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Abstract

New developments in macromolecular neutron crystallography have led to an increasing number
of structures published over the last decade. Hydrogen atoms, normally invisible in most X-ray
crystal structures, become visible in neutron structures. Using X-rays allows one to see structure,
while neutrons allow one to reveal the chemistry inherent in these macromolecular structures. A
number of surprising and sometimes controversial results have emerged from recent neutron
structures; because it is difficult to see or predict hydrogen atoms in X-ray structures, when they
are seen by neutrons they can be in unexpected locations with important chemical and biological
consequences. Here we describe examples of chemistry seen with neutrons for the first time in
biological macromolecules over the past few years.

Introduction

As the most common element in biological systems, hydrogen (H) plays a central role in
chemical interactions and reactions that underlie life processes. Being able to visualize H
atoms in a three-dimensional context is important for understanding this chemistry. Over the
years neutron crystallography has been developed at experimental neutron user facilities as a
technique for directly visualizing H atoms at an atomic level in and around biological
macromolecules and polymers, and therefore for determining how they participate in
chemical bonds and electrostatic interactions, how they are transferred during the chemical
reactions catalysed by enzymes, and how they are moved during charge transport. Although
X-ray crystallography has been used to elucidate over 80000 macromolecular structures,
very few of them are well enough resolved to see individual H atoms. Therefore neutron
crystallography represents a powerful tool for probing deeper into biological systems and
revealing mechanistic information; it can be said that using X-rays allows one to see
structure, and using neutrons allows one to more clearly see the chemistry in that structure.

Although still few in number, with around 0.1 % of PDB entries, macromolecular neutron
structures have had a long-lasting impact in their respective fields. The now-classic set of
neutron diffraction studies published over 30 years ago on the serine protease trypsin, which
showed a doubly protonated histidine in the catalytic triad, has served as a benchmark for
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the power of neutron crystallography to elucidate enzyme mechanisms.: 2 A more recent
specific example of high impact is a neutron crystallographic study of the enzyme
diisopropyl fluorophosphatase (DFPase), which can rapidly detoxify chemical warfare
agents such as sarin, cyclosarin, and tabun. 3 The results supported a new mechanistic
understanding that helped guide the engineering of variants of the enzyme that show
enhanced detoxification properties against a range of nerve agents. 4® Another example is
the series of neutron studies of the crystalline fibrous plant material cellulose which
provided detailed understanding of its structure, H-bonding, and response to chemical
treatment.5-9 These results guided the development of optimized methods of chemically
pretreating nonedible and renewable biomass for the production of biofuels and
bioproducts. 1011

Current state-of-the-art macromolecular neutron crystallography beam lines allow
researchers to study biological structures larger than 40 kDa and unit cell volumes greater
than 108 A3, 12.13 tg collect data from single crystals and polycrystalline fibres to atomic
resolution, 14-18 to use crystals smaller than 0.1 mm3, 19 and to complete data sets within a
few hours. 20 This represents a significant advance in capability over the past 15 years, and
is the result of several technical advances. These include the development of neutron image
plate detectors 2! and quasi-Laue techniques 22 at reactor neutron sources, large 3He position
sensitive detectors and time-of-flight Laue techniques 23 at spallation neutron sources,
deuteration methods for proteins, 24 and advanced computational methods for structure
refinement. 25-27 Consequently, the field is going through a period of rapid growth. In order
to meet the demand for more access to macromolecular neutron crystallography beam lines,
several new ones are being built at existing sources, and are being planned for next
generation accelerator-based spallation sources. Some of these beam lines will have more
powerful capabilities that will allow increasingly complex biological systems to be studied
and smaller samples to be feasible.

Here we describe examples of chemistry seen with neutrons for the first time in biological
macromolecules over the past few years. More general reviews of results from neutron
macromolecular crystallography have been published elsewhere. 28-31 We describe the first
observation of a hydronium ion, differentiating between types of H-bonds, and intrinsically
disordered H-bonding networks. Furthermore, unexpected pKj, values of amino acid side
chains have been observed in neutron structures, revealing unforeseen catalytic mechanisms,
an emerging understanding of the role of water in stabilizing the different functional forms
of DNA, and the elucidation of proton transfer pathways and the identification of activated
water hydroxyl ions. This trend of unexpected results will undoubtedly continue as the field
grows.

Neutrons and X-rays

The brightness of both modern laboratory and synchrotron sources makes X-ray
crystallography the method of choice for experimentally determining the structures of
biological macromolecules and polymers. However, the dependence of X-ray scattering on
atomic electron number means that it is difficult to locate light atoms such as H in those
structures. With just one electron per atom, H is all but invisible, and with no electrons
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protons (H*) are completely invisible. X-ray crystallography has the potential to reveal the
positions of H atoms at ultra-high resolution (1.0 A or better). In practice, however, even in
the highest resolution macromolecular X-ray structures, only a limited number of H atom
positions can be experimentally determined, typically in well-ordered regions at the core of
proteins. 32 Mobile H atoms of mechanistic interest, such as those often found in enzyme
active sites, are usually invisible in even the best-resolved structures.

On the other hand neutrons interact with the nuclei of atoms through the strong

interaction. 33 The scattering length is a measure of how efficiently a given atom diffracts
neutrons, analogous to the X-ray form factor. H atoms have a relatively strong and negative
scattering length (=3.74 fm) which means that they appear as negative troughs in nuclear
density maps. The coherent neutron scattering length of deuterium (D, +6.67 fm) is even
stronger and is comparable to that of heavier atoms in macromolecules such as C, N, and O,
as well as transition metal elements found in biological systems. H atoms that have been
substituted by D appear as strong positive peaks in nuclear density maps. H atoms have a
large incoherent scattering cross section, which contributes to the scattering background and
attenuates the diffracted intensities. Exchanging H with D helps to minimize these effects.
Protein crystals and biological fibers are therefore usually prepared or soaked in D,O
solutions to replace accessible and chemically labile H atoms (typically H bound to N or O
atoms) with D atoms without modifying the molecular structure. Neutrons are most
efficiently used in macromolecular crystallography when they are applied to answer
outstanding scientific questions that require information about the location of H atoms, after
thorough study using X-rays. X-ray data can be combined with neutron data in recently
developed methods for structure refinement exploiting the complementarity of these data to
provide more accurate and complete macromolecular structures. 2527

These scattering properties make neutron crystallography a powerful technique for locating
H and H* (D and D*) and for distinguishing between H and D. 28-31 The former can be used
to determine the protonation states of certain amino acid side chains such as Arg, Asp, Glu,
His, Lys, Tyr, Ser, Thr and Tyr (and therefore whether they are charged or uncharged); the
orientation of amide groups in Asn and GIn side chains; the orientation of hydroxyl groups
in Ser, Thr, and Tyr residues; the conformation of methyl groups; the detailed solvent
structure in and around biological macromolecules including the coordination of
functionally important water molecules; the H-bonding pattern in biological polymers and
proteins and the nature of those H-bonds. H/D exchange can be used as a tool for studying
solvent accessibility and macromolecular dynamics, complementary to NMR techniques; for
identifying isotopically labeled features in ab initio phasing approaches; for identifying the
hydrophobic protein core that constitutes the minimal folding domain. Neutrons can also be
used to unambiguously distinguish between water and its ions, between water molecules and
metal atoms, between different species of metals, and between O and N.

Unusual chemical bonds involving hydrogen

H-bonds have functional properties that have long been recognized as essential for biological
processes. 34 Importantly, H-bonds are dynamic and can be easily formed and broken under
physiological conditions. Because H atoms are difficult to see using X-rays, the presence of
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H-bonds are normally identified in X-ray crystallographic structures of biological
macromolecules and polymers by distance and geometric criteria between two
electronegative heavier atoms, one of which is generally covalently bound to H and called
the donor. The visibility of H (or D) atoms using neutron crystallography provides direct
information about the geometry of this arrangement. Analysis of a database of this
information indicates that in biological systems, H-bonds are rarely co-linear, and that they
are usually weak compared to covalent and ionic bonds but stronger than van der Waals
interactions. 35 Recent neutron studies have provided evidence for H-bonds that show a
remarkable variety in their strength and nature (Table 1).

One such study was of the serine protease, elastase, with an inhibitor (FR130180) bound. 36
Elastase is of biomedical importance because of its implication in a number of pathological
conditions; it can degrade virtually all human connective tissue by proteolysis of peptide
bonds. Although there are different types of serine proteases they are characterized by a
His57-Aspl102-Ser195 (elastase amino acid residue numbering) catalytic triad, and likely
operate under a common mechanism.

One short H-bond seen in the neutron structure of elastase occurs between the Thr175
hydroxyl and the protonated carboxyl group of the benzoic acid of the bound inhibitor
(Figure 1). The D of the carboxyl group is 1.21 A and 1.42 A apart from the O5 atom of the
inhibitor and the Oy1 of Thrl75, respectively. The O-D distance in the protonated carboxyl
group is significantly longer than normal (1.21 A vs. 0.96 A) and together with the short H-
bond distance (1.42 A) is consistent with a resonance-assisted H-bond (RAHB). The
presence of this RAHB may contribute to the effectiveness of the inhibitor.

Proteolysis begins with nucleophilic attack on the carbonyl group of the peptide substrate by
the O+ of the catalytic Ser195, resulting in a covalent intermediate. It has been hypothesized
that the nucleophilicity of Ser195 is increased, and the transition state is stabilized, by a low
barrier H-bond (LBHB) between the side chains of the catalytic His57 and Asp102.37-3% An
LBHB has been proposed as a strong nonstandard H-bond with a short donor-acceptor
distance and with the H atom more equally shared between donor and acceptors. 40 The H
atom may therefore be on average equidistant between donor and acceptor atoms with nearly
equal pKj values and a covalent bond-like character. However, in the neutron structure of
elastase, the location of D indicates that it is donated by His57 to Asp102 in a short ionic H-
bond (SIHB), another strong nonstandard short H-bond but with H localized on the donor
atom and with an ionic bond-like character (Figure 1). 41 Both LBHB's and SIHB's are
similarly short compared to standard H-bonds, and are therefore difficult to distinguish with
X-rays. However, they are formed in very different polar environments. In this application
therefore, neutrons have provided unique information on the polar environment around the
catalytic triad.

In the neutron structure of photoactive yellow protein (PYP) both a LBHB and a SIHB are
observed. 42 PYP is a bacterial photoreceptor with a charged p-coumaric chromophore
(pCA) covalently attached to a Cys and sited in a hydrophobic pocket. Absorption of a
photon triggers the isomerization of pCA and the subsequent reaction cycle. The H-bonding
network near pCA is modulated during the thermal reaction, resulting in proton transfers
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within the network that are associated with large conformational changes in the protein. X-
ray crystallography has shown that the phenolic oxygen atom of pCA (Opca) is H-bonded to
the O atoms of Tyrd2 (Oyr4) and Glu46 (Ogjuse) side chains of PYP in its ground state. 43
The short distances between Opca and Ogjus (2.6 A) and Opca and Oryraz (2.5 A) suggest
they are strong H-bonds.

The locations of D atoms determined in the neutron structures of PYP indicate that
Opca.--OTyraz is @ SIHB and that Opca..-Ogluae is @ LBHB (Figure 1). It has been proposed
that the isolated negative charge of pCA may be partially stabilized by the delocalization of
the negative charge within the LBHB conjugated system. However, despite the unequivocal
observation of this LBHB in the neutron structure, it is inconsistent with the results of pK,
solution measurements and QM/MM calculations, which suggest that Opca..-Ogjuae Should
be a SIHB. 4345 |n particular, the pK, of the carboxyl group of Glu46 and pCA in solution
have been measured to be 8.8 and 4.25 respectively. The neutron structure suggests that the
local environment in PYP decreases the pK, of Glu46 or increases the pK, of pCA in the
ground state. In the excited state, an instantaneous change in dipole moment brings about a
charge translocation from the phenol ring to the ethylene chain of the pCA and this will
result in relaxation of the LBHB into a more standard H bond, liberating pCA for the
subsequent molecular events.

In addition to nonstandard strong H-bonds, several weak ones have been observed directly in
neutron structures. Over the years, evidence for C-H...O H-bonds has come from infrared
spectroscopy and NMR, and their properties have been extensively studied by quantum
chemistry. In the neutron structure of the electron transport protein amicyanin, no less than
19 potential C-H...O H-bonds have been identified, many of them contributing to the
recognition of the metal centre. 46 Evidence for more (acidic) labile C-H groups has also
come from H/D exchange patterns in the atomic resolution neutron structures of cobalamin
and crambin.1415 The case of crambin is particularly interesting because it involves partial
exchange of one of the H atoms bound to a C, (on Gly31), evidence of potential C-H. . .0
H-bonding. The ability to clearly orient a number of water molecules surrounding residue
Tyr 44 of crambin revealed a putative weak H-bond involving the aromatic m system.

H-bonding has long been thought to play a major role in determining the structure and
properties of fibrils of naturally occurring cellulose in plant cell walls, and several putative
H-bonding patterns were identified based on distances between hydroxyl groups (secondary
alcohols 02, O3, and primary alcohol 06). It was therefore surprising when neutron
crystallographic studies revealed a disordered H-bonding system in cellulose. 8- This
conclusion was based on nuclear density maps showing two locations for each H atom
covalently bound to O2 or O6 of the glucose monomers that make up the linear cellulose
chains. Together, the two locations for each atom have a total neutron density expected for H
in a single location, a disordered condition known as fractional occupancy. Two mutually
exclusive H-bonding networks could be drawn based on the alternative locations for the H
atoms and it was unclear whether these alternative schemes 1) interconvert dynamically, and
perhaps cooperatively, giving a temporally averaged disordered structure, or 2) are static and
present in different regions of the microfibril, thus producing a spatially averaged disordered
structure.
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Further neutron studies combined with molecular dynamics and quantum mechanics
calculations showed that both static and dynamic disorder is present. 18 Although the chains
pack in a well-ordered manner in the core of the cellulose fibers they are more disordered
and flexible at the hydrated surfaces. 19 The surface chains interact strongly with water,
forming a dense layer of water near the surfaces. This hydration layer will affect the way
hydrolyzing enzymes interact with cellulose fibers. A novel statistical mechanical approach
was developed to investigate this disorder further, and it was found that its presence can
allow for the H-bonding to rearrange and adapt to different environmental conditions,
particularly temperature. 47 The adaptive nature of the H-bonding arrangement thus serves to
stabilize the plant cell wall fibres and make them more resistant to degradation.

In summary neutron crystallography has provided a wealth of new information on H-
bonding in biological systems that could not have been extrapolated from the
stereochemistry or distances determined in X-ray studies. Several types of strong, weak and
disordered H-bonds have been observed. The presence of H-bonds reflects their electronic
environment, and this environment varies dramatically between the surface and the interior
of a protein. One of the consequences of the evolution of a particular structure or protein
fold is to generate an environment that finely tunes the chemical properties of side chains,
such as pKj,. Neutrons are one of the only techniques able to probe this effect.

Protonation of amino acid residues

The side chains of polar amino acids can be either charged or uncharged depending on the
pH and the pKj, of the ionizable functional group. This property allows residues such as Arg,
Asp, Cys, Glu, His, Lys, Ser, Thr, and Tyr to play important roles in the chemistry of
biological processes. One of the most powerful current applications of macromolecular
neutron crystallography is determining protonation states of amino acid residues in the
active site of enzymes as a means of addressing reaction mechanisms, with a number of
unexpected recent results.

A particularly striking example is the neutron structure of human carbonic anhydrase (HCA
I1). HCA Il is a Zn-metalloenzyme that catalyzes the reversible hydration of CO, into
HCO3™ and a proton, and is found prominently in red blood cells and secretory tissues.
Proton transport between the active site and bulk solvent is an important part of the reaction
and HCA 11 has become a model enzyme for the study of long-range proton transfer
mechanisms in more complex systems, such as ATP synthase, bacteriorhodopsin, and
cytochrome c oxidase. Tyr7 is an important residue in the proton transport pathway. Neutron
structures determined from crystals grown at pH 7.8 and 10 clearly show that Tyr7 is
protonated at the lower pH, and deprotonated and negatively charged at the higher pH. 48 49
The local chemical environment around Tyr7 has therefore reduced the pK, from its value of
10 in solution to a significantly lower value. Negatively charged Tyr7, visualized directly for
the first time in a protein in these studies, acts as a proton sink at high pH and may partly
explain the relatively low activity of the enzyme under these conditions.

There have been other examples of amino acids within neutron structures that show pKj,
values significantly shifted from their values in solution. However, they have tended to
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involve side chains that might be expected to be charged and uncharged at different stages of
the catalytic reaction, e.g. protonated Asp25 in HIV protease, 0 deprotonated Glu166 in ®-
lactamase, ° and deprotonated Lys289 in D-xylose isomerase (XI). 12

Hydroxyl and hydronium ions

Hydronium (H30%) and hydroxyl (OH™) ions are thought to be crucial in many chemical and
biological processes, but they are very reactive and unstable water species that are difficult
to distinguish from water molecules using X-rays; hydronium ions, hydroxyl ions, and water
molecules all appear as similar peaks at the locations of O atoms in electron density maps. In
neutron studies of the catalytic mechanism of XI, protons, hydroxyl ions, and hydronium
ions have been directly observed and identified in the active site. 12 52

Xl binds metal cofactors to isomerize several sugars between their aldo and keto isomers
and is of significant industrial importance. Magnesium is the physiological metal found at
two locations in the active site, M1 and M2. M1 coordinates Glu181, Glu217, Asp245,
Asp287 and two water molecules (W2 and W3); M2 coordinates Glu217 (shared with M1),
His220, Asp255 (bidentate), Asp257, and a catalytic water species. Neutron structures of XI
in the presence and absence of substrate reveal that the catalytic water species is a neutral
water molecule. However, in the neutron structure of XI with bound product the catalytic
water is clearly shown to be hydroxide, with important mechanistic implications. This
represents the first direct observation of a hydroxide ion in a neutron structure.

At low pH (<6), the metal cofactors of XI are expelled, and the enzyme becomes inactive. In
the neutron structure of XI stripped of its metal cofactors and under normal pH conditions, a
hydronium ion (observed as D30%) takes the place of the metal at M1 (Figure 2). The
hydronium ion seems to template the shape and charge of this metal binding site. In the
neutron structure at lower pH (5.9), the hydronium ion is dehydrated to a proton (D*) in a
trifurcated H-bond, in which the proton is positioned closest (1.32 A) to, and is thus donated
by, Glu217 (Figure 2). The amino acid residues have collapsed around the proton, and the
site no longer has the required shape to accept a metal cation. These observations provide an
explanation for why the required cofactor metal cations are not bound, and therefore why
there is a dramatic decrease in the activity of XI at low pH values. Furthermore, direct
visualization of protons, hydronium, and hydroxyl ions in a biological system provides
evidence for their ability to interchange under different conditions, a result with broad
implications for their possible roles in other biological systems.

Identification of a putative catalytic water species as a water molecule rather than a
hydroxide was an important result in neutron studies of the catalytic mechanism of the
enzyme DFPase. 3 53 DFPase is a calcium-dependent phosphotriesterase catalyzing the
cleavage of a phosphorus - fluorine bond. The nuclear density maps clearly demonstrate that
active site residue Asp229 is deprotonated, and that the catalytic calcium ion coordinates an
active site water, and not a hydroxide ion. The neutron structure is in agreement with a
proposed mechanism with Asp229 acting as a nucleophile, and proceeding through a
phosphoenzyme intermediate, and not a metal-activated water molecule that would have
been identified as a hydroxide.>* Other features in the structure include an unusual calcium-
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water coordination in a strained orientation to satisfy H-bonding geometry, and a water-filled
central tunnel within which solvent molecules could be accurately oriented based on the
nuclear density. The results from the mechanistic and structural studies have allowed for the
re-engineering of the enzyme to reverse its stereospecificity, while maintaining nearly full
catalytic activity.*®

Whereas H is the most common element found in biological systems, water is the most
common molecule. Biochemical processes occur in aqueous environments with water
molecules playing crucial roles. All three atoms of D,0 scatter neutrons strongly. D,O
molecules have a characteristic boomerang, ellipsoidal or spherical shape in nuclear density
maps, depending on their degree of order. On the other hand, D,O molecules are normally
observed as spherical electron density centered at the O atom. When X-ray and neutron
density maps resulting from joint X-ray and neutron refinement are displayed together, it
becomes possible to accurately orient solvent molecules, elucidate ambiguous H-bonding
networks, and detect disorder. 25 This approach has yielded a number of surprising results
and coordination chemistry.

Water plays a crucial role in stabilizing DNA in different functional conformations
(including A-DNA, B-DNA and Z-DNA) and facilitating transitions between these forms.
Recent neutron crystallographic studies have produced unexpected results that have led to
new insights about the role of water in these structural transitions. Early X-ray
crystallographic studies of DNA oligonucleotides resulted in a proposal of hydration in the
minor groove of right-handed B-DNA referred to as the zigzag spine. A similar spine of
hydration was also seen in the structure of left-handed Z-DNA. 5559 In the case of a CG
dinucleotide repeat in Z-DNA, the hydration spine takes the form of an interstrand water
bridge between neighboring O2 atoms of cytosine residues. However, in neutron
crystallographic studies of the oligonucleotide d(CGCGCG) this hydration spine is not
present; only one of five waters in the spine forms the expected H-bonding pattern. 27

A comparison of the primary hydration spine geometry in the minor groove of B-DNA and
Z-DNA, shows that in B-DNA, two T bases are offset from one another, which allows the
bridging water molecule to interact with the lone pair electrons on both bases at a distance
that is optimal for H-bonding. In Z-DNA, however, the differing geometry leads to more
closely stacked C bases, resulting in an overall poor H-bonding geometry with water
molecules preferring to form transient H-bonds with the C O2 atoms, producing a disordered
minor groove hydration spine.

This unexpected disorder in the minor groove hydration spine in Z-DNA raises an
interesting possibility with far reaching implications for our understanding of the basic
forces underlying the structural transition between B-DNA and Z-DNA. It is possible that
increased disorder in the primary hydration spine represents an increase in entropy that plays
a significant role in the thermodynamics of the equilibrium from B-DNA to Z-DNA. This
new insight would have been difficult to attain without the combination of neutron
crystallographic data and rigorous electrostatics.
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Water also plays a crucial role in the earlier mentioned proton transport associated with
catalysis in HCA-Il. HCA-I1I is one of the fastest enzymes known, able to operate at a nearly
diffusion-limited k.,: / Ky due to electrostatic steering, but catalysis has rate limitations and
pH sensitivity that are partly due to proton transport. The first step of catalysis is a
nucleophilic attack on incoming CO, by a Zn-bound OH™ to produce HCO3™. The second
step activates the metal-bound water to OH™ through a series of proton transfers. This is
thought to occur through a network of well-ordered H-bonded waters (DW, ZW, W1, W2,
Figure 3). This network stretches from the metal to the proton shuttling residue, His64, and
is H-bonded to several hydrophilic residues lining the active site. Comparison of neutron
structures at pH 10.0 and pH 7.8 show water networks that agree in the positions of the O
atoms, but differ in the positions of D atoms (i.e. the orientation of water molecules) and
therefore H-bonding networks (Figure 3). A change in the orientation of W1 in the pH 10.0
structure interrupts this H-bonding network. The switch between networks suggests possible
proton transport pathways through the “electrostatic funnel” leading to bulk solvent, i.e. a
change in pH in the crystals has permitted the observation of what might happen during
catalysis.

Conclusions

Macromolecular neutron crystallography is undergoing a renaissance. As neutrons are
applied to study the chemistry in a growing number of biological systems a trend is
emerging of surprising and sometimes controversial results. As the examples discussed here
demonstrate, neutrons have recently been used to directly visualize a number of elusive
chemical species and features in biological systems for the first time. As we look forward to
increasing availability of macromolecular crystallography beam lines, some at more
powerful neutrons sources, what should we expect in the future?

We expect to be able to collect data on smaller crystals, as well as crystal with larger unit
cell dimensions. This potentially opens up a much larger set of biological molecules and
problems that can be addressed. Complexes containing proteins and other biological
molecules, such as nucleic acids, can be studied to determine the role of solvent and H-
bonding in mediating interactions. Metalloenzymes with unusual clusters that are difficult to
define by X-ray methods i.e. those containing electron-rich elements such as Mo and W, also
lend themselves to analysis by neutron crystallography, due to the relatively even scattering
of elements by neutrons across the periodic table. A number of extremophile Archaea and
bacterial species utilize unusual metabolic pathways and rely on novel chemistry to sustain
life.

Membrane proteins are a rich, albeit challenging target for neutron crystallography, and can
potentially offer insight into the chemical environment within pores and channels, and the
molecular basis of ion selectivity. One-half of all drugs targets are membrane proteins, and a
detailed understanding of structure and mechanism through neutron crystallography can
guide future drug development efforts. Chemical species such as NH3 and NH,*, water
species, and ions such as Na* and K™, can be identified using neutron diffraction.
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Experimental H atom positions are useful for computational chemistry, bringing new
accuracy into quantum mechanical calculations and molecular dynamics simulations. As
neutrons can often clarify otherwise ambiguous H-bonding networks, neutron structures of
protein/drug complexes may allow investigators to more accurately predict the strength of
protein-ligand interactions and more gauge the entropic and enthalpic contributions to
binding energy. One can also envision additional instrumentation at neutron beam lines that
can perform spectroscopic measurements during data collection, and the development of
robust new stations should take these possibilities into account.

A great deal of chemistry has been seen in the biological structures that have been studied
using neutron crystallography over the past few years. The new species and interactions
revealed by these few neutron structures offer only a hint of the richness and diversity of
chemistry yet to be seen within the vast array of biological systems yet to be studied.
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¢ XA

FR130180

FR130180

Figure 1.
Special hydrogen bonding in elastase and photoactive yellow protein revealed by neutron

crystallography. 7op.: Resonance-assisted hydrogen bond (RAHB) between Thrl75 and
inhibitor FR130180 in elastase. Centre.: Short ionic hydrogen bond (SIHB) between catalytic
residues His57 and Asp102 in elastase. Bottom. Low barrier (LBHB) and short ionic
hydrogen bonds (SIHB) in photoactive yellow protein. Opca...OTyrs2 is @ SIHB and
Opca---Ocluss is @ LBHB. All distances in A
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O a

Figure 2.
Hydronium ion and proton in D-xylose isomerase (XI). 7op. High pH structure of XI

showing coordination of hydronium (D30™) ion. Bottom: Low pH structure of XI showing
coordination of a D* species.

Phys Chem Chem Phys. Author manuscript; available in PMC 2017 March 21.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Langan and Chen

Page 15

Y

1
1
1
1
1
1

pH 7.8 (active)

pH 10.0 (inactive)

W2

-5

Figure 3.
The water networks in the active site of HCA 1l determined by neutron crystallography at

pH 7.8 (top) and pH 10.0 (bottom). The switch between networks suggests possible proton
transport pathways. Observed H-bonds are shown as black lines, active site amino acid
residues are omitted for clarity. Zn atoms are in dark grey.
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Table 1

Distances involved in unusual H-bonds discussed in the text. “Type” refers to the type of H-bond (a resonance-
assisted H-bond is given by RAHB, a short ionic H-bond by SIHB, and a low barrier H-bond by LBHB). All
distances are in A. D refers to the donor atom, A to the acceptor atom, and H refers to the H or D atom.

Type D A D-A D-H H-A Reference

RAHB 05 Thrl75 263 121 142 36

Oy1

SIHB His57  Aspl02 260 09 165 36
Ng1 Os2

SIHB  Tyri2 0O0,ca 252 096 165 42

LBHB Glu46 OOpCA 256 121 137 42
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