole moments matter for
both protonation states. However, to better discern the two corresponding quantities, we drop
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the “A” for that of the protonated chromophore (right) as the LE form is insensitive to its
electrostatic environment.4% (E) The molecular orbital picture of the short hydrogen bond
within each anomalous A state, involving donation of electrons (shown as a lone pair) from
the proton acceptor’s nonbonding orbital (n) to the donor—H’s &* orbital through overlap.
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Figure 7.
Proton polarization within the short hydrogen bond (Zundel polarizability) may lead to an

increase in the local electric field sensed by the chromophore. Without the external field
(top), the equilibrium position of the proton is 7y according to the proton PES Wyg(/)
(purple curve). The externally applied field Aoyt (Cyan arrow) displaces the proton (bottom,
displacement exaggerated) by perturbing the PES and thereby induces a dipole field AFqg
(gray field lines). Since the chromophore experiences both A and AAyg in the same
direction, the proton polarization effectively amplifies the external field and consequently
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contributes to the local field factor 7. Since shorter hydrogen bonds are expected to possess
shallower PESs, the corresponding Zundel polarizability should be appreciable.
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ApK,’s (Defined in Figure 1C) and Heavy-Atom Distances for Short Hydrogen Bonds Observed in Crystal

Structures of Short-Hydrogen-Bond GFP Variants and PYP Mutants in the Anomalous A State”

Short-Hydrogen-Bond GFP (ih:GFP S65T H148D)

O-0 distance with D148

Variants ApK, with D148 (/3\)b'c resolution (A)
Y66 (PDB: 4ZF33%) +2.0 2.6 1.90
globally incorporated 3-F;Y (PDB: 60G8) +1.3 2.6 1.60
Y66(3-Cl,Y) (PDB: 4ZF43%) +0.8 2.4 1.82
Y66(3-Br,Y) (PDB: 60GA) +0.8 2.4 1.60
Y66(3-1,Y) (PDB: 60GB) +0.9 2.5 1.65
Y66(2,3-F,Y) (PDB: 60GC) +0.3 2.48 1.18
Y66(3,5-F,Y) (PDB: 60G9) -0.9 2.5 1.80
Y66(3,5-Cl,Y) (PDB: 4ZF53%) -15 25 1.70

ApK, with E46 and/or Y42d

HhPYP Mutants
0O-0/O-N distance with

O-0 distance with residue

mutants residue 46 (A)° 42 Q) resolution (A)
wild-type (PDB: INWZ48) <15 2.58 2.48 0.82
E46Q (PDB: 1UGU%) <-15 2.86 2.48 1.20
Y42F (PDB: 1F9150) <-15 251 N/A 110

a . . . . . . . ] .
More discussion on structures and their correlations with ApK for GFPs can be found in Section S4 and figures therein.

b

The O-0O distances for the GFP variants are averaged over two monomers within the asymmetric unit (in Table S8).

‘The numbers of significant digits for the measured distances are dominantly determined by structure resolution: errors less than 0.1 A typically

require structural resolutions better than 1.3 ASS

The estimation of PYP’s ApK{ being more negative than —1.5 is inferred because only the deprotonated chromophore is observed in

spectroscopic and theoretical studies. 19.20,42
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