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The 1.1 Å, ultrahigh resolution neutron structure of hydrogen/
deuterium (H/D) exchanged crambin is reported. Two hundred
ninety-nine out of 315, or 94.9%, of the hydrogen atom positions
in the protein have been experimentally derived and resolved
through nuclear density maps. A number of unconventional inter-
actions are clearly defined, including a potential O─H…π interac-
tion between a water molecule and the aromatic ring of residue
Y44, as well as a number of potential C─H…O hydrogen bonds.
Hydrogen bonding networks that are ambiguous in the 0.85 Å
ultrahigh resolution X-ray structure can be resolved by accurate
orientation of water molecules. Furthermore, the high resolution
of the reported structure has allowed for the anisotropic descrip-
tion of 36 deuterium atoms in the protein. The visibility of hydro-
gen and deuterium atoms in the nuclear density maps is discussed
in relation to the resolution of the neutron data.

hydrogen/deuterium exchange ∣ neutron structure ∣ PDB 4FC1 ∣ crystal ∣
solvent

Approximately one-half of all atoms in a protein are hydrogen
(H) atoms. H atoms play a variety of critical roles in proteins,

including hydrogen bonding, electrostatic interactions, and
catalysis. Unfortunately, H atoms are difficult to visualize in a
three-dimensional context, and for the vast majority of crystal
structures, their locations are inferred from the position of their
neighboring heavy atom (C, N, O, S). These locations are based
on atomic positions in databases of previously solved structures,
general chemical knowledge, quantum mechanical calculations,
or potential hydrogen bonding interactions. X-ray crystallography
has the potential to reveal the positions of H atoms at ultrahigh
resolution, typically at 1.0 Å resolution or better, from Fo-Fc
difference electron density maps. In practice, however, even in
the highest resolution macromolecular X-ray structures, only a
limited number of H atom positions are experimentally deter-
mined, typically in well-ordered (i.e., low B factor) regions at
the core of proteins (1).

Neutron crystallography, on the other hand, has the ability to
resolve individual H atoms, even at medium resolution of around
2 Å due to the unique scattering properties of the H isotopes (2).
The coherent neutron scattering length of deuterium (2H or D,
þ6.67 fm) is comparable to that of heavier atoms in proteins such
as C, N, and O, whereas the light 1H isotope has a negative scat-
tering length of −3.74 fm. The scattering properties of H and D
allow for the accurate placement of these atoms in small molecule
and macromolecular structures, in contrast to X-rays, where the
single electron and proximity to heavier atoms make H atoms
difficult to resolve. Moreover, the scattering characteristics of
D have useful applications in neutron macromolecular crystallo-
graphy, such as determining protonation states of active site re-
sidues in enzymes and establishing the identities and orientation
of solvent molecules (3–15). Neutron diffraction has also been
useful for determining orientations of methyl rotors and probing
the energy barrier to rotation about a chemical bond (16, 17). By
exchanging labile hydrogens in the amide backbone with deuter-

ium, the relative populations of H and D in the main chain can
be used as a sensitive probe of dynamics and breathing motion in
proteins (18).

By analogy with high resolution X-ray crystallography, higher
resolution neutron data can provide the positions of individual
atoms, including Hs and Ds, that are determined to greater
accuracy and precision than at lower resolutions. In addition to
a more precise structure, the data-to-parameter ratio would be
sufficient for refinement of anisotropic atomic displacement
parameters (ADPs). Refining anisotropic ADPs potentially pro-
vides insight into asymmetric, vibrational, and librational motions
of atoms, and has been useful in visualizing the dynamic proper-
ties of proteins in crystal structures. However, it is also important
to take into account that anisotropic ADPs may also partially
reflect the static disorder of atomic groups. Anisotropic ADP
analysis is limited to the heavier atoms in proteins in X-ray struc-
tures, due to the weak scattering of X-rays by H atoms. The
unique neutron scattering properties of D atoms make it possible
to refine anisotropic ADPs for selected D atoms when high re-
solution neutron diffraction data are available.

Very few macromolecular crystals diffract X-rays beyond 1.0 Å
resolution. Less than 0.7% of the X-ray structures in the Protein
Data Bank (PDB; 493 structures out of 73,000 entries) are
reported at ultrahigh resolution. We initially identified and
screened a number of candidate proteins that could potentially
provide crystals that diffract neutrons to ultrahigh resolution.
After taking into account practical factors such as protein pre-
paration, yield, and crystal symmetry, we chose to work with the
small hydrophobic protein crambin (46 a.a., 4.7 kDa). The pro-
tein contains a mix of β-strand and α-helical regions (Fig. 1A) and
forms exceptionally well-ordered crystals that diffract X-rays to
0.48 Å resolution using synchrotron radiation (19, 20). At that
resolution, exquisitely detailed features relating to chemical
bonding and deformation electron density can be seen, and it is
possible to do charge density refinement (21). A lower resolution,
1.5 Å neutron dataset was collected on crambin in the early 1980s
(22). We have measured neutron diffraction data from a crystal
of crambin to ultrahigh resolution of 1.1 Å. This is the highest
resolution neutron structure of a protein to date and allowed us
to refine anisotropic ADPs of many atoms. Based on our refined
structure we report here the anisotropic vibrational behavior of
individual D atoms in a protein. The data quality has allowed us
to visualize nearly all H and D atoms within the protein and to
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accurately orient a number of well-ordered solvent molecules in
the first and second hydration shells. We can now take an inven-
tory of all hydrogen bonding interactions within the protein and
ascertain the categories and suggest strengths of H bonds in the
system. We demonstrate the power of ultrahigh resolution neu-
tron diffraction to resolve ambiguous hydrogen bonding networks
and also to reveal unconventional structural features and inter-
atomic interactions, such as apparent partial exchange of H
atoms on Cα and a putative O─H…π interaction.

Results and Discussion
Ultrahigh Resolution Neutron Structure of Crambin. A neutron dif-
fraction dataset of high completeness and ultrahigh resolution
(1.1 Å) was collected on a single, 4 mm3 crystal of H/D ex-
changed crambin at the Protein Crystallography Station (PCS) at
the Los Alamos Neutron Science Center (LANSCE). Phases
from our previously reported 0.85 Å room temperature (RT)
X-ray structure of H/D exchanged crambin were used as a starting
model for the refinement (23, 24). After initial joint X-ray/
neutron refinement in nCNS at 1.5 Å, the model was then refined
in SHELX-97 against the full 1.1 Å neutron dataset alone, to a
final Rfree∕R1 of 0.254∕0.211 for all data (0.217∕0.170 for
Fo > 4σ) (Table S1). The final model consisted of all 46 amino
acids of the protein and 42 D2O molecules. There was additional
weak nuclear density that could be interpreted as additional sec-
ond shell, partially disordered solvent molecules, which were not
modeled. The refined protein structure is virtually identical to the
parallel 0.85 Å X-ray structure when the positions of the heavy
atoms are compared. H atoms of functional groups on the side
chains are observed to be exchanged with deuteriums and are
clearly defined. In total, 299 out of 315, or 94.9%, of the H atoms
in crambin are resolved at 1.5 sigma nuclear density, either in
positive 2Fo-Fc maps as labile H exchanged with D or in negative
2Fo-Fc maps as unexchanged H. The complete set of H and D
atoms can be resolved in 37 out of the 46 residues. The H atoms
that are not visible are all on side chains, typically in terminal
methyl groups.

Although the crystal of crambin used in this study was grown in
55% hydrogenated ethanol solution and sealed in a capillary con-
taining perdeuterated ethanol in D2O, no obvious nuclear density
was observed for the ethanol. Perdeuterated ethanol would be
expected to scatter neutrons strongly due to the presence of six
D atoms and has been observed clearly in previous neutron crys-

tallographic studies of lysozyme, mainly at surface hydrophobic
sites (25). Other smaller deuterated solvent molecules with less
scattering power have also been observed in neutron macro-
molecular structures (26, 27). It is possible that perdeuterated
ethanol does not have specific binding sites on the surface of
crambin and is mostly present in the disordered solvent regions,
lowering the free energy of crystal formation and helping produce
a better diffracting crystal. Whereas ethanol or other polar organ-
ic solvents solubilize crambin, the crystal packing environment
sequesters a hydrophobic patch on the protein, making the etha-
nol superfluous (22).

Anisotropic Behavior of H and D Atoms. Refinement of anisotropic
ADPs is normally applied to X-ray data extending to 1.2 Å reso-
lution or better. Anisotropic ADPs are described by a tensor of
six values, and their refinement can potentially lead to overfitting
the data. This precludes the refinement of anisotropic ADPs at
lower resolutions that have a limited number of observations. Be-
cause our neutron diffraction data extended to 1.1 Å, it was pos-
sible to refine the structure with anisotropic ADPs for a number
of atoms, while still maintaining a reasonable data-to-parameter
ratio (approximately 5 when refining anisotropic ADPs while
restraining the protein molecule as a rigid body). The Rfree∕R1
values dropped 0.6%∕1.3% following refinement, and the differ-
ence between Rfree∕R1 remained <5%, indicating no overfitting
of the structure.

Furthermore, as D atoms scatter neutrons strongly, we rea-
soned that anisotropic ADPs could also be refined for fully occu-
pied D atoms in the structure. Anisotropic ADPs were refined
for all 26 exchanged Ds on the side chains, seven fully exchanged
backbone amide Ds, and the terminal ND3

þ group (Fig. 1B). The
reliability of the anisotropic ADP refinement with the neutron
data can be gauged by comparing anisotropy values from neutron
diffraction to those from X-ray diffraction. The anisotropy value
is defined as the ratio of the minimum tomaximum eigenvalues of
the ANISOU tensor. A small value of anisotropy corresponds to a
highly anisotropic atom, whereas a value close to 1.0 corresponds
to a nearly isotropic atom. Of the 20 residues for which aniso-
tropies of D atoms were refined, the anisotropy values of the in-
dividual atoms, as well as the trend in anisotropy, were generally
consistent between the X-ray and neutron refinement (Fig. S1).
Importantly, different refinement target functions and programs
were used for refining the X-ray data (maximum likelihood,
PHENIX) and the neutron data (conjugate gradient least
squares, SHELX-97).

The anisotropy of each D atom was analyzed in the context of
its bonded neighbor. On a qualitative level, out of 36 such pairs,
23 of the D atoms were more anisotropic (lower anisotropy value)
than their bonded heavy atom neighbor, whereas 13 were less
anisotropic (higher anisotropy value) (Fig. 2). Thus in about

Fig. 1. (A) Structure of crambin, with main chain amide H/D exchange pat-
tern ranging from blue (unexchanged) to red (fully exchanged). (B) Side
chains of residues R10, N14, N46, and T2 are depicted with anisotropic ellip-
soids. D atoms are shown in green, with hydrogen bonds indicated.

Fig. 2. Anisotropy of deuteriums and their bonded neighbors. Thirty-six
pairs of atoms on 20 residues and their anisotropies are plotted.
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two-thirds of the cases, the light D atom tends to move or librate
to a greater extent than its heavier neighbor, regardless of the
chemical environment of the D atom. No correlation was ob-
served between the principal axis of the D atom ADP ellipsoid
and the direction of the H bond, although there are a limited
number of such observations. These results should be interpreted
with caution because the apparent atomic librations may also be
due to static disorder. To quantitatively deconvolute static and
dynamic disorder requires obtaining structures at different tem-
peratures, whereas a translation, libration, screw tensor (TLS)
analysis can also be performed to obtain a qualitative measure for
a protein molecule. Nevertheless, the results raise the tantalizing
possibility of further probing the vibrational behavior of indivi-
dual H and D atoms in macromolecular structures, especially
with perdeuterated samples and with ultrahigh resolution data.

Visibility of H Atoms at Different Resolution Cutoffs.Empirically, dif-
ference electron density for H atoms in X-ray structures is visible
at 1.0 Å and better. However, flexible (high B factor) regions in
macromolecules and the fact that atom-H bonds can be highly
polar tend to blur out the scattering contribution from a single
electron, making H atoms effectively visible only in lower B factor
regions of the protein molecule. To date, no protein crystal has
diffracted neutrons to high enough resolution to experimentally
ascertain the visibility of H atoms as a function of resolution. To
better define the concept of atomic resolution in macromolecular
neutron structures, nuclear density maps were calculated using
phases from the final refined coordinates, truncating the neutron
diffraction data at 1.1, 1.5, 2.0, and 2.5 Å resolution. “Cancella-
tion” effects are observed in the nuclear density maps at carbon
atoms of aliphatic side chains at 2.0 and 2.5 Å resolution. These
effects arise from negative scattering of unexchanged H atoms
bonded to neighboring carbon atoms, leading to nodes of absent
nuclear density for CH2 and CH3 groups (Fig. 3A). At resolutions
lower than 2.0 Å, side chains are poorly defined, whereas H/D
exchanged groups at the termini of polar side chains are still char-
acterized by strong nuclear density. Water molecule orientation is
clear at 1.1 and 1.5 Å but becomes less straightforward at 2.0 Å.
For resolutions around 2.5 Å, the placement and orientation of
waters are dependent on the heavy atom positions and the reso-

lution appears to be insufficient to accurately orient D2O mole-
cules in hydrogen bonding networks (Fig. 3B). Nevertheless,
exchanged functional groups remain relatively easy to identify at
medium resolution, hence the utility of neutron crystallography
for determining protonation states of key residues in enzyme
active sites. In the case of unexchanged H atoms, their visibility
is limited to 1.5 Å resolution or better (Fig. 3C). In the current
structure, the resolution of the neutron data is high enough such
that the positions of C and H atoms of aliphatic CH2 and CH3

groups are clearly resolved and do not show the cancellation
effect seen in lower resolution nuclear density maps (7, 28). In
this case, refinement against neutron diffraction data alone was
sufficient for clear placement of almost all atoms in the model.
For more typical neutron diffraction studies, with diffraction in
the 1.8–2.5 Å range, joint X-ray/neutron refinement can “stabi-
lize” the structure and the X-ray diffraction data can correctly
place the side chain carbons, whereas the neutron data can cor-
rectly orient exchanged terminal groups on side chains.

Ultrahigh Resolution and H/D Exchange.H/D exchange of backbone
amides is a powerful probe for assessing protein dynamics (18).
The D occupancies of main chain amides were refined (Fig. 1A).
Given the small size of crambin, only a limited number of residues
can be characterized as interior residues, and relatively few resi-
dues are protected fromH/D backbone exchange. Consistent with
previous studies, backbone amides involved in hydrogen bonding
between adjacent β strands remain unexchanged, whereas those
facing the solvent are fully exchanged (7, 29). α-helical regions are
generally unexchanged or partially exchanged, as the backbone
amides are hydrogen bonded to the carbonyl oxygen in the adja-
cent helical turn.

The 1.1 Å data also revealed a number of unusual H/D
exchange characteristics in the vicinity of residues T30 and G31,
which lie in a 310 helical region at the end of the second helix
(Fig. 4A). The carbonyl oxygen of C26 has two potential H bond
donors in its proximity, the amide backbone hydrogen of residue
T30 (H…O distance of 2.29 Å) and the side chain hydroxyl of T30
(D…O distance of 1.74 Å). Surprisingly, the hydroxyl group of

Fig. 3. Effect of resolution on visibility of atoms. (A) 2Fo-Fc nuclear density
for L18, at 1.1, 1.5, 2.0, and 2.5 Å resolution. (B) Nuclear density for D2O mo-
lecules. (C) Nuclear density for Y44. Density maps are contoured at 1.5 sigma,
with positive 2Fo-Fc density in green and negative 2Fo-Fc density in violet.

Fig. 4. (A) H/D exchange pattern involving side chain of residue T30. The
threonine side chain has exchanged for an OD, however neighboring back-
bone amide groups remain unexchanged, with no access to solvent for the
T30 side chain. (B) Possible partial exchange of backbone hydrogen on G31.
The 1.1 Å map shows that HA1 (left) on the α carbon may be partially
exchanged for deuterium. Density maps are contoured at 1.5 sigma, with
positive 2Fo-Fc density in green and negative 2Fo-Fc density in violet. Dis-
tances are indicated in Å.
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T30 is fully exchanged, despite being solvent inaccessible and
surrounded by mobile but unexchanged H atoms. The hydroxyl
oxygen of T30 accepts an H bond from an unexchanged backbone
amide H of C32. The H/D exchange of the T30 side chain may
be explained by global protein breathing motions, the ability of
water to interact with the hydroxyl group, or by periodic side
chain rotation.

Negative 2Fo-Fc nuclear density maps show that the α H
atoms of G31 (and a lesser extent G37) appear to be nonequiva-
lent, suggesting that one of them could be partially exchanged
with D (Fig. 4B). The refined B factor of fully occupied HA1
was 13.3 Å2, compared to 7.6 Å2 for HA2, and 7.3 Å2 for the
α carbon, with much weaker negative nuclear density than ex-
pected for a fully occupied H atom. This indicated that perhaps
a stronger positive scatterer co-occupied the HA1 position, such
as a D atom. We placed a partially occupied D at the HA1 posi-
tion and then refined the relative H/D occupancies. The H/D
occupancies of the site refined to around 80%∕20%, with similar
B factors, 7.4∕8.5 Å2, respectively. This is consistent with no visi-
ble positive nuclear density that would be expected at a higher D
occupancy. Because the glycine residues are fixed in conforma-
tion and should a priori have similar peaks and B factors for the
H atoms, this unusual situation in G31 may be attributed to par-
tial H/D exchange. Glycine, due to the lack of a side chain, is a
considerably stronger carbon acid than the other amino acids
(pKa for Cα approximately 22), and the elevated rate of H/D ex-
change could be attributed to the chemical environment of G31.
The side chain hydroxyl groups on serine and threonine residues
have a similar pKa (approximately 18–20) and are found to be
fully exchanged in this structure, including nearby residue T30.
This observation strengthens the theory that backbone α hydro-
gens can act as H bond donors in unconventional C─H…O in-
teractions and participate in chemical exchange. Additional mass
spectroscopy and NMR experiments will be necessary to thor-
oughly investigate and corroborate these observations.

We also note a set of potential Cα─H…O hydrogen bonds in
the β strand region of the protein, between the carbonyl oxygen
of T1 to the α H of I34 (2.51 Å), the oxygen of I33 to the α H
of T2 (2.42 Å), and the oxygen of C3 to the α H of C32 (2.81 Å)
(Fig. S2). This is in agreement with extensive computational
evidence to the existence of and the role of the relatively weak
Cα─H…O hydrogen bonds in stabilizing protein secondary and
tertiary structure (30). Although it is difficult to verify this inter-
action experimentally, computational studies and analysis of
structures in the PDB suggest that these H bonds contribute
significantly to the repertoire of stabilizing interactions within a
protein. Our observation of possible partial exchange in G31 also
complements a number of earlier reports of partial C-H exchange
in neutron structures (31, 32).

Hydrogen Bonding and Resolving Hydrogen Bond Networks. Together
with the hydrophobic effect, H bonds are one of the primary
interactions contributing to the formation of secondary and
tertiary structural motifs and are crucial for protein–ligand recog-
nition. For almost all X-ray crystal structures, including those
solved at atomic resolution, H bonds are normally inferred from
the heavy atom positions of the donor–acceptor pair, and their
distances. In our structure, H atom positions have been experi-
mentally determined, and the high resolution of the neutron dif-
fraction data and the accuracy of the model allow us to analyze
the observed H bonds within the protein and the water network in
more detail.

Out of the 124 conventional H bonds tabulated, 91 of them fall
within the 1.5–2.2 Å range of D-to-acceptor distances for medium
strength H bonds; the remaining 33 are 2.2 Å or longer, and are
probably weak (Fig. S3). The two α helices in crambin have dif-
ferent hydrogen bonding characteristics; residues in the first helix
(residues 6–18) have intrahelical H bond distances averaging

2.09 Å, whereas those in the second helix (residues 22–27) have
somewhat longer H bonds averaging 2.19 Å. Therefore, even
within a regular secondary structure such as an α helix, there are
systematic differences that reflect on the relative stability of the
structure. In the case of crambin, the second helix appears to be
more mobile, with higher average B factors and residues showing
a slightly greater degree of amide backbone H/D exchange. The
donor-H… acceptor angles average 153.5° (Fig. S4), more linear
than the average for intrachain H bonds in proteins, 151.7° (33).
The average angle between the carboxyl/carbonyl group and
the H bond donor is 134.9°, comparable to the average angle of
136.4° within proteins (33) (Fig. S5). For the Cα─H…O hydrogen
bonds, the donor-H… acceptor angles average 135.9° (Fig. S4),
and generally have longer H…O distances, averaging 2.80 Å, con-
sistent with a weaker interaction (Fig. S3).

X-ray structures often give ambiguous information about the
position and orientation of H atoms, especially for water mole-
cules, even at ultrahigh resolution. In the crambin structure, an
extensive network of water molecules contributes to a crystal
contact near E23 and A24. The electron density maps and dis-
tances between the water oxygens suggest a variety of potential
hydrogen bonding interactions for W1022, including symmetry-
related W1007 (3.36 Å O…O distance), W1023 (2.79 Å), W1024
(3.00 Å), and W1026 (3.59 Å), in addition to the backbone amide
H of E23 (3.04 Å) (Fig. 5A). The network of hydrogen bonding
is clarified in the 1.1 Å nuclear density map, which shows that
W1022 is oriented to donate an H bond to W1023, in addition
to accepting an H bond from the backbone amide of E23 but
does not interact with W1007, W1024, or W1026 (Fig. 5B).

Fig. 5. Resolving a hydrogen bond network. (A) 0.85 Å X-ray electron
density map showing potential H bond partners for W1022. (B) 1.1 Å nuclear
density map showing that W1022 interacts with W1023, but not W1007,
W1024, or W1026. (C) Hydration environment around Y44. A potential
O─D…π interaction is highlighted involving W1023. Distances are indicated
in Å.
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Another ambiguous H bond network is seen around residue
Y44, which lies in a special environment within the protein, acting
as a buffer between hydrophobic and polar regions. One face of
the phenolic group makes van der Waals interactions with the
side chain of I33, whereas the other face is hydrated by several
well-ordered water molecules. Although W1023 appears to be
satisfied with the full complement of H bond donors and accep-
tors, the orientation of W1023 suggests that it can also participate
in a weak O─H…π interaction with the aromatic ring of Y44.
Atom D1 of W1023 points towards the aromatic ring and lies
3.20 Å from the center of the ring, with a 118.4° O─D…π angle
(Fig. 5C). The oxygen of W1023 is 3.78 Å from the center of the
ring, farther than the 3.5 Å distance suggested for an interaction
between an O lone pair and a delocalized π system (34). The
O─H…π interaction is important for a wide variety of molecular
recognition events, such as drug–receptor interactions and hydra-
tion of nucleic acids. The orientation of W1023 is unambiguous in
the 1.1 Å neutron maps but is not clear in the 0.85 Å electron
density maps or the lower resolution neutron maps (Fig. S6).

Perspective on the Utility of Ultrahigh Resolution Neutron Crystallo-
graphy.The work presented here is a major technical achievement
in neutron macromolecular crystallography, demonstrating the
ability to collect data to ultrahigh resolution on the PCS within
a period of 3 wk on a low symmetry (space group P21) crystal.
Although medium resolution (approximately 2.0 Å) neutron data
are sufficient to distinguish protonation states of amino acid
residues and solvent molecules, one clear benefit of ultrahigh re-
solution neutron data is the accuracy of H and D atom locations
and being able to more fully define the attributes of individual H
atoms in proteins. Indeed, we have been able to describe the
vibrational characteristics of all fully exchanged D atoms in the
structure by anisotropic ADP refinement, which has not been
possible until now. A more thorough, quantitative analysis of the
exchanged D atoms on the protein, as well as the solvent mole-
cules, should be possible with higher resolution data and/or per-
deuterated sample. Another significant enhancement was our
ability to resolve nearly all (95%) individual H and D atom posi-
tions from the 1.1 Å data. All missing H atoms were on side
chains, generally in higher B factor regions of the molecule. Simi-
larly, at 1.5 Å resolution, approximately 85% of H atoms could be
individually resolved. Therefore, this gain in neutron resolution
has a profound effect on the visibility of H atoms, as has been
systematically examined with perdeuterated and H/D exchanged
crystals (35). From our maps truncating the data, it appears that a
resolution of 2.0 Å or better is necessary to unambiguously orient
waters, and that 1.5 Å resolution or better can clearly resolve in-
dividual H atoms. In contrast, with the 0.85 Å RT X-ray data, less
than 50% of H atoms in the protein, and none in the ordered
solvent, were visible in Fo-Fc difference maps (24). Perdeutera-
tion, when practical, increases the visibility of D atom positions at
lower resolutions (35–37).

The refinement protocol used was also unique and at the same
time has pointed out the need for continued improvements in the
refinement of neutron and X-ray data. Initial refinement em-
ployed nCNS to a resolution of 1.5 Å by using the joint X-ray/
neutron refinement strategy with the current neutron and pub-
lished X-ray structure factors. Both datasets were collected on

crystals of crambin at ambient temperature, where labile H atoms
were exchanged against perdeuterated mother liquor (55% per-
deuterated ethanol in D2O). The adjustment of water orienta-
tions lowered the Rfree considerably, with very few adjustments
necessary in the protein chain. Refinement was then switched
to SHELX-97, which was able to handle anisotropic ADP refine-
ment for the heavy atoms as well as a number of well-defined D
atoms. Refinement protocols introducing electrostatics can aid in
the orientation of water molecules and placement of H atoms
using neutron data at resolutions lower than 2.0 Å (38).

Through an ultrahigh resolution neutron structure, we have
been able to more completely describe the position and behavior
of the H and D atoms in crambin. Unlike techniques that can
probe H atoms as an ensemble, neutron crystallography and
NMR have the potential to define the attributes of individual
H atoms. We expect that this work and future ultrahigh resolution
neutron structures will help present a broader picture of the
diverse roles of H atoms and elucidate their behavior and inter-
actions in the context of a macromolecule. Future computational
efforts addressing protein folding, dynamics, and protein-ligand
interactions can also benefit from our more complete description
of H atoms in proteins.

Materials and Methods
Neutron Data Collection. Data were collected at the PCS at the spallation neu-
tron source at LANSCE. Data collection statistics were reported previously and
are summarized in Table S1 (24). Forty-four settings were used to collect
neutron diffraction data from a single crystal of crambin (4 mm3) that were
exchanged against perdeuterated synthetic mother liquor. Although diffrac-
tion was seen to beyond 1.05 Å, a conservative cutoff resolution of 1.1 Å was
chosen, with high completeness and good merging statistics in the outer
shell. The overall Rmerge of 23.1% is comparable with neutron datasets col-
lected at spallation sources (39). Each image was processed using a version
of d*TREK modified for wavelength-resolved Laue neutron protein crystal-
lography (40, 41). Integrated reflections were wavelength normalized using
LAUENORM, and then merged using SCALA in CCP4i (42, 43).

Refinement. Initial refinement at moderate resolution (1.8 Å) was done in
nCNS using joint neutron and X-ray refinement, utilizing the neutron dataset
and the published RT X-ray data and coordinates (PDB ID 3U7T), excluding
waters and with isotropic ADPs. Several rounds of rigid body, positional,
and individual isotropic ADP refinement were performed. The resolution
was extended to 1.5 Å, and solvent D2O molecules, including their D atoms,
were oriented into the nuclear density maps, with a 5% drop in the Rwork due
to the strong scattering from the D atoms in the water molecules. Refine-
ment was completed in SHELX-97, using the neutron data alone to 1.1 Å re-
solution. Anisotropic ADP refinement was first carried out on all heavy atoms
in the protein (C, N, O, S), with a reasonable drop in both the Rfree and R1, and
then carried out on 36 fully exchanged D atoms on side chains and backbone
amides. Solvent molecules were refined isotropically. Refinement statistics
are reported in Table S1.
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Fig. S1. Anisotropy profiles of the 20 amino acids with refined anisotropic ADPs for D atoms. Blue indicates refinement of the X-ray data for PDB 3U7J,
implemented in PHENIX, while green indicates refinement of the neutron data in the structure reported in this work, implemented in SHELX-97. D atoms
are indicated with asterisks.

Fig. S2. Nuclear density for the beta-sheet region in crambin, with positive 2Fo-Fc density in green, negative 2Fo-Fc density in violet, indicative of unex-
changed Hs. Potential hydrogen bond distances are given for N─HðDÞ…O and C─H…O interactions. Contour levels are 1.5 sigma (positive) and 2.0 sigma
(negative).
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Fig. S3. Histogram of H bond distances, including protein–protein, protein–water, and water–water hydrogen bonds.

Fig. S4. Histogram of donor-H… acceptor angles for standard (left) and C─H…O (right) hydrogen bonds in the structure.
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Fig. S5. Histogram of C═O… donor angles for the hydrogen bonds in the structure.

Fig. S6. Hydration environment around residue Y44, with 2Fo-Fc maps calculated at 0.85 Å resolution (X-ray), and 1.1, 1.5, 2.0, and 2.5 Å (neutron). Contour
level is 1.5 sigma for all maps.

Chen et al. www.pnas.org/cgi/doi/10.1073/pnas.1208341109 3 of 4

http://www.pnas.org/cgi/doi/10.1073/pnas.1208341109


Table S1. Room temperature neutron crystallographic data
collection and refinement statistics

PDB ID 4FC1

Data collection
Space group P21
Cell dimensions

a, b, c (Å) 22.795, 18.826, 41.042
beta (°) 90.89

Resolution (Å) 15.18–1.10 (1.16–1.10)*
Rmerge 0.231 (0.303)
hI∕sigma Ii 5.5 (1.8)
Completeness (%) 78.8 (65.8)
Redundancy 2.8 (2.0)
No. reflections measured 30,732 (2621)
No. reflections unique 11,122 (1325)
Data rejection criterion no observation and jFj ¼ 0

Neutron refinement (SHELX)
Resolution (Å) 10–1.10
No. reflections 11,102
Rsigma 0.208
Rwork∕Rfree (FO > 4 sigmaðFOÞ) 0.170/0.217
Rwork∕Rfree (all data) 0.211/0.254
No. atoms

Protein including H and D 765
Water 126 (42 D2O molecules)

B-factors (Å2)
Protein, main chain (Ueq) 8.0
Protein, side chain (Ueq) 11.2
Water (Uiso) 25.9

*Values in the highest resolution shell are indicated in parentheses.
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