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Abstract

Short hydrogen bonds (H-bonds) have been proposed to play key functional roles in several
proteins. The location of the proton in short H-bonds is of central importance, as proton
delocalization is a defining feature of low barrier hydrogen bonds (LBHBS). Experimentally
determining proton location in H-bonds is challenging. Here, bond length analysis of atomic
(1.15-0.98 A) resolution X-ray crystal structures of the human protein DJ-1 and its bacterial
homolog YajL was used to determine the protonation states of H-bonded carboxylic acids. DJ-1
contains a buried, dimer-spanning 2.49 A H-bond between Glu15 and Asp23 that satisfies standard
donor-acceptor distance criteria for a LBHB. Bond length analysis indicates that the proton is
localized on Asp24, excluding a LBHB at this location. However, similar analysis of the E. coli
homolog YajL shows both residues may be protonated at the H-bonded oxygen atoms, potentially
consistent with an LBHB. A PDB-wide screen identifies candidate carboxylic acid H-bonds in
approximately 14% of proteins, which are typically short (<do.0>=2.542(2) A). Chemically
similar H-bonds between hydroxylated residues (Ser/Thr/Tyr) and carboxylates show a trend of
lengthening O-O distance with increasing H-bond donor pKj,. This trend suggests that
conventional electronic effects provide an adequate explanation for short, charge-assisted
carboxylic acid-carboxylate H-bonds in proteins, without the need to invoke LBHBs in general.
This study demonstrates that bond length analysis of atomic resolution X-ray crystal structures
provides a useful experimental test of certain candidate LBHBs.

There is long-standing interest in the role of short H-bonds (donor-acceptor distances <2.5
A) in protein stability and enzyme catalysis. These short H-bonds often form between
ionizable groups and have been postulated to be particularly strong in certain circumstances
1. Oppositely charged groups can form short charge-assisted H-bonds (sometimes called
short ionic H-bonds or salt bridges), where the favorable electrostatic component drives the
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donor-acceptor pK values even further apart 2. An H-bond with either an ionized donor or
acceptor is also a charge-assisted, and is typically stronger than one between neutral groups.
Carboxylic acids, which are the focus of this work, often form short H-bonds and can serve
as either H-bond donors or acceptors, depending on their ionization state and interacting

group.

A H-bond between two carboxylic acids has the potential to be a low barrier H-bond
(LBHB). LBHBs are named in reference to their low activation barrier to proton transfer
from the donor to the acceptor atoms 1 3 4. Because the proton can exchange between two
atoms in a LBHB, a close matching of pKj, values for donor and acceptor has been proposed
to be a prerequisite for LBHB formation 1. In many cases, a symmetrical double-well
potential surface is also cited as an important feature of LBHBS, although this is not strictly
required. In the most rigorous LBHB definition, the activation barrier for proton transfer is
smaller than the zero point energy of the H-bond, thus leading to a complete delocalization
of the proton nuclear wavepacket over the bond. This type of interaction is energetically
similar to a single well H-bond, where the proton is located midway between the two
interacting atoms. However, any H-bond where the proton transfer barrier height is
comparable to or lower than either the zero point energy or KT would permit some degree of
proton delocalization, even in an asymmetric potential. Therefore, LBHBS exist on a
continuum of H-bond energetics and are distinguished from conventional H-bonds by
exhibiting proton delocalization permitted by a transversable proton transfer barrier. The
extensive literature on various classes of H-bonds in small molecules, including LBHBS, is
reviewed in °. Because the definition of a LBHB is somewhat variable in the expansive
literature on this topic, we choose a LBHB definition that requires proton transfer between
the donor to acceptor but does not require strict symmetry of the underlying potential.

The biological significance of LBHBs has been highly controversial. Seminal proposals that
LBHBs may dramatically stabilize transition states and thus enhance enzymatic catalysis are
supported by some experiments % 6-11 however others have argued that a major catalytic
role for LBHBs is unlikely given both experimental and computational evidence 1216,
Despite the two decade-long history of this debate, the existence and potential importance of
protein LBHBs remains unresolved and is of considerable interest 17. As carboxylic acids
have similar solution pK, values and their H-bonds involve an acid/base couple of the same
functional group as both donor and acceptor, they are more likely to meet the matching pKj,
and symmetry conditions of an LBHB than are most other pairs of biological H-bond donors
and acceptors.

One difficulty in studying LBHBs is that their definition is rooted in features of the potential
energy function of the proton along the H-bond coordinate, which is difficult to
experimentally characterize. Direct localization of the proton by neutron diffraction is the
most reliable evidence for a LBHB but is a challenging experiment to perform, requiring
large, well-diffracting crystals and access to high flux neutron sources. Consequently, a
number of more accessible observable proxies for LBHBs have been used, including donor-
acceptor distances less than or equal to approximately 2.5 A, deshielded proton resonances
in NMR, perturbed IR spectra, and anomalously low H/D substitution factors in hydrogen-
deuterium exchange experiments 3. While each has advantages and reports on some aspect
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of LBHB energetics, these empirical criteria suffer from limitations that have complicated
the reliable identification of LBHBs in proteins.

The donor-acceptor distance of a candidate H-bond is one of the easiest LBHB criteria to
observe, and short H-bonds between carboxylic acids are common 18: 19, Small molecule
carboxylic acids form tightly associated H-bonded cyclic dimers in the gas phase, and
crystal structures of various carboxylic acids have typically have short H-bonds 2°. In
proteins, the active sites of aspartyl proteases are well-known for the short H-bonds formed
between catalytic residues 2. Additionally, ultra-high resolution (0.79-0.89 A) crystal
structures of CTM-X B-lactamase identified a 2.54 A H-bond between Asp233 and Asp246
that is conserved in other p-lactamases and is proposed to serve a structural role 22,
Salmonella typhimurium glucose/galactose-binding protein possesses a solvent-exposed
Asp121-Glu165 interaction of 2.54 A, 18, and rhamnogalacturonan acetylesterase has a 2.48
A interaction between Asp75 and Asp 87 19, Furthermore, Langkilde et al., 1° surveyed the
Cambridge Structural Database (CSD) 1° and both Flocco and Mowbray 18 and Langkilde et
al. surveyed the Protein Data Bank (PDB), finding many examples of short carboxylic acid
H-bonds. The ~2.5 A O-O distance of these H-bonds suggests that this class of interaction
may be unusually strong and merits closer study.

In this work, we use atomic resolution X-ray crystallography, site-directed mutagenesis, and
solution stability analysis to study a conserved 2.49 A carboxylic acid H-bond at the dimer
interface of the parkinsonism-associated human protein DJ-1. Bond length analysis of a 1.15
A resolution crystal structure shows that Glu15 and Asp24 have different protonation states,
inconsistent with a LBHB. However, this H-bond plays an important role in stabilizing DJ-1,
as the D24N mutation mildly destabilizes the protein and the D24L mutation results in a
population of poorly folded protein. The Glu-Asp H-bond is conserved in a prokaryotic
homolog of DJ-1, where bond lengths suggest that both residues are protonated, potentially
consistent with LBHB. A computational survey of the PDB indicates that approximately
14% of proteins contain candidate carboxylic acid H-bonds, making this type of interaction
fairly common. As these H-bonds have a short ~2.5 A average O-O distance and are unlikely
to all be LBHBs, a donor-acceptor distance criterion should not be used for LBHB
identification. We suggest that bond length analysis could be a routine tool for characterizing
putative LBHBS involving carboxylic acids.

Experimental procedures

Protein Expression and Purification

Hexahistidine-tagged human DJ-1 and £. coli YajL were expressed from pET15b constructs
in BL21(DE3) E. col, purified using Ni2*-metal affinity chromatography, and thrombin-
cleaved to remove the histidine tag as described previously 23 24, The hexahistidine tag was
removed by thrombin cleavage and the final protein contains the vector-derived sequence
GSH- before the first methionine in the native protein sequence. The D24N, D24L, E15Q
and E15Q/D24N DJ-1 mutations were generated by site-directed mutagenesis and were
purified in the same manner as wild-type DJ-1. The purified proteins were dialyzed into
storage buffer (25 mM HEPES pH 7.5, 100 mM KCI, 2 mM DTT) and concentrated to 20
mg/ml using a centrifugal concentrator (Millipore) with a 10-kDa cutoff. Protein
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concentration was determined by absorbance at 280 nm using calculated extinction
coefficients of 4470 M~ ecm™~1 for DJ-1 and 17,200 M~ cm™1 for YajL. Proteins were
divided into aliquots, flash cooled in liquid nitrogen, and stored at =80 °C until needed.

Crystallization and Data Collection

All proteins were crystallized using the sitting drop vapor diffusion method by mixing 2 pL
of protein at 20 mg/ml with 2 uL of the reservoir solution. Crystals grew in 1-4 days at room
temperature. Crystals of wild-type DJ-1 in space group P3;21 grew from a reservoir of 20—
25% PEG 3000, 100 mM HEPES pH 7.5, 200 mM NaCl, 10 mM dithiothreitol (DTT) and
similar D24N crystals grew from 23-27% polyethylene glycol (PEG) 4000, 0.2 M Sodium
Citrate, and 0.1 M Tris-HCI (pH 8.5). Plate-like crystals of E15Q DJ-1 in space group C222,
grew from a reservoir of 25-28% PEG 4000, 0.1 M Tris-HCI (pH 8.5), 0.1 M sodium citrate.
E. coli YajL crystals grew from a reservoir of 30% polyethylene glycol 4000, 0.1 M Tris—
HCI (pH 8.5), 0.225 M MgCl, in space group P212121 2% 25, YajL crystals were obtained by
microseeding in order to improve their growth habit and reduce local depletion zone
hollowing at the ends of the prismatic crystals. All crystals were cryoprotected by serial
transfer through their respective reservoir solutions supplemented with ethylene glycol
increasing in 5% concentration increments to a final concentration of 25% (v/v).
Cryoprotected crystals were cooled by submersion in liquid nitrogen whose cool vapor layer
was blown away immediately before the crystal was cooled.

Diffraction data for wild-type DJ-1 were collected at the Advanced Photon Source (APS),
BioCARS beamline 14-BMC, data for D24N and E15Q DJ-1 were collected at the Stanford
Synchrotron Radiation Laboratory (SSRL) beamline 9-2, and data for £. coli YajL were
collected at SSRL beamline 12-2. In all cases, data were collected from a single crystal
maintained at 100 K. The data for wild-type DJ-1 were collected in multiple passes with
differing exposures on an ADSC Q315 CCD detector, while E15Q, D24N, and YajL
diffraction was measured using a Pilatus 6M PAD with shutterless data collection. All
crystals were subjected to in situ annealing by interrupting the cold nitrogen stream flow for
5-7 seconds, which improved diffraction and reduced mosaicity 2°. Data for wild-type DJ-1
were integrated and scaled using HKL2000 26; data for E15Q, D24N, and YajL were
integrated and scaled using XDS 27, and Pointless, and Aimless 28 in the CCP4 suite 2°.

Structure Refinement and Validation

All models were refined in Refmac5 30, part of the CCP4 suite 29, using geometric restraints
and anisotropic atomic displacement parameters (ADPs) against a maximum likelihood
target based on structure factor amplitudes. Wild-type DJ-1 (PDB code 1P5F 3) and E. coli
YajL (PDB code 2ABO 24) were used as starting models. A test set of 2-5% of reflections
were chosen at random and sequestered in the test set for calculation of the Reyee Value 32,
Distinct test sets were chosen for each DJ-1 mutant, both because E15Q DJ-1 crystallized in
a different space group and thus could not have the same test reflections as the wild-type and
D24N structures and because the same starting model 1P5F was used for all three structures.
Therefore, test set bias could not propagate from the wild-type to the mutant structures,
since they were refined in parallel starting from a common, solvent-free, isotropic model
derived from 1P5F. The models were inspected and manually improved in reference to

Biochemistry. Author manuscript; available in PMC 2018 February 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Linetal.

Page 5

2mF,-DF¢ and mF,-DF, electron density maps in COOT 33, Where electron density
provided evidence of multimodal disorder, residues were built in two alternative
conformations whose occupancies were refined and constrained to sum to unity. Weights for
the B-factor restraints and geometric term were optimized using automated refinement
through the PDB_REDO webserver 34, Final models were validated using COOT 33,
MolProbity 3°, and PDB_REDO 34. As is common for proteins in the DJ-1 superfamily, the
reactive cysteine residue (Cys106) in DJ-1 and YajL is a Ramachandran outlier but well-
supported by electron density. The model statistics are provided in Supplementary Table 1.
Structural figures were made with POV Script+36,

Bond length analysis

Bond lengths were determined by subjecting the final models from Refmac5 (see above) to
an additional 20 cycles of conjugate gradient least squares refinement in SHELXL 37
without geometric restraints on Asp or Glu residues. The observation-to-parameter ratio for
fully anisotropic refinement of these structures was ~5.5:1, justifying this treatment. A
separate cycle of least squares (SHELX instruction L.S.) refinement without geometric or
ADP restraints was then performed to calculate the inverted Hessian matrix, which was
restricted to coordinates using the BLOC 1 instruction. The eigenvalues of this inverted
matrix were used to calculate the estimated standard uncertainties (ESUs) on bond lengths in
SHELX 37, Differences in C-O bond lengths were considered significant if they equaled or
exceeded three ESU 3840, Only fully occupied and well-ordered residues were used for
analysis. 40

Thermofluor assay

The thermal stabilities of wild type, D24N, E15Q, E15Q/D24N, and D24L DJ-1 were
measured in 25 mM HEPES (pH 7.5), 100 mM KCI, and 1 mM DTT using the Thermofluor
assay 4. Dilutions of a 5000x stock of Sypro Orange (Sigma-Aldrich) in DMSO were added
to multiple concentrations of protein (1.0, 2.5, and 5.0 mg/mL) in optically clear PCR tube
strips (Bio-Rad). Measurements were made at multiple protein and dye concentrations for
each protein. The samples were heated from 10 to 95 °C at a rate of 2 °C/min, with
fluorescence excitation at 490 nm and emission at 575 nm using an iCycler iQ real-time
thermal cycler (Bio-Rad). The region between + 20°C of the melting transition (inflection
point) in the raw fluorescence data was fitted using:

AT, (T —T;
(an+by T)+(aU+bUT)exp (W)

()=
1+exp ( 4ij(-£}Tm ) >

Egnl

Where f(T) is the measured fluorescence, T is temperature, fy=an+bnT is the baseline
fluorescence of the native protein, fy=ay+byT is the baseline fluorescence of the denatured
protein, Ty, is the melting temperature, and AT is a fit parameter quantifying the width of the
melting transition that relates enthalpy to T, as below:
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Reported errors are calculated for fitted Ty, values obtained from the multiple dye and
protein concentration curves for each sample. A program that performs this analysis is
available at BitBucket (https://bitbucket.org/bullseye maurice/epydsf)

Secondary structure content determination using far-UV circular dichroism

Proteins were dialyzed overnight at 4°C against 10 mM sodium phosphate pH 7.2, and the
final protein concentration was adjusted to 0.5 mg/mL. CD spectra were measured using a
Jasco J-815 CD spectrophotometer (Jasco Inc., Easton, MD, USA) in a 1 mm pathlength
quartz cuvette. Spectra were measured in continuous scanning mode with a grating of 3400
lines cm™1, 1 nm bandwidth, and a rate of 20 nm min~1. Four scans were accumulated per
spectrum with a data pitch of 0.1 nm and a data integration time of 1 s. The mean molar
residue ellipticity (deg cm? dmol=2 residue™1) was calculated using Scopes’ method 42 for
protein concentration determination as previously described 43,

Search of the PDB for candidate COOH-"OOC and COH-"O0OC H-bonds

The set of all X-ray crystal structures determined to a resolution of 2.0 A or better in the
August 2016 release of the PDB was used for analysis. Initially, potential hydrogen bonds
were identified by applying a distance cutoff of 3.5 A between oxygen atoms of all Asp/Glu
sidechains. For each potential hydrogen bond, the distance between oxygen atoms, the C-O-
O angle and C-C-0-0 torsion angle were recorded. One- and two-dimensional frequency
distributions were calculated with each putative hydrogen bond weighted according to the
number of times it was encountered in the dataset (to account for redundancies due to
oligomerization and multiple instances of the protein and its close homologues in the PDB).
Analysis of the resulting distributions revealed the presence of a peak in the two-
dimensional distribution centered around specific values of interatomic distance and C-O-O
angle. This peak was fitted to a two-dimensional normal distribution to determine mean and
variance. In addition, the proton was required to be located close to the plane formed by
carboxylate groups in the C-C-O-O torsion angle. Hydrogen bonds formed at protein-protein
interfaces were identified by querying against all oligomeric assemblies predicted by the
PISA 44 algorithm. Predicted monomeric structure were downloaded directly from the PDB,
while putative dimers, trimers, tetramers and pentamers were downloaded from PISA. COH-
~OO0C H-bonds, where the donor could be the hydroxyl sidechains of Ser, Thr, or Tyr, were
identified in the PDB as described above, and the corresponding distributions were studied
separately for the Ser, Thr, and Tyr donors

Results

Human DJ-1 contains a short but conventional dimer-spanning hydrogen bond between
Asp24 and Glul5

Human DJ-1 dimerization is important for its cytoprotective function 4°. The dimer interface
contains a buried pair of highly conserved residues, Glul5 and Asp24, whose sidechain
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oxygen atoms are separated by 2.49 A, indicating an H-bond (Fig 1). For H-bonding to
occur, at least one of these residues must be protonated. Although hydrogen atoms can be
difficult to visualize in X-ray crystallographic electron density maps even at high resolution,
carboxylic acid geometry is sensitive to protonation, providing an indirect but reliable means
to identify the donor and acceptor in this interaction. Fully protonated carboxylic acids have
unequal carboxylic acid bond lengths of 1.21 A for a C=0 bond and 1.30 A for a C-OH
bond, while deprotonated carboxylates have identical C-O bond lengths of 1.26 A due to
resonance 4. The difference in C-O bond lengths for protonated carboxylic acids (~0.1 A) is
approximately 5-10 times larger than the estimated standard uncertainties (ESUs) on bond
lengths for atomic resolution (dmin<1.2 A) X-ray crystal structures. Therefore, carboxylic
acid protonation states can be confidently determined from X-ray diffraction data when the
data extend to atomic resolution and the residues of interest are well-ordered 40: 47-49, We
note, however, that other factors may influence carboxylic acid bond lengths (such as
accepting H-bonds) and are not well-studied.

To perform this analysis on human DJ-1, a new 1.15 A resolution crystal structure was
determined in space group P3121. Although nearly identical to prior DJ-1 structures refined
at similar resolutions (PDB codes 1P5F 31, 1SOA 50, 20R3 49), this structure has a
predominantly reduced Cys106 residue, which is prone to spontaneous oxidation and is
often present as the cysteine-sulfinate in other structures 20 51, While there is difference
(mF,-DF.) electron density supporting partial oxidation to Cys106-SO5™, it is less
pronounced than is observed in many other comparable DJ-1 structures. In addition, DTT is
bound to DJ-1 in this crystal structure, likely the result of the high concentration (10 mM) of
DTT used as a reductant in the buffer. The occupancy of the DTT is correlated with
occupancies of alternative conformations of Asn76 but not expected to impact the
protonation state of Glul5 or Asp24.

The DJ-1 model was refined in REFMACS using standard protocols followed by
unrestrained refinement and bond length analysis in SHELX (see Methods). Carboxylic acid
bond length analysis shows that Glul5 is deprotonated and accepts an H-bond from a
protonated Asp24 (Table 2 and Fig. 2). The pronounced differences in the bond lengths of
these two residues (Table 2) indicates that their pK,s are markedly different and that the
proton is located predominantly on Asp24 062. The program PROPKA 52 supports this
conclusion, with predicted carboxylic pKj, values of 2.6 for Glul5 and 11.3 for Asp24.
These anomalous carboxylic acid pK, values are not surprising, as both residues are
completely buried in the core of the DJ-1 dimer. The depressed pKj, for Glul5 is likely due
to its proximity to and interaction with the Arg28/Arg48 dyad (Fig. 2A), whose presumed
cationic character would stabilize the Glul5 carboxylate anion and thus facilitate ionization.
The importance of the microenvironment of an ionizable residue for both its charge state and
H-bonding properties is well-known in the small molecule community, as exemplified by the
influence that different cations have on the proton location in the intramolecular H-bond of
the hydrogen maleate monoanion 53. In DJ-1, both the calculated pK values and
experimentally determined bond lengths indicate that the Glu15-Asp24 interaction is a
conventional charge assisted COOH-"OOC H-bond with a short donor-acceptor distance
rather than a LBHB.
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The hydrogen bond between Glul5 and Asp24 is important for human DJ-1 stability

To determine the importance of the Glul5-Asp24 COOH-"00C H-bond for DJ-1 structure
and stability, this interaction was modulated by creating E15Q, D24N, E15Q/D24N, and
D24L mutations. The D24L mutation eliminates the H-bond, while E15Q, D24N, and E15Q/
D24N are expected to reduce the H-bond strength by varying degrees. E15Q and D24N
behave similarly to wild-type protein throughout protein purification. In contrast, the D24L
and E15Q/D24N mutants precipitated extensively during purification, were obtained in
lower yields, and could not be crystallized, indicative of diminished stabilities.

E15Q and D24N DJ-1 were crystalized and their structures solved by X-ray crystallography
at 1.1 A resolution. Both mutant structures are nearly identical to wild-type DJ-1, with Ca
RMSD 0.21 A for E15Q and 0.12 A for D24N (Fig. 3A). As expected, bond length analysis
confirms that Glul5 remains deprotonated in the D24N mutation, where it accepts the longer
2.79 A H-bond donated by Asn24 (Table 2; Fig. 3A). In contrast, Asp24 becomes
deprotonated in the converse E15Q mutation (Table 2 and Fig 3A), although both C-O bonds
are slightly longer than anticipated for a carboxylate. Deprotonation of Asp24 is expected
because the structurally conservative E15Q mutation forces GInl5 to be the H-bond donor at
the Ne2 atom, rather than an acceptor at the Oe2 atom of Glu, as in the wild-type protein.
Presumably, the H-bond stabilization energy is greater than any energetic cost incurred by
Asp24 ionization in the E15Q mutant.

Far UV circular dichroism spectroscopy was used to characterize the overall secondary
structural changes introduced by the H-bond mutations. Wild-type DJ-1, D24N, and E15Q
had comparable CD spectra, indicating that these mutations do not globally effect DJ-1
structure (Fig. 3B). In contrast, D24L and E15Q/D24N DJ-1 both show a modest decrease in
overall secondary structural content, going from approximately 22% a.-helix, 30% p-sheet in
the wild-type protein to 18% a-helix, 31% B-sheet in D24L and 14% a-helix, 30% p-sheet
in E15Q/D24N DJ-1 as determined using K2D3 %4, Thus, both E15Q/D24N and D24L DJ-1
exhibit some loss of a-helical content relative to the wild-type protein (Fig. 3B).

The contribution of the Glu15-Asp24 H-bond on DJ-1 thermal stability was determined
using the Thermofluor assay with the E15Q, D24N, D24L, and E15Q/D24N mutants (Fig.
3C). The melting temperature (T,,) was determined by fitting of Eqn. 2 to the F vs. T curve
in Fig. 3C. The T, of D24N is 60.1(1.1)°C, 2.4°C lower than the 62.5(0.4) T, of the wild
type protein. The D24N mutation preserves the H-bond between residues 15 and 24 but
lengthens it by 0.3 A in going from a stronger —OH---~O- to a weaker —NH,--~O-
interaction. The modest decrease in Ty, indicates that the short Glu15-Asp24 H-bond is not
much stronger than a conventional H-bond, contrary to what has been hypothesized for
LBHBs. In contrast, E15Q DJ-1 is markedly destabilized, with a T, of 51.9(2.0)°C (AT,=
-10.6 °C), even though it also preserves but weakens the H-bond (Fig. 3C,D). This lowered
T indicates that other stabilizing contacts (likely involving Arg28 and Arg48; see above)
are disrupted by the E15Q mutation. The double E15Q/D24N mutant shows no obvious
melting transition in the dF/dT plot (Fig. 3D), although the small transition in the raw
fluorescence curve can be fitted (see Methods) with a T, of 58.9(1.1)°C (AT,=—3.6°C). The
Tm of E15Q/D24N DJ-1 is unexpectedly higher than that of E15Q, however the smaller
amplitude of the signal and its higher baseline indicates that a fraction of E15Q/D24N DJ-1
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is poorly structured. The substantial loss of stability for both E15Q and E15Q/D24N is
consistent with a major contribution of stabilizing contacts between Glul15 and Arg28/48 to
DJ-1 stability. E15Q/D24N DJ-1 could not be crystallized, so the detailed structural impact
of this double mutation on the H-bond could not be determined. The D24L mutation, which
eliminates the hydrogen bond by removing the donor, has a Ty, of 59.4(1.4)°C (AT=
-3.1°C) (Fig. 3D), which is surprisingly high considering its diminished CD signal.
However, like E15Q/D24N DJ-1, the D24L total fluorescence signal from Sypro orange is
higher at baseline (Fig. 3C), indicating a population of poorly structured DJ-1 that can bind
to the fluorophore at low temperatures. Therefore, the loss of the Glu15-Asp24 H-bond
destabilizes DJ-1 but does not cause complete loss of dimerization or structural integrity.

The bacterial DJ-1 homolog YajL contains an unusual H-bond between carboxylic acids

DJ-1 has homologs in many organisms, including a close homolog in E. coli (YajL). A new
0.98 A resolution crystal structure of YajL was determined and subjected to bond length
analysis as described above. The H-bonded residues of interest in YajL are Asp23 and
Glu14, which make a 2.43-2.45 A H-bond. This structure contains two molecules in the
asymmetric unit (ASU), thus providing two of crystallographically independent Glu14-
Asp23 interactions for analysis. Unexpectedly, both Glu14 and Asp23 have bond lengths
consistent with protonation in both molecules in the ASU (Table 2). Because the H-bond
exists between the Asp23 082 and Glul4 Oe2 atoms (Fig. 4), both residues being
protonated means either that there are hydrogen atoms on both residues, only one of which
is involved in the Glul4-Asp23 H-bond, or that a proton is being shared between Glul14 and
Asp23ina LBHB.

Experimental evidence in favor of conventional H-bonding between Glul14 and Asp23 is
provided by inspection of the mF,-DF electron density around these residues (Fig. 4). A 3o
positive difference electron density peak is observed near to the Oe2 atom of Glul4 in both
molecules in the asymmetric unit. Interestingly, this is contrary to DJ-1, where the
corresponding residue (Glul5) is the H-bond acceptor, even though both YajL and DJ-1 have
the same Arg28/Arg48 (Arg27/Arg49 in YajL) dyad that we postulate stabilizes the anionic
form of Glul5 in DJ-1 (see above). PROPKA predicts an Asp23 pKj, value of 2.4 and a
Glul4 pK, value of 10.7 in YajL, consistent with a localized proton on Glul4. The mF,-DF,
electron density peak is close to the ideal calculated position of the hydrogen in a
conventionally protonated carboxylic acid as modeled using PDB2PQR (Fig. 4). Therefore,
the location of this feature is more consistent with a fully localized hydrogen on the donor
Glul4 than a delocalized proton in a LBHB, supporting the PROPKA analysis.

Importantly, because hydrogen has only one electron, the electron density for a hydrogen
atom is polarized toward the bond rather than spherically distributed around the nuclear
position. Therefore, it is likely that the true nuclear position of the hydrogen is further away
from the donor than is the mF,-DF peak, possibly consistent with lengthening of the O-H
distance expected for a LBHB. However, it is not clear that a significant peak in electron
density would be expected for a LBHB, as the shared proton can not scatter X-rays and its
bonding electron density would be distributed between the donor and acceptor. This would
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decrease the electron density for the hydrogen atom in an LBHB and make a corresponding
mF,-DF; electron density peak difficult to observe.

The protonation state of Asp23 is ambiguous, as bond length analysis indicates that it is also
protonated (~4-8a, Table 2) but it should be the H-bond acceptor and is predicted to be
deprotonated by PROPKA. Therefore, although the mF,-DF electron density map supports
a conventional H-bond, we cannot rule out a potential LBHB here, as proton delocalization
would result in the observed protonated carboxylic acid geometries for both residues.
However, because protonation of a carboxylic acid can occur with a “syn” or an “anti”
geometry at the oxygen atom, it is possible, though unlikely, that a hydrogen atom on the
0682 of Asp23 could be “backward-facing” (anti configuration) and thus not in conflict with
the syn hydrogen donated by Glul4. Inspection of the local H-bond network does not
resolve this issue, as there is a H-bond involving Asp23 and Thr16’ (with prime indicating a
residue from the other protomer), and where Asp23 could either donate or accept a H-bond
with Thr16”. One of the two molecules in the ASU has a mF,-DF electron density map
peak consistent H-bond donation by Thr16” (Fig. 4). However, this mF,-DF, peak is absent
in the other molecule in the ASU. Therefore, these data do not rule out the possibility of a
LBHB at this location in YajL, although on balance they suggest a localized hydrogen on
Glul4.

A screen for COOH-"O0C H-bonds in the PDB

The total of 41,214 structural models were searched for candidate COOH-"OOC H-bonds
(see Methods). Of these, the PISA server 44 classified these as follows: 20,255 monomers,
13,619 dimers, 2,335 trimers, 4,902 tetramers, 103 pentamers. The one- and two-
dimensional distributions are shown in Fig. 5 and are calculated using the resulting dataset
of 70,857 candidate bonds. We estimate that <10% of these are unique and contribute 95%
to the major peak seen in the distance-vs-angle distribution. When fitted to a 2D Gaussian
distribution, the average bond length is found to be 2.542(2) A, with the standard deviation
of 0.12 A. This indicates that most COOH-"OOC H-bonds are short and would qualify as
candidate LBHB when using the standard 2.5 A distance criterion. The torsional preferences
are as expected with peaks at 0° and 180°, corresponding to “syn” and “anti” orientations of
the two carboxylic acids. The average length of the hydrogen bond formed by aspartate/
aspartic acid (2.531(8) A) is slightly shorter than that of glutamate/glutamic acid (2.561(7)
A). Interestingly, the average length of a bond formed by different amino acids (i.e. Asp and
Glu) is 2.526(6) A, which is closer to the value for an Asp-Asp bond.

COOH-"00C H-bonds are markedly shorter than COH-"OOC H-bonds

The unusually short length of the COOH-"OOC H-bond has been noted previously 19 and is
one reason that these interactions have been suggested to be potential LBHBs. In light of our
results with DJ-1, it is clear that at least some, and possibly most, of these interactions are
conventional H-bonds with a localized proton. To determine how COOH-"0O0C H-bond
lengths compare with chemically similar COH-~"OOC H-bonds in proteins, the PDB was
screened for examples of Ser/Thr/Tyr-Asp/Glu interactions that satisfy H-bonding criteria.
These interactions are much more abundant than COOH-"0O0C H-bonds and have longer
mean O-O distances (Table 3). The small differences between the mean dg.g values are
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statistically significant because the relevant error parameter is the standard error of the mean
(in parenthesis, Table 3), which is quite small for these large populations. All of the COH-
~00C H-bonds are markedly longer than the 2.542(2) A O-O distance average for Asp/Glu-
Asp/Glu interactions (Supplemental Data, Fig S1-3). In addition, they agree very closely
with a prior comprehensive analysis of similar classes of H-bonds found in small molecule
structures deposited in the Cambridge Structure Database (CSD) 1°. These results indicate
that COOH-"O0C H-bonds are uncommonly short among chemically similar interactions
and thus have high potential to be erroneously characterized has LBHBs based on the
commonly cited dg.o<2.5 A distance criterion.

Discussion

In this work, we used bond length analysis of atomic (dyin<1.2 A) resolution X-ray crystal
structures to determine the protonation state of Glul5 and Asp23 in human DJ-1, which
compose a short dimer-spanning H-bond. COOH-"OOC H-bonds have attracted interest due
to their 2.4-2.5 A O-O distances and potential for pK, matching, both features that increase
the likelihood of a LBHB. We show that in human DJ-1, the Glu15-Asp23 H-bond is not a
LBHB and that the proton is localized on Asp23. The corresponding H-bond in the
prokaryotic homolog YajL is ambiguous, however, and we can not rule out a LBHB. Bond
length analysis of atomic resolution X-ray crystal structures is well-established as a means to
determine the protonation states of carboxylic acids and has been used for this purpose in
several macromolecular systems 38-40. 47-49.55 However, to the best of our knowledge, this
is the first time that it has been used to test for the existence of a protein LBHB, despite its
clear value for this application. Advances in synchrotron X-ray sources and detector
technology have made collecting atomic resolution diffraction data from macromolecular
crystals more common, with 2856 examples with a resolution of <1.2 A in the August 2016
release of the PDB. In principle, bond length analysis could be applied to all atomic
resolution crystal structures in the PDB using automated refinement methods to globally
assess proton location in carboxylic acids, although that was beyond the scope of this work.

We propose some basic criteria for using bond length analysis to determine if H-bonded
carboxylic acids are candidate LBHBs. Based on guidelines from prior work, C-O bond
length differences that exceed three ESUs for a fully occupied and well-ordered (Beg<
~10A2) carboxylic acid indicate that it is likely protonated 3840, Conversely, C-O bond
length differences below three ESUs indicate a deprotonated (ionized) carboxylate. The
bond length ESUs should be determined from inversion of the unrestrained full least squares
Hessian matrix (see Methods), which requires atomic resolution X-ray diffraction data in
order to provide sufficient observations. If statistically rigorous bond length analysis
supports a protonated-deprotonated COOH-"OOC H-bonding pair, then this should be
interpreted as evidence against an LBHB, as the proton is fully localized to one of the
carboxylic acids and not shared. Therefore, the pK, values of these two residues must be
different and the proton delocalization that is a defining feature of LBHBs is unlikely.
However, as described in the Introduction, a proton does not need to be equally shared
between donor and acceptor to participate in a LBHB. Therefore, it is possible that bond
length analysis may produce values that are intermediate between protonated and ionized
carboxylic acid bond lengths in certain cases. More study is needed to determine how well
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carboxylic acid bond lengths correlate with proton occupancy and thus how precisely this
method can discriminate between fully and partially localized protons. Because this
correlation is presently unknown, bond length analysis is used as a binary test in this work,
although more nuanced applications may be possible. Additionally, accepting an H-bond
may also modulate carboxylic acid bond lengths, although this remains untested. In cases
where bond length analysis suggests both residues are fully protonated (such as we observed
in YajL, see above) a LBHB is possible and is a candidate for additional study, preferably
using neutron diffraction where possible.

As potential confounding factors, we note that pK, values are temperature-dependent and
thus it is possible that the protonation states of H-bonding moieties could be influenced by
the cryocooling that is commonly performed to collect X-ray diffraction data at ~100 K.
However, different Asp/Glu residues in proteins are expected to have very similar pKj,
temperature dependencies and thus cryocooling may not alter their relative protonation
states in COOH-"O0C H-bonds. In addition, a proton transfer barrier whose height is
comparable to KT at physiological temperature (thus permitting proton delocalization) may
become insurmountable at 100 K, thereby converting an LBHB into a conventional H-bond
at cryogenic temperature, although proton tunneling through the barrier may counteract this
effect. Furthermore, if the proton transfer barrier is comparable to the H-bond zero point
energy, the interaction should be a LBHB at any temperature. Ambient temperature
crystallography is an increasingly popular way of addressing cryocooling-related artifacts %6,
however the vulnerability of carboxylic acids to radiation-induced decarboxylation 57: 58
may complicate bond length analysis in ambient temperature structures and thus would
require careful data collection and radiation damage-mitigation strategies. Neutron
diffraction is typically performed at room temperature and is thus less susceptible to
cryogenic artifacts. Despite these considerations, X-ray bond length analysis is
comparatively straightforward to conduct if atomic resolution diffraction data are available
and is thus an economical way of testing for LBHBs when carboxylic acids are involved. We
propose that it should be used routinely to address these questions.

Although apparently not an LBHB, the short COOH-"OOC H-bond between Glu15 and
Asp24 is important for DJ-1 dimer stability. The D24N mutation preserves but lengthens this
H-bond by 0.3 A and destabilizes the protein by 2.4°C. Therefore, protein COOH-"0O0C H-
bonds appear to be only slightly stronger than similar NH,-"OOC H-bonds. Despite the
ability of this interaction to stabilize the DJ-1 dimer, it is not essential, as some homologs
lack this H-bond. In Schizosaccharaomyces pombe DJ-1, the corresponding residues are
hydrophobic although the dimer interface is very similar to human DJ-1 %9, The potential for
COOH-~00C H-bonds to stabilize protein structure has been previously noted 22 48.60 and
DJ-1 is now one of the few systems for which quantitative experimental data about the
contribution of a COOH-"O0C H-bond to protein stability is available. Our data indicate
that COOH-"00C H-bonds appear to be comparable to (or slightly stronger than)
conventional NH,-"OOC H-bonds and thus are not unusually strongly stabilizing
interactions, even when buried in the protein interior.

Our PDB search shows that COOH-"OOC H-bonds are present in ~14% of protein
structures and are typically short (~2.5 A). Our updated result is in good agreement with
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prior estimates of the prevalence of protein COOH-"0OC H-bonds 18 19, If they are not all
LBHBs, why are COOH-"0O0C H-bonds characterized by such short O-O distances? H-
bonds remain surprisingly poorly understood at a theoretical level, however one explanation
is that COOH-"O0C H-bond is short due to a conventional electronic effect. The carbonyl
of the COOH moiety is electron-withdrawing due to resonance. This increases the partial
positive charge density on the protonated oxygen atom of carboxylic acids, thus making
them better H-bond donors by enhancing the dipolar contribution to the H-bond interaction.
This would strengthen an H-bond, especially when the acceptor has a formal negative
charge, as in COOH-"00C charge-assisted H-bonds. A similar though less pronounced
effect is expected for Tyr, whose aromatic system is slightly electron-withdrawing for the -
OH substituent and has the next-shortest average OH-"OOC H-bond length in our search. As
expected based on this reasoning, the O-O distances for H-bonds with carboxylate acceptors
increase as the pK, values of model compounds for the H-bond donors increase (Table 3).
Although the dependence of H-bonding strength on donor/acceptor pK, values is well-
known 61 it does not seem to have been fully integrated into the discussion of short H-bonds
in proteins. Therefore, the average COOH-"OOC H-bond lies at the short end of a spectrum
of conventional COH-~OOC charge-assisted H-bonds. These results also emphasize that H-
bond donor-acceptor distance is a poor proxy for a LBHB and should not be used for this
purpose.

Despite the interest they have generated, bona fide LBHBs have been difficult to
experimentally observe in macromolecules for many reasons. The strongest experimental
evidence to date for a putative protein LBHB is in the neutron diffraction crystal structure of
photoactive yellow protein (PYP) 62, although a recent study has indicated that may also be
a conventional short H-bond 3. Other systems, such as GFP, also have short H-bonds that
have been suspected of being LBHBs. However, recent work by Oltrogge et al. using non-
natural amino acid substitution to tune the pK; of the chromophore H-bond donor in GFP
did not find evidence of the proton delocalization expected for a LBHB, even when donor
and acceptor pK, values were closely matched 4. Moreover, the symmetric potential often
cited as an important feature of a LBHB is possible in the highly symmetric lattice
environments of certain small molecule crystals or in gas phase complexes 5, but is less
likely in the complex structures of proteins or in solution. The ease with which
environmental effects can disturb the symmetry of the associated free energy surface (and
thus the pK, values of donors and acceptors) has been appreciated in the small molecule
community for some time 3. Combining these considerations, buried carboxylic acids near
dimer interfaces, as in DJ-1, should be among the more likely donor-acceptor pairs to
display features consistent with LBHBS in protein environments. Therefore, the failure to
observe an LBHB in this system as well as in others where conditions for their formation
have been optimized may indicate that protein LBHBs are generally rare.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

ASU asymmetric unit
DTT dithiothreitol
ESU estimated standard uncertainty

H-bond hydrogen bond

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid

LBHB low barrier hydrogen bond

PEG polyethyleneglycol

Tris Tris(hydroxymethyl)aminomethane
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Figure 1.
A carboxylic acid H-bond spans the core of the DJ-1 dimer. A ribbon diagram of the DJ-1

dimer is shown with protomers colored purple and gold. The two dimer-spanning H-bonds at
Glul5-Asp24 are shown in dotted lines.

Biochemistry. Author manuscript; available in PMC 2018 February 08.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Linetal. Page 19

O

1.22 A

1.29 A

‘, (')mwﬁ;&mHO D24’

Figure 2.
The proton is located on Asp24 in the short H-bond with Glul5. In panel A, the immediate

environment of the Glu15-Asp24 H-bond is shown. Glul5 makes stabilizing contacts with
Arg28 and Arg48 at the dimer interface in addition to its 2.49 A H-bond with Asp24. Primes
indicate residues from the other protomer. 2mF,-DF electron density at 1.15 A resolution
contoured at 1.0o (blue) and 5.3c (purple) are shown. Panel B shows the refined bond
lengths for Glul5 and Asp24 with estimated standard uncertainties in parenthesis. These
bond lengths indicate that Glul5 is deprotonated and Asp24 is protonated.
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The Glul5-Asp24 COOH-"0O0C H-bond is important for DJ-1 stability. Panel A shows a
superposition of the structures of wild-type (black), E15Q (beige), and D24N (blue) DJ-1 at
the location of the short H-bond. Substitution of an amide for a carboxylic acid at either
location lengthens the H-bond. Panel B shows CD spectra for each mutant, with loss of
structure in D24L and E15Q/D24N DJ-1 evident by decreased signal at 190-200 and 210—
220 nm. Panel C shows Thermofluor analysis each mutant as raw fluorescence traces, where
the inflection point in the Ty, Panel D is the first derivative of the data in Panel C to
emphasize location of the melting transitions as maxima.
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Figure 4.
E. coli YajL has a COOH-"OOC H-bond with ambiguous protonation state. Panels A and B

show the two independent Glu14-Asp23 H-bonds in the ASU. 2mF,-DF; electron density at
0.98 A resolution contoured at 1.0 (blue) and 5.30 (purple) and mF,-DF electron density
contoured at 2.5o (green). Primes indicate residues contributed by the other protomer,
whose carbon atoms are colored grey. The modeled hydrogen atom on Glul14 is shown in
white in each panel and agrees closely with the location of a mF,-DF electron density peak.
However, bond length analysis indicates both Glu14 and Asp23 are protonated, which is
supported by the continuous 2mF,-DF electron density for C=0 bonds and broken density
for C-O bonds in both instances.
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Figure 5.
Distributions of geometric parameters for carboxylic acid H-bonds identified in the PDB. In

panels A,C, and E, histograms of O-O distances (A), C-0-0O angles (C), and C-C-0O-O
torsion angles (E) for Asp-Glu interactions that satisfied H-bonding geometric criteria (see
Methods) are shown. In panels B, D, and F, two-dimensional distributions are shown for the
indicated parameters.
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Table 1
Crystallographic data and model statistics

Protein Wild-type DJ-1 E15Q DJ-1 D24N DJ-1 E. coli YajL
PDB code 5SY6 5SY9 5SYA 5SY4
Diffraction source APS BioCars 14BM-C ~ SSRL beamline 9-2 ~ SSRL beamline 9-2  SSRL beamline 12-2
Wavelength (A) 0.90 0.88 0.88 0.73
Temperature (K) 100 100 100 100
Detector ADSC Q315 CCD Pilatus 6M PAD Pilatus 6M PAD Pilatus 6M PAD
Space group P3;21 C222; P3;21 P2,2,2;
a b c(A) 75.23, 75.23, 75.23 86.28,121.96,43.51 74.97,74.97,75.34  43.88, 78.31, 99.43
Mosaicity (°) 0.20 0.14 0.10 0.08
Resolution range (A) 49-1.15 37-1.10 38-1.10 38-0.98
No. of unique reflections 87636 (4315) 91327 (3854) 98874 (4755) 191363 (9275)
Completeness (%) 100.0 (99.7) 98.1 (85.4) 99.8 (97.1) 97.6 (96.0)
Multiplicity 11.1(8.4) 5.1(3.8) 5.5(5.4) 10.2 (9.5)
(Ha()) 16.3 (1.7) 14.9 (1.4) 20.4 (1.8) 15.9 (1.1)
CCy? 1.000 (0.614) 0.999 (0.569) 1.000 (0.738) 1.000 (0.479)
Rineas 0.088 (1.667) 0.070 (1.066) 0.042 (0.919) 0.085 (2.393)
Refinement program Refmacs Refmach Refmacs Refmacs
Resolution range (A) 49-1.15 37-1.10 38-1.10 38-0.98
Completeness (%) 100.0 97.9 99.7 97.3
No. of reflections, working set 83306 88556 93885 187313
No. of reflections, test set 4296 2751 4940 3842
Ruork 0.1097 0.1178 0.1132 0.1140
Riree b 0.1295 0.1374 0.1277 0.1266
Ra € 0.1107 0.1184 0.1139 0.1143
No. of non-H atoms ¢

Protein 1517 1611 1588 3539

Water 258 308 230 429
Heteroatoms 8 (DTT) 40 (EDO, CSD) 20 (EDO, CSD) 2 (MG)
R.m.s. deviations

Bonds (A) 0.013 0.014 0.015 0.018

Angles (°) 1.675 1.821 1.699 1.937
Average B factors (A2)

Protein 16.8 111 15.5 11.4

Water 38.0 334 33.6 29.7
Heteroatoms 21.7 19.1 16.3 18.4
ADP anisotropy®

Protein 0.51 0.44 0.55 0.44

Water 0.36 0.32 0.40 0.33
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Protein Wild-type DJ-1 E15Q DJ-1 D24N DJ-1 E. coli YajL
Heteroatoms 0.58 0.54 0.59 0.62

a . Lo
CC1/2 was used to determine the resolution limit of the data

b . .
Rfree was calculated as Ryygrk using a test set of randomly chosen sequestered reflections

cRa|| includes both test and working reflections in the statistic

a . .
Includes partially occupied atoms

e, . . . . . .
Anisotropy is the ratio of the smallest to largest eigenvalue of the anisotropic ADP tensor
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Table 3

Population mean H-bond geometric parameters from the PDB

Bond type

Mean O-O distance (A)

Mean C-O-0O angle (°)

Donor model compound pK,

Asp/Glu to Asp/Glu
Tyr to Asp/Glu
Ser to Asp/Glu

Thr to Asp/Glu

2.542(2)
2.609(1)
2.651(1)
2.664(1)

117.7(1)
114.7(1)
107.8(1)
111.1(1)

propanoic acid; 4.9
4-ethyl phenol; 10.0
ethanol; 16.0

isopropanol; 17.1
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