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Ultrahigh-resolution structures provide unprecedented details about protein

dynamics, hydrogen bonding and solvent networks. The reported 0.70 Å, room-

temperature crystal structure of crambin is the highest-resolution ambient-

temperature structure of a protein achieved to date. Sufficient data were

collected to enable unrestrained refinement of the protein and associated

solvent networks using SHELXL. Dynamic solvent networks resulting from

alternative side-chain conformations and shifts in water positions are revealed,

demonstrating that polypeptide flexibility and formation of clathrate-type

structures at hydrophobic surfaces are the key features endowing crambin

crystals with extraordinary diffraction power.

1. Introduction

Crambin is a small hydrophobic storage protein of 46 residues

(4.7 kDa) found in the embryonic tissue (cotyledons and

hypocotyledons) of seeds from Crambe abyssinica, a relative

of mustard and canola, commonly known as Abyssinian

cabbage. Crambin belongs to a family of small proteins called

thionins found only in higher plants and was reported to be

membrane associated (VanEtten et al., 1965; Lobb et al., 1996;

Teeter & Hendrickson, 1979). Thionins are widely distributed

and play an important role in plant metabolism, growth and

development. The specific function of thionins is not fully

understood; some have antimicrobial activity and can suppress

and kill a variety of plant pathogens, some have been shown to

be cytotoxic to animal cells, including cancer cells, presumably

acting as defensins by penetrating the cell membrane and

making it permeable (Schrader-Fischer & Apel, 1994).

Crambin shows structural homology to the membrane-active

plant toxins purothionin and viscotoxin, but itself is not toxic

(Stec et al., 1995; Pal et al., 2008; Teeter et al., 1993;

Hendrickson & Teeter, 1981). Its amino acid sequence

contains no Gln, His, Lys, Met or Trp but is enriched in Cys

and Pro residues. Six cysteines are paired into three disulfide

bridges, and together with five proline residues endow the

protein fold with extraordinary structural stability. Crambin

purified from seeds exists as two isoforms that differ at two

amino acid positions, Pro22/Leu25 and Ser22/Ile25, called the

PL and SI forms, respectively (Teeter et al., 1993). Because of

its hydrophobicity, crambin requires organic solvents (such as
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ethanol or acetone) for solubilization and extraction. Crambin

crystallizes readily and forms the best-ordered macro-

molecular crystals known, which diffract X-rays to the highest

sub-atomic resolution of any protein known to date (Teeter &

Hendrickson, 1979; Schmidt et al., 2011). For this reason,

crambin has been used in numerous structural studies with

single-crystal X-ray diffraction, neutron diffraction and solu-

tion NMR (Teeter & Hendrickson, 1979; Hendrickson &

Teeter, 1981; Teeter et al., 1993; Stec et al., 1995; Yamano et al.,

1997; Lamzin et al., 1999; Pal et al., 2008; Schmidt et al., 2011;

Ahn et al., 2006; Bonvin et al., 1993; Chen et al., 2012). The

crystals of crambin have also been used as standards for a

variety of crystallographic techniques, including sulfur anom-

alous phasing (Hendrickson & Teeter, 1981), and data

collection and refinement at ultrahigh resolution (Schmidt et

al., 2011; Jelsch et al., 2000).

1.1. Brief outline of our project

Prior to the shutdown of the Advanced Photon Source

(APS) in April 2023 for the scheduled upgrade, a final sub-

atomic resolution experiment was conducted at the 19-ID

beamline of the Structural Biology Center (SBC), utilizing

crystals of the small protein crambin. During the operational

lifetime of 19-ID, the beamline has been used for measuring

sub-atomic resolution data for many proteins (e.g. Howard et

al., 2004; Wang et al., 2007; Rosenbaum et al., 2015), all

collected under cryogenic conditions. A large number of

crambin crystals were prepared and their diffraction char-

acterized initially at room temperature (RT) and later also

under cryogenic conditions. The crystals diffracted at RT to

better than 0.70 Å resolution, and to better than 0.40 Å under

cryogenic conditions. A complete dataset was collected to

establish the highest-resolution RT crystal structure of a

protein. As of July 2024, the Protein Data Bank (PDB; Burley

et al., 2018) has 28 X-ray crystallographic entries with reso-

lutions higher than 1.0 Å, where data were acquired at

temperatures above 273 K (Table S1 of the supporting infor-

mation). This sub-atomic resolution structure of a protein and

its associated solvent sets a standard for RT independent atom

model (IAM) and can serve as a reference for comparisons of

structures determined under different cryogenic conditions.

As part of an ongoing effort to describe a macromolecule at

true atomic resolution, we report here the structure of

crambin at 0.70 Å, which is the highest-resolution protein

structure determined at RT to date, with data and model

quality approaching those of small-molecule crystals. The

structure was determined with synchrotron radiation using

31 keV (0.40 Å) X-rays and refined with independent sphe-

rical-atom approximation to an R factor of 0.0591 using

SHELXL, resulting in the best refined macromolecular

structure at RT to date. The model of the ordered part of the

protein structure was refined without stereochemical

restraints, thus providing high-accuracy geometrical para-

meters that can be used to validate the existing restraint

libraries (Engh & Huber, 1991, 2001) and indeed to define

protein-based protein restraints. The structure revealed (i) a

protein molecule with numerous multiple amino acid confor-

mations; (ii) extended and complex water networks, with

water positions correlated with protein conformations. The

structure shows only minimal radiation damage as indicated

by analysis of the electron density near the three disulfide

bridges present in the structure. The main focus of this paper is

on the solvent structure in this RT protein crystal, which is

unperturbed by any flash-vitrification procedures.

2. Materials and methods

2.1. Isolation, purification and crystallization

Crambin was isolated from seeds of Crambe abyssinica

using acetone extraction as reported previously (VanEtten et

al., 1965; Lobb et al., 1996). Sitting-drop vapor-diffusion

crystallizations were set up at 289 K using 30 mg ml� 1 protein

in 80%(v/v) ethanol:water solution, equilibrated against

59%(v/v) ethanol:water reservoir (Teeter & Hendrickson,

1979; Schmidt et al., 2011).

2.2. Set-up of the synchrotron beamline for sub-atomic

resolution data collection

The X-ray diffraction experiments were carried out at the

SBC 19-ID beamline at the Advanced Photon Source,

Argonne National Laboratory (Rosenbaum et al., 2006).

2.2.1. Determining the optimal photon energy for sub-atomic

resolution data collection

As previous tests with crambin crystals had shown diffrac-

tion to 0.40 Å, the beamline was set up so that 0.35 Å reso-

lution would be achievable on half-frames on the Pilatus3 6M

detector, i.e. with the beam center close to one edge of the

detector and 0.35 Å resolution spots close to the opposite edge

(Rosenbaum et al., 2015). The detective quantum efficiency

(DQE) of the detector decreases steeply at higher photon

energies which will increase the radiation dose versus

recorded diffraction intensity. The aim is to keep the photon

energy as low as possible considering the physical limits of the

detector and the endstation instrumentation. For 19-ID and

the Pilatus3 X 6M detector, the maximum scattering angle is

70� resulting in a minimum photon energy of 31 keV (0.40 Å

wavelength). For data collection at RT, test exposures showed

that full frames (i.e. aligning the detector center with the beam

center) will record all diffraction spots to 0.45 Å resolution.

2.2.2. Extending the energy range of the monochromator to

31 keV and handling of diffraction effects from multiple k

Beamline 19-ID was designed for a maximum energy of

19 keV using the 111 reflection of a silicon monochromator

crystal which also defined the minimum Bragg angle. Thus,

31 keV photon energy requires the use of a higher-order

reflection. The only practically available option is using the

333 reflection. The setup for 31 keV followed the details

reported earlier (Rosenbaum et al., 2015) for a 30 keV setup.

We have used the undulator gap setting and low-energy
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absorbing filters to reduce the 111 reflection (10.333 keV)

intensity and carefully adjusted the mirror angle to reduce the

444 and 555 reflections. The 10.333 keV contamination,

though below the detector energy threshold and, thus, not

counted, adds to the radiation dose.

2.2.3. Beam intensities and doses

The uncollimated beam size at the sample is 80 mm� 40 mm

(FWHM H � V). With a low-energy absorbing filter of

0.75 mm aluminium inserted, the flux of the 31 keV compo-

nent was 4.4 � 1011 photons s� 1. The flux of the 10.333 keV

component was 4.6 � 108 photons s� 1.

For RT data collection, with the beam-defining slits closed

to 50 mm � 50 mm (50 mm � 40 mm on the sample), the flux of

the 31 keV component on the sample was 2.4 �

1011 photons s� 1 and the flux density was approximately 1.2 �

1014 photons s� 1 mm� 2. Doses were calculated using the

RADDOSE-3D webserver (Bury et al., 2018). For a 180�

rotation dataset at 0.2 s exposure per 0.2� rotation, the

average diffraction-weighted dose from the 31 keV photons

was 0.22 MGy. The maximum dose at the rotation center was

1.6 MGy. The 10.333 keV photons added an average dose of

less than 1%.

2.3. X-ray data collection

Large crystals were mounted in glass capillaries (Charles

Supper Company) with a small droplet of mother liquor and

tested for diffraction. The approximate size of the crystal used

for data collection was 0.45 mm � 0.39 mm � 0.20 mm. The

temperature (297 K) was measured at the crystal position with

a thermocouple over a period of several hours. Diffraction

images were recorded on the Pilatus3 X 6M detector from four

different sections of one crystal separated by 60 mm (see the

supporting information), with datasets RTs4 and RTs5

collected from the same sector. The sample-to-detector

distance was set to 160 mm with the beam position set to the

center of the detector. To obtain highly redundant data and

reduce radiation damage, 180� of data were collected from

each section of the crystal. The first and second sections were

exposed to X-rays for 0.2 s per 0.2� to collect lower-resolution

data. The third section was exposed for 1 s per 0.2�, and the

fourth section was exposed for 5 s per 0.2� to collect the

highest-resolution data. Data were processed and scaled with

HKL2000 (Otwinowski & Minor, 1997) with modifications to

account for specific features of the experiment as described in

Sections 2.4, 2.5 and 2.6. Briefly, each dataset was indexed with

an additional macro applied (weak level 4.0) and then inte-

grated with the same spot size (0.50) and spot background

(0.60) parameters, with the spot elongation limit adjusted to

2.5 mm and profile fitting radius adjusted to 120 mm so that

the highest-resolution reflections are not rejected. After

integration, all datasets were scaled and merged with the

additional macros ‘radiation dose B b factor’ and ‘anisotropy

removal 3. 2.’ applied during scaling to model the scaling B

factor increase across data so that zero-dose extrapolation can

be performed.

2.4. Handling of detector absorption and reflection profile

integration

The Pilatus3 X 6M detector at 19-ID has a 1 mm-thick

silicon sensor. At 31 keV, the DQE is 0.20 (i.e. only�1/5 of the

incident radiation produces recorded diffraction). Radiation

damage is a concern as higher doses are required. This is

partially offset for the weak diffraction spots at high scattering

angles: at a 70� scattering angle the extended path through the

sensor increases the DQE 2.3� to 0.55.

Detector absorption and spot profiles were obtained from

diffraction patterns of a silicon crystal. At the resolution of

interest, the spot elongation was 2.4 mm. During data

processing, the radial spot elongation profile was applied as

implemented in the HKL2000 software package (Otwinowski

& Minor, 1997) with the elongation limit set to 2.5 mm

(elongation limit parameter in HKL2000).

2.5. Applicability of crystal absorption correction

Absorption depends on the wavelength, and at 31 keV

(0.40 Å), directional differences in absorption in the crystal

and the thin-wall glass capillary should be approximately 1–

2%. The overall scale factor, which includes directional effects

other than absorption, varied up to �12% across the virtual

absorption surface, which is small in comparison with typical

macromolecular data acquired at �1 Å wavelength (Otwi-

nowski et al., 2003).

2.6. Detection of and correction for sample radiation damage

Exposing crystals to X-rays during data collection induces

various types of radiolytic processes, which proceed in the

irradiated crystal volume and modify the molecules building

the crystal lattice reproducibly, but in a manner specific to a

particular molecule in a particular crystal lattice (de la Mora et

al., 2020). Recombination between products and inter-

mediates of radiolytic reactions not only modifies the mole-

cules in the crystal lattice chemically but also generates

molecular gasses that rearrange these molecules leading to

expansion and/or contraction of the unit cell. These direct and

indirect effects are modeled in HKL2000 with a two-compo-

nent model, where the scaling B factor describing intensity

decay as a function of dose is used together with reflection-

specific extrapolation procedures, adjusting intensities for

radiation-induced specific changes. The fitting procedure with

as many as one parameter per unique hkl requires stabiliza-

tion that is accomplished by Tikhonov regularization

(Tikhonov & Arsenin, 1977). The Tikhonov regularization

coefficient, expressed as a fraction of native intensity, serves as

a quantification of specific radiation damage. The physical

model underlying this correction has been published by Borek

et al. (2010, 2013). In this experiment, we merged datasets

acquired from multiple sectors of the same crystal, each

exhibiting varying levels of crystal lattice disorder. The

mosaicity estimates obtained in post-refinement for the crystal

lattice parts used in the experiment are as follows: dataset

RTs2: 0.050–0.091; dataset RTs3: 0.047–0.074; dataset RTs4:

0.072–0.074; dataset RTs5: 0.070–0.195; dataset RTs7: 0.274–
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0.399. The volumes of the sectors were exposed unevenly since

the beam size was smaller than the diameter of the crystal.

Consequently, during crystal rotation, unexposed unit cells

were entering the beam while some exposed unit cells were

exiting the beam, despite good centering. Additionally, the

high-resolution pass datasets were exposed five times longer

per oscillation step than low-pass datasets. Such variable

exposures and the mixing of exposed and unexposed states

during rotation necessitated additional assumptions during

scaling about the doses across different experiments. We used

the increase in the scaling B factor as a proxy for dose, as we

previously demonstrated that overall radiation damage,

described by the scaling B factor, depends linearly on the dose,

at least for the doses used in these experiments (Borek et al.,

2013). This approach allowed us to associate each observation

with a dose proxy obtained from scaling and then use these

observations together for extrapolation to zero dose. Zero-

dose extrapolated data were used in the structure refinement,

as described below, and to analyze patterns of specific radia-

tion damage using radiation damage maps (Diederichs et al.,

2003; Borek et al., 2007, 2010, 2013).

Section 2.2 presents direct measurements of flux and asso-

ciated calculations of theoretical dose for the 90 mm-diameter

cylinder of sample around the rotation axis. However, these

and other similar calculations do not account for irregularly

shaped crystals larger than the X-ray beam, in which unex-

posed parts of the crystal are introduced into the beam at

different times during rotation, while exposed parts of the

crystal may leave the beam temporarily or permanently. In

such a case, the result of the structure solution (i.e. the elec-

tron density map) will represent the state averaged across all

partially damaged states, with the merged data representing

the state corresponding to much lower dose than theoretically

calculated. That effect is accounted for in all scaling proce-

dures where the scale factor and the scaling B factor are used

to model both overall radiation damage and the crystal

volume changing in the beam. In the scaling procedures of

HKL2000 and HKL3000, one unit of scaling B factor increase

corresponds to 1 MGy at 100 K (Borek et al., 2007). However,

at RT that correspondence has not been calibrated in a crystal-

specific manner. We observed a scaling B factor increase of

�0.93 Å2 for all four datasets merged together. In the past, we

observed a �30-fold increase of the scaling B factor for the

same dose used at two different temperatures, 80 K and 200 K,

with exponential increase between these two temperatures

(Borek et al., 2007). However, at RT, there is no expectation

that different systems will follow the same exponential

increase in the scaling B factor. With the increased tempera-

ture during data collection, radicals produced by X-rays can

easily recombine. These recombination processes and their

rates are driven by local reactions specific to the particular

crystal lattice and crystallization conditions. Thus, for all

crystals the B factor will increase exponentially, but for each of

them the exponent value will be different. Therefore, we

cannot estimate the dose accurately, but collectively, the size

of the crystal, the pattern of specific radiation damage and the

scaling B factor values indicate that the dose was likely to be

significantly lower than 1 MGy and significantly lower than the

theoretically simulated values described in Section 2.2. As we

could not accurately estimate the dose without additional

calibration experiments, we extrapolated the data to zero

dose, which provided a benefit in the refinement and assured a

consistent reference point in data analysis.

2.7. Refinement protocol

The RT monoclinic P21 crystal structure of crambin was

initially refined using using PDB entry 3nir as the starting

model with the program suite Phenix (Adams et al., 2010).

This initial model was rebuilt with Coot (Emsley & Cowtan,

2004) and Phenix refinement continued with data to 1.0 Å

resolution. Because of the ultrahigh resolution (0.70 Å) and

high quality of the diffraction data, the refinement was ulti-

mately carried out with SHELXL (Sheldrick, 2015) without an

extra Rfree validation. After a few cycles of isotropic refine-

ment of the preliminary model, the initial electron density

maps were generated and thoroughly inspected in Coot. The

maps clearly showed the positions of all protein atoms and

well defined water molecules. For further refinement, standard

stereochemical restraints for each amino acid residue, gener-

ated by the SHELXPRO (Sheldrick, 2015) program using the

Engh & Huber (1991, 2001) dictionary, were included. After

each round of 20 cycles of conjugate-gradient least-squares

(CGLS) minimization, the program Coot was used for visua-

lization of the electron density maps and for manual adjust-

ment of the atomic model. The full resolution was used from

the very beginning of the SHELXL refinement. The atomic

scattering for SHELXL calculations was adjusted for the short

wavelength (0.39995 Å) by providing DISP instructions with

proper dispersion coefficients for the relevant elements.

After the initial stage of refinement, the geometrical

restraints were globally relaxed for all protein residues.

Subsequently, the weights of the restraints were gradually

correlated with the degree of disorder of the individual amino

acid residues. The restraints were individually tightened for

specific residues showing disorder, especially in the fragments

corresponding to the PL and SI isoforms of the protein, and at

residues in more than two conformations (Table S2). The

effective standard deviations of the restraints for bond lengths

and angles of the disordered residues were adjusted in

subsequent refinement steps. Ultimately, all geometric

restraints for ordered protein fragments were removed,

leaving in place only restraints for disordered residues with

weights adjusted to the degree of disorder. We consider an

atom to be disordered if its occupancy refines to a value lower

than 1.0. In some cases, other distinct conformations of that

atom can be modeled, and occupancies of these distinct states

will add up to 1.0, indicating static disorder. However, in other

cases, modeling with a number of distinct conformations is not

sufficient to achieve full occupancy, indicating dynamic

disorder. Because the structure contains a mixture of two

(partially disordered) isoforms (PL and SI) and residues with

triple conformations, the occupancy factors of the individual

atoms in such residues must be treated in a special way. For
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Val8 and Tyr29, the occupancy factors of each conformation

(the same for all atoms of a given conformer) were refined as

three free variables [FVAR instruction of SHELXL (Shel-

drick, 2015)], constrained to sum up to 1.0. However, for

residues at positions 22 and 25, additional restrictions are

necessary: the sum of occupancies of fractional conformations

combined with the fractions of the two isoforms for each atom

should be equal to unity. For the double conformations of

Ser22A/B and Ile25A/B of the SI isoform, the occupancies

refined to 0.310 (16)/0.332 (16) and 0.354 (18)/0.288 (18),

respectively. This means that the total occupancy of the SI

form is 0.642 (16) (0.310 + 0.332 or 0.354 + 0.288, with

rounding precision), while in the single conformation PL

isoform, the Pro22 and Leu25 residues are present with an

occupancy of 0.358 (8). This fraction, together with that for the

SI isoform, gives the total occupancy of one. We note that in

this crystal of crambin the proportion of the PL and SI forms is

different (35.8% and 64.2%, respectively) than reported

previously (60% and 40%, respectively) (Teeter et al., 1993).

Additionally, the occupancy coefficients of the three discrete

Tyr29 conformations were coupled to the occupancies of

residues 22 and 25 through a common free variable for the

occupancy of one of the Tyr29 conformations and the occu-

pancy of Pro22. Each of the occupancy factors mentioned

above was refined as a separate free variable, and the sum of

all occupancies for each position was additionally constrained

to 1.0 using an appropriate SUMP instruction. The SUMP

instruction of SHELXL allows us to set a linear relationship

among free variables and is mostly used to constrain the

occupancy factors of more than two atoms sharing the same

site, or of three or more complementary conformations.

Twelve residues of the protein (Thr1, Thr2, Ile7, Arg10, Phe13,

Pro19, Ser/Pro22, Ile/Leu25, Ile34, Gly37, Thr39 and Asp43)

are present in double conformation, and two (Val8 and Tyr29)

in triple conformation (Fig. S1 and Table S2 of the supporting

information).

Water molecules were included in the model manually

based on the difference electron density maps (mFo � DFc)

and stereochemical considerations. All occupancy factors of

disordered protein and solvent atoms (except hydrogen

atoms) were refined. Most of the water molecules (60 out of 73

sites) were refined to partial occupancy. The occupancy of any

water molecule that was close to unity was fixed at 1.0. The

electron density maps indicated the presence of two partially

occupied molecules of ethanol from the crystallization buffer,

which were refined as well.

Hydrogen atoms of the protein molecule were added and

refined at riding positions. The SHELXL AFIX 87 instruction

was used to refine the hydrogen positions of the hydroxyl

groups. Hydrogen atoms, for which there was clear difference

electron density, were added to 15 water molecules. There was

no attempt to model the hydrogen atoms of the ethanol

molecules. All hydrogen atoms were treated isotropically.

At the final stage of the refinement, one cycle of full-matrix

least-squares (L.S.) minimization was calculated with the

DAMP 0 0 instruction (‘ignore the corrections’) and all the

restraints removed, for the purpose of estimating the standard

uncertainties in all individual refined parameters and all

derived geometrical parameters.

The number of reflections per parameter in the final

refinement (more than 9) matches the best situations

encountered for non-centrosymmetric small-molecule struc-

tures. This allowed us to reduce the number of stereochemical

restraints to the absolute indispensable minimum.

Considering the mobility, disorder or inhomogeneity of

some of the crambin fragments, the residues that should be

stereochemically restrained were selected manually (15 resi-

dues of the 46 total) and included all residues in multiple

conformation and Pro41.

2.8. Residual bulk solvent visualization

To visualize bulk solvent contribution (i.e. the solvent that

has not been explained with the atomic model), we calculated

maps with and without bulk solvent correction applied. The

operation was carried out using REFMAC (Murshudov et al.,

1997), where we selected ‘simple’ scaling with or without the

‘calculate the contribution from the solvent region’ option,

and ran the program with zero cycles of refinement. The

resulting two .mtz files were visualized in Coot (Emsley &

Cowtan, 2004), and Coot tools were used to calculate the

difference between the two maps (Fc, ’c) by applying a scale

factor of � 1 to the map obtained without bulk solvent

correction.

3. Results and discussion

3.1. Quality of the diffraction data

The structure is of high quality with data collected from four

segments of one large crystal scaled together, providing

excellent coverage and redundancy at low (14.47 Å, reflection

110) and high resolution (0.70 Å). We nearly doubled (1.75�)

the number of observations compared with previous RT

structures of crambin (PDB entries 1crn and 3u7t) with

excellent crystallographic statistics [Rmerge (0.048), mean

I/�(86.4), CC1/2 (1.00), completeness (98.2%), redundancy

(13.7) and Wilson B factor (1.14 Å2), see Table 1]. These

statistics approach those observed in small-molecule X-ray

crystallography.

3.2. Overall quality of the model

Our structure of crambin (Fig. 1) refined to the crystal-

lographic R factors of 0.0591 (4�Fo cutoff) and 0.0759 (no �

cutoff) is of the highest quality compared with the previously

reported ambient-temperature crystal structures of the mixed

form of crambin available in the PDB (PDB entry 1crn;

Teeter, 1984), and a more recent structure of H/D exchanged

crambin (PDB entry 3u7t; Chen et al., 2012). The electron

density of the protein and solvent region is outstanding (Figs.

2, 3 and S1). A comparison of the three RT structures shows

that the crambin structures are very similar. Using the

jFATCAT algorithm in the pairwise structure alignment tool at

https://www.rcsb.org, the main-chain root-mean-square

deviation (RMSD) values are 0.10 Å and 0.11 Å against 3u7t
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and 1crn, respectively. The main-chain RMSD between 3u7t

and 1crn is 0.07 Å. The largest differences between our RT

structure and those reported previously are in improving the

interpretation of multiple protein conformations, partially

occupied solvent sites and describing overlapping continuous

networks of solvent structure in intermolecular regions, typi-

cally termed static disorder, but here interpreted as alternative

solvent networks.

The refined protein molecule is similar to other models of

crambin deposited in the PDB, but the structure reported here

stands out for the achieved accuracy of the refined parameters.

The standard uncertainty (s.u.) values of the fully occupied

atomic positions (0.00008–0.0005 Å, except for sulfur atoms,

where they are about 0.00003 Å), calculated by the inversion

of the LS matrix, are very close to values typical for crystal

structures of small organic compounds. The s.u. values of the

coordinates are inversely proportional to the atomic number
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Figure 1
RT structure of crambin at 0.70 Å resolution with solvent bound in stereo representation [protein is represented by sticks: green (C), blue (N), red (O),
yellow (S), silver (H); water molecules are red spheres with hydrogen atoms in silver and ethanol molecules are blue/red sticks]. N- and C-termini as well
as some residues are labeled.

Figure 2
2mFo � DFc electron density map of protein regions. (a) Glu23–Ala24
peptide electron density contoured at the 1.2� level. Note that the
electron density peaks are approximately proportional to the number of
electrons of their atoms. (b) Electron density map (mFo � DFc; contour
level 1.1�) around Ile33. Ile33 is in the hydrophobic core and is very well
ordered. Hydrogen atom electron densities for H, H�, H�, H�1 are very
visible.

Table 1
Data processing and refinement statistics.

Data processing
Temperature (K) 297
Wavelength (Å) 0.39995
Resolution range (Å)† 14.47–0.70 (0.71–0.70)
Space group P21

Unit cell (Å, �) a = 22.73, b = 18.77,
c = 41.06, � = 90.55

Unique reflections, Bijvoet pairs merged 54039 (1320)
Multiplicity 13.7 (14.3)
Completeness (%) 98.2 (99.0)
Mean I/�(I) 68.4 (2.0)

Wilson B factor (Å2) 1.14
Rmerge‡ 0.048 (2.218)
Rp.i.m. 0.013 (0.569)
CC1/2x 1.00 (0.62)
Refinement
Resolution range (Å) 14.47–0.70
Reflections 47117

R factor (Fo> 4�/all)} 0.0591/0.0759
No. of atoms (all/hydrogen) 1027/481

Protein (all/hydrogen) 915/451
Non-protein (all/hydrogen) 112/30

RMSD (bonds) (Å) 0.016
RMSD (angles) (�) 1.77

Average B factor (Å2) 6.58
Protein (all/main/side chain) 5.37/2.49/6.45
Solvent 16.49

Ramachandran plot
(preferred/allowed/outliers) (%)‖

100/0/0

† Values in parentheses correspond to the highest-resolution shell. ‡ Rmerge =

�h�j|Ihj � hIhi|/�h�jIhj, where Ihj is the intensity of observation j of reflection

h. x As defined by Karplus & Diederichs (2012). } R = �h|Fo| � |Fc|/�h|Fo| for all

reflections, where Fo and Fc are the observed and calculated structure factors, respec-

tively. Rfree is calculated analogously for the test reflections, randomly selected and

excluded from the refinement. ‖ As defined by MolProbity (Davis et al., 2004).



of the refined atoms and correlate with their atomic displa-

cement parameters (ADPs) as expected (Fig. S2).

The estimated standard deviation (e.s.d.) values character-

izing C—C bond distances, commonly used as a global indi-

cator of the quality of organic small-molecule structures, are

very low and have an average value of 0.016 Å (0.006 Å for

ordered atoms). For comparison, the average �(C—C) of

0.005 Å is a threshold for the most precise organic crystal

structures in the Cambridge Structural Database (CSD;

Groom et al., 2016). In well defined regions of the present

crambin model, the e.s.d. values for the carbonyl bonds of the

ordered main chain range from 0.003 Å to 0.009 Å, with a

mean of 0.004 Å. This indicates that the present structure can

be classified in the group of the most precise structures, taking

into account also small-molecule structures.

When comparing the final protein model with the ideal

stereochemical geometry (Engh & Huber, 1991, 2001), very

low RMSDs for bond lengths (0.016 Å) and bond angles

(1.77�) were obtained, even though the major part of the

protein was refined without stereochemical restraints.

All bond lengths and angles of the main and side chains,

together with their calculated values of standard uncertainties,

are included in an Excel spreadsheet in the supporting infor-

mation, in a fashion often followed for small-molecule struc-

tures. Additionally, all the values listed are compared with the

standard reference parameters and their standard deviations

(�EH) tabulated by Engh & Huber (2001), which in lower-

resolution refinements are used as restraints for protein

covalent geometry. The values of bond lengths and angles of

the present crambin structure agree well with the ideal

geometry, even though our refinement was essentially

restraint-free. The difference of bond lengths is <1�EH for

�90% of the data. Only two cases of side-chain bond lengths

exceed 2�EH. About 80% of the valence angle values are

within 1�EH. Only two side-chain bond angles differ by more

than 3�EH from the targets.

The refinement was performed using zero-dose extra-

polated intensities and so the model represents the state

without or with minimal radiation damage. However, the

analysis of radiation damage maps calculated from non-

extrapolated data indicates that the radiation damage was

either minimal or that extensive recombination, possible at RT

through diffusion, was able to ‘heal’ the damaged parts. The

highest radiation damage peaks are present at the disulfide

bridges. However, there was no sign of decarboxylation.

Minimal damage also indicates that the data collection

protocol, which consisted of two ‘low-dose’ passes in different

sections of the crystal, followed by one medium dose pass and

a longer exposure dataset to collect the high-resolution data,

was successful in managing and minimizing radiation damage.

The radiation damage maps were calculated using the

procedure described in Section 2.6. For each unique reflection,

a Tikhonov-regularized line was fitted. The slope of this line

serves as the difference map coefficient, representing the

difference between the most damaged and the zero-dose

states. The analysis of this map shows that the four strongest

negative and the four strongest positive peaks were located at

the three disulfide bridges, namely � 23.73� (� 0.57 e� Å� 3)

and +7.97� (+0.19 e� Å� 3) peaks located at Cys32 (Cys4–

Cys32 disulfide bridge), � 15.52� (� 0.37 e� Å� 3) and +11.88�

(+0.29 e� Å� 3) peaks located at Cys26 (Cys16–Cys26 disulfide

bridge), � 12.60� (� 0.30 e� Å� 3) and +7.76� (+0.19 e� Å� 3)

peaks located at Cys3 (Cys3–Cys40 disulfide bridge), and

� 11.37� (0.27 e� Å� 3) and +11.10� (+0.27 e� Å� 3) peaks

located at Cys16. Overall, in the asymmetric unit (ASU) there

were 86 negative and 9 positive peaks exceeding the �5�

level.

Crambin is lacking His, Met, Lys, Trp and Gln and the

reduced diversity of its sequence might be an additional

contributor to the relatively low level of specific radiation-

induced changes we observed, although the data collection

protocol, low cumulative dose and RT were likely the domi-

nant factors. In general, disulfide bridges, Asp, Glu and Met

are the most strongly affected by specific radiation-induced

changes in X-ray diffraction experiments. For His, Lys, Trp and

Gln little to no changes are usually observed. In our case, with

a dose below 1 MGy, we observed radiation damage localized

at all three disulfide bridges, as expected, and the Cys residues

were damaged to varying extents, which is also expected as the

local environment is either able to accommodate Cys residues

in different conformation after disulfide bridge disruption, or

it is too constricted to accommodate such changes, or else it

facilitated more frequent recombination back to a conforma-

tion similar to the original (Petrova et al., 2010). We did not

observe any damage to Pro residues or water molecules. This

is also expected because overall radiation damage in macro-

molecular structures does not significantly depend on amino

acid composition. All amino acids contain similar elements (C,

N, O, S) that, on average – after correcting for the absorption

cross-section – sustain damage in a similar manner. However,

radiation damage depends on the temperature, as the mobility

of radicals causing secondary events is much higher at RT.

Thus, while overall radiation damage is not amino acid-

specific, it progresses much faster at RT. All scaling programs

correct for overall radiation damage, so its impact is removed

from the diffraction data.
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Figure 3
2mFo � DFc electron density map around residues Pro/Ser22 and Ile/
Leu25. (a) Dual sequence with triple conformation of residue 22. One
proline and two serine conformers occupy the same location. All corre-
sponding atoms have solid electron density at the 1.2� level. W46A, close
to the proline side chain, also has partial occupancy. (b) Ile/Leu25 dual
sequence with multiple conformations. Single conformer for Leu and two
for Ile occupy the same location (contour level 1.3�).
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Specific radiation damage describes deviations from the

overall radiation damage. It is relatively small, typically

representing 0.5–2% of the signal change per 1 Å2 of the

scaling B factor increase owing to overall radiation damage.

We do not expect these small deviations to change significantly

with temperature. In other words, while overall damage will

occur faster at RT, specific radiation damage will still consti-

tute a similar fraction of the overall radiation damage. Addi-

tionally, specific radiation damage may be lower at RT for

some systems because the increased mobility of radicals allows

recombination reactions to occur more easily, compared with

cryotemperatures where limited diffusion for species heavier

than OH groups prevents recombination.

In our case, a dose of less than 1 MGy results in at most 2%

of the change in structure factors meaning that, even for

extremely accurate data, we will observe minimal specific

radiation damage. The number of peaks crossing the threshold

of �5� is consistent with these expectations.

As an additional proof of the quality, the model was

checked using the checkcif procedure for small-molecule

structure validation (Spek, 2020). The model passed this

scrutiny quite well, considering the degree of disorder and the

size of the system (reported in the supporting information).

The only serious problems reported are related to the shapes

(eccentricity) of thermal ellipsoids for atoms in disordered and

solvent areas. Other alerts are of relatively lower importance

(e.g. an isolated oxygen atom; a D—H bond without an

acceptor; short H� � �H contacts). It might be hoped that with

lowering the temperature of the crystal, the structure will

approach small molecule standards.. At 0.70 Å resolution, the

data:parameter ratio of 9:1 allows for anisotropic modeling of

non-hydrogen atom vibrations (ADPs). The introduction of

anisotropic ADPs reduced the R/Rfree factors from 0.1711/

0.1788 to 0.1165/0.1275.

3.3. Regions with multiple conformations

The protein crystallizes as a mixture of isoforms differing at

two sequence positions, and in addition there are several

residues that were modeled in multiple conformations.

Residue Ser22, part of the two distinct sequences present

within the crystal, has its side chain in two conformations (Fig.

3), which in turn influences the nearby solvent structure as

well as interactions with symmetry-related molecules. While

there is crystal-to-crystal variation in the relative amount of

the two different isoforms, the structure presented here,

determined from a single crystal, refines to approximately

64.2 (16)% SI form and 35.8 (8)% PL form. Aside from

occupancy refinement, one way to determine this distribution

crystallographically is to examine the region of crystal contacts

between symmetry-related molecules and their associated

solvent networks. The side chain of residue Tyr29 adopts three

different orientations, with two related orientations present at

22.7 (23)% (B) and 41.5 (23)% (C) occupancy, separated by

0.7 Å and interacting with Thr30 and Cys16; and the third

orientation at 35.8 (8)% (A) [Fig. S1(b)]. Conformation A is

moving closer to Thr30 and is significantly shifted from the

first two (B and C) by 1.9 Å to accommodate a van der Waals

interaction with an adjacent, symmetry-related Pro22. The

more common conformations (B and C) would be in steric

clash if Pro22 were present; therefore, we conclude that these

conformations are only consistent with a crystal contact with

Ser22. This means that Tyr29 exists in one conformation

together with the PL isoform, while in the presence of the SI

isoform, it occupies two other alternative positions (Fig. S3).

The proportion of the PL and SI isoforms in natural

preparations of crambin deserves a special note here. In our

crystal structure the PL/SI ratio is 0.358/0.642, arrived at a

convergent LS refinement and accompanied by a standard

uncertainty of �0.01. Therefore, it is very puzzling that, in

almost all previous crystal structure determinations of

crambin purified from native sources, an inverse PL/SI ratio

was reported, with the PL form being systematically more

abundant. For example, the PL/SI ratio is 0.60/0.40 in 1cbn

(Teeter et al., 1993) and 0.57/0.43 in 1ejg (Jelsch et al., 2000). In

a series of crambin structures (PDB entries 1jxt, 1jxw, 1jxx and

1jxy) determined by Teeter et al. (2001) at different

temperatures, the Pro:Ser ratio at position 22 is 0.55:0.45 but

the Leu:Ile ratio at position 25 is 0.50:50, even though Pro is in

one sequence with Leu, and Ser with Ile. An exception in this

series is 1jxu, where the PL/SI ratio is 0.60:0.40. A similar

inconsistency is found in structure 3u7t (Chen et al., 2012),

where the Pro:Ser22 ratio is 0.47:0.53 while the Leu:Ile25 ratio

is 0.39:0.61. In 3nir (Schmidt et al., 2011), which is currently the

highest-resolution (0.48 Å) structure of crambin, where atoms

in the same residue are listed with different occupancies, for

example, the atoms of Ser22 appear with occupancies between

0.28–0.36. We do not have a simple explanation for these

strange observations, other than the assumption that natural

crambin might crystallize with different (but concrete)

proportions of the isoforms. On the other hand, our X-ray

diffraction experiments with crystals of crambin grown from

entirely different protein preparations (not shown) still agree

with the PL:SI proportion (0.358:0.642) found in the present

work. A test run of full-matrix LS refinement with the occu-

pancy factors of the PL and SI forms defined as independent

free variables with a 0.5:0.5 ratio, converged with practically

the same occupancy ratio as under proper restraints (and with

the estimated standard uncertainties of the occupancies of

0.01–0.02), additionally confirming the validity of the isoform

proportion reported in this work. A mass spectrometry spec-

trum recorded for crystals (identical to those used for the

X-ray diffraction experiments) dissolved in ethanol confirmed

that the lower molecular weight form SI was roughly twice in

abundance relative to the higher-molecular-weight form PL, in

agreement with the results of our crystallographic refinement.

This, together with the often-inversed ratio reported in

previous papers, makes this issue very mysterious, indeed.

In the final model, 14 residues of the total 46 were modeled

with more than one conformation, with conformational

variability primarily involving side-chain rotamers (Table S2).

One residue, Gly37, has two main chain conformations. These

multiple conformations cluster around a crystal contact region

that involves Tyr29 and three adjacent symmetry-related
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molecules. Tyr29 is in contact with the regions of alternative

sequences, as described above, and in addition makes contacts

with hydrophobic residues (Ile7 and Val15) from a symmetry-

related molecule, which show different side-chain conforma-

tions. Tyr29 also contacts a symmetry-related Leu18, which is

in a single conformation. We suggest that this flexibility is

important for the formation of a tightly packed and highly

stable crystal, through accommodation of different side-chain

conformations and an associated rearrangement of nearby

solvent atoms. Residues in the hydrophobic core are very well

ordered and show electron density for hydrogen atoms, as in

the example provided by Ile33 (Figs. 2 and S3).

3.4. Hydrogen-bonded networks coupling the protein and

solvent regions

3.4.1. Dense packing of crambin molecules in the crystal

There is one crambin molecule in the ASU and 33.6%

solvent by volume. The ordered part of solvent consists of

water molecules (see detailed discussion below), and only two

molecules (one partial) of ethanol (sufficiently ordered to

allow modeling). The packing of the crambin molecules is very

tight and 12 symmetry-related protein molecules interact with

the central molecule, via direct or water-mediated contacts

(Fig. S4). The coordination polyhedron defined by the crambin

molecules is a distorted (elongated) cuboctahedron and is

quite different from the closest packing of spheres (Fig. S4),

resulting in a different contribution of symmetry-related

protein and solvent molecules to the interactions.

Crambin is a hydrophobic protein and in fact there are a

number (12) of hydrophobic side chains exposed on the

surface. As a result, only 32.4% of the crambin surface is polar.

The hydrophobic side chains are engaged in contacts with

symmetry-related hydrophobic mates [for example, Ile7

interacts with Ile330(x, y + 1, z), Val8 interacts with Leu1800(x +

1, y, z), Val15/Leu18 interact with Ile250(x, y + 1, z), etc.].

Water molecules form extensive networks of hydrogen-

bond interactions with protein molecules and other water

molecules. The water hydrogen-bond distances (in O, N, S and

� interactions) range from 2.42 Å to 3.40 Å, with the majority

(74.9%) within 2.62–3.10 Å, and an average hydrogen-bond

distance of 2.93 Å (Fig. 4). The distances are slightly shorter in

O—H� � �O bonds (average 2.91 Å) than in O—H� � �N bonds

(3.02 Å), as expected from the difference (0.1 Å) between the

van der Waals radii of the N and O atoms (Pauling, 1969).

Water molecules formally assigned to the principal ASU are

only part of the ordered solvent story because extensive

interactions exist between symmetry-related molecules. By

including these molecules in the analysis, we can obtain a

complete picture of the solvent structure. The water molecules

can be divided into several categories. Some have direct

hydrogen bonds to protein side-chain or main-chain atoms.

There are also water molecules interacting with solvent only

and there are a number of molecules with partial occupancy

that exist in two or three alternative positions separated by

less than 1 Å. These sites cannot be occupied at the same time.

The ethanol molecules interact more with the water

network than with the protein hydrophobic side chains. One

ethanol molecule exists in double conformations, and it also

has hydrogen-bonded water molecules showing similar beha-

vior near its OH group.

There are several water molecules with extensive hydrogen-

bond contacts. W22 has 5 possible interactions, 14 water

molecules (8, 10, 11, 12, 20, 21, 26, 30, 32, 38, 41, 42, 45, 48)

have 2 hydrogen-bond donor and 2 acceptor interactions. In

the crystal, we observe contiguous solvent chains composed of

more than 10 water molecules. Some are linear, some form

circuits, and some branch out and connect to other water

chains.

3.4.2. Water hydrogen atoms

Out of the 73 water sites in the ASU, assignment of

(isotropic and riding) hydrogen atoms based on difference

(mFo � DFc) peaks was possible for as many as 15 water

molecules (1, 2, 3, 4, 5, 6, 7, 9, 12, 13, 14, 15, 17, 19, 20). Here we

analyze the O—H� � �X interactions of these hydrogen atoms.
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Figure 4
Distribution of H-bond distances [(a) O—H� � �O and (b) O—H� � �N] in the crystal of crambin at RT.



The H2 atom of W1 is directed towards the ring centroid

(CM) of Tyr44 from an x-translated crambin molecule, thus

forming an O—H� � �� hydrogen bond (H� � �CM 2.88 Å,

O� � �CM 3.69 Å). The second hydrogen atom of W1 (H1) is

engaged in hydrogen bonding to W5. Atom H1 of W5 is

bridging it to W8. No hydrogen atoms were found at W8. The

second hydrogen atom of W5 (H2) bridges this water molecule

to the carbonyl group of Gly20.

W1 is an acceptor of the O—H1 donor from water W7. H2

of W7 forms a link to W27, which has no hydrogen atoms

modeled. W27 accepts, however, another O—H1 group from

W20. The O—H2 group of W20 could be forming a hydrogen-

bond to the side-chain oxygen atom of Tyr29. However, the

automatic refinement of the O—H orientation of this (disor-

dered) Tyr29 residue is not compatible with such a possibility.

The hydrogen atoms of W2 link it to W11 (no hydrogen

atoms present) and to the carbonyl group of Leu18. The W2

and W20 molecules are within hydrogen-bonding distance but,

again, the disposition of the hydrogen atoms of W20 is

incompatible with such a bond. Atom H1 of W20 is, however,

properly oriented for hydrogen bond formation with W11.

The hydrogen atoms of W3 are utilized for bridging two

carbonyl groups of the protein, Pro5 and Asp43. W4 functions

as a similar bridge (Ala24, Ser110) but between two symmetry-

related protein molecules.

The hydrogen atoms of W6 could link this molecule with

W51A and the hydroxyl group of Thr21, but also in this case

the automatic placement of the Thr21 O—H group precludes

such a scenario. W9 is hydrogen bonded to the carbonyl group

of Cys40 and uses its second hydrogen atom in an H-bridge

with W33.

W12 is a hydrogen-bond donor to the hydroxyl group of

Ser11 and to W18 and is in turn an acceptor of the O—H2

donor from W14. The second O—H group of W14 is a donor

to W4. The two hydrogen atoms of W13 are directed towards

naked oxygen atoms of W26 and W73. The hydrogen atoms of

W15 anchor it to the carbonyl group of the Asn14 side chain

and to W57. Likewise, W17 bridges the carbonyl group of

Cys32 and W69. W17 is an acceptor from the O—H group of

Ser11.

W19 is peculiar because its O—H groups are not directed

toward any proper hydrogen-bond acceptors. On the other

hand, the oxygen atom of W19 is within (weak) hydrogen-

bond distances of the carbonyl group of Thr30 and the side-

chain NH2 group of Asn12.

The neutron structure of crambin (PDB entry 4fc1)

provides a detailed model of hydrogen atom positions in the

protein as well as in solvent regions (Chen et al., 2012). A

comparison with the X-ray structure presented here shows

that the solvent network is largely identical, with minor

variation in the modeled hydrogen atom positions of solvent

molecules, when available. The X-ray structure, owing to the

high resolution, is more completely modeled in terms of

multiple conformations of the polypeptide chain as well as the

number of solvent molecules (73 versus 42 in the neutron

structure). However, several features of the neutron structure

need to be noted. Due to the strong scattering of neutrons by

hydrogen atoms (as H or D), nearly all hydrogen atoms could

be modeled in the protein as well as the solvent region,

effectively doubling the number of refined parameters. The

neutron structure, though reported at what could be consid-

ered ultrahigh resolution (1.10 Å), still necessitated careful

refinement to avoid overfitting of the experimental data. As a

result, a conservative final model was reported comprised of

only the major (PL) isoform of the protein and a limited

number of solvent molecules. Anisotropic ADPs were used for

protein non-hydrogen atoms and a small number of well

ordered D atoms. Nevertheless, for first-shell solvent mole-

cules, the nuclear density for the D atoms was very clear, with

unambiguous assignment of hydrogen-bond donors and

acceptors. Taken together, the neutron and X-ray structures

are complementary. Neutron crystallography was able to

experimentally resolve nearly all hydrogen atoms in the

polypeptide chain and provided accurate hydrogen bonding

information for the well ordered solvent molecules, while the

X-ray structure was able to reveal more features of the solvent

region and more dynamic features within the crambin poly-

peptide.

3.5. Dissection of the water structure

The solvent structure shows an overlapping continuous

network of water molecules in the intermolecular region,

spanning the space between twelve symmetry-related mole-

cules. Despite crystallization conditions containing a 59%

ethanol:41% water (v/v) mixture as the precipitating agent,

only two ethanol molecules are resolved in the structure,

showing signs of partial occupancy or disorder. The solvent

structure also highlights protein sequence-dependent

networks. Crystals of crambin grow most readily and diffract

best as a mixed form. In our crystals of crambin the proportion

of the PL and SI forms is different (35.8% and 64.2%,

respectively) than those reported previously (60–50% and 40–

30%, respectively) (Teeter et al., 1993, 2001; Jelsch et al., 2000;

Chen et al., 2012; Schmidt et al., 2011). This difference is

mysterious, but it may be due to different protein preparation

procedures or small changes in the crystallization conditions,

or even different refinement protocols. The changes in the

alternative side chains lead to local perturbations of the

solvent network around these residues. The sequence varia-

tions enable alternative solvent networks, resulting in more

stable crystal packing and lower energy of interactions, thus

improving crystal stability and X-ray diffraction power.

With the PL and SI isoforms of crambin present in the

crystal structure in the (refined) proportion of 64.2 (16)/

35.8 (8)%, the molecular mass of the protein is 4726.9 Da,

yielding a Matthews volume of 1.853 Å3 Da� 1 and the corre-

sponding solvent fraction of the crystal of 0.336. From this

fraction one can estimate that the ASU should contain �98

molecules of water, assuming that the specific density of liquid

water is 1 g cm� 3 and that there is no distinction between the

protein hydration layer and bulk solvent. The number of water

sites modeled in this RT structure is 73 (i.e. 75.5% of this

expected number). However, since many (60) of these water
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sites have fractional occupancy, the real experimentally

determined water content (i.e. the sum of all occupancies) is

49.14. This would correspond to modeling of about 50.1% of

the solvent structure. However, we also have 1.814 molecules

of ethanol in the model, which makes the modeled water

fractions more optimistic. Assuming the specific density of

liquid ethanol to be 0.79 g cm� 3, the volume occupied by the

ethanol molecules in the ASU is estimated at 175.4 Å3, and

the remaining volume would be occupied by �92 water

molecules. Relative to this total number of water molecules in

the ASU, the number of modeled sites (73) would amount to

79.3%, and the total sum of water occupancies (49.14) to

53.4%.

We note here that in the early paper describing an

isomorphous crystal structure of crambin at 0.945 Å resolu-

tion, Teeter (1984) estimated the number of water molecules

in the asymmetric unit at 85.

Among the 73 water sites per ASU in the present RT

crambin structure, 46 are in direct hydrogen-bonding contact

with only one protein molecule (there may be other water-

mediated contacts, but we do not count them in this inven-

tory). Nine and four water molecules bridge together two

protein molecules related by x- and z-translations, respec-

tively. Five bridging water molecules sit between 21-related

protein molecules. Five water molecules have good electron

density but no hydrogen-bond contacts within 3.4 Å.

There are many hydrogen bonds interlinking the hydration

sphere into a complex network. Most of the chains of

hydrogen-bonded water molecules are traced as not very long,

just a few links, but we have to remember that there are also

circuits and chains involving protein atoms.

The most prominent patterns that can be discerned in this

network are water pentagons, formed at the hydrophobic

interface between several symmetry-related protein mole-

cules. In her paper reporting the crambin structure at 0.945 Å

resolution, Teeter (1984) describes five such circuits, A–E,

near Leu18, joined pairwise by common edges. In our struc-

ture, we see the same four central pentagonal rings (A, C, D, E

in Teeter’s nomenclature), but the rest of this system is

different (Fig. 5). To avoid confusion, we will label our rings

using Roman numerals with a subscript designating the ring

size. The most important is a cone-shaped motif formed by

rings I5 (C), II5 (A) and III5 (E), which have a common tri-

valent vertex and share pair-wise edges. This 13-node water

cap is a perfect shield of the aliphatic side chain of Leu18,

which lies directly below ring I5 (Fig. 5).

Ring IV5 (D) shares one edge (of the two free nodes) with

ring I5 (C), and is further extended, again by edge fusion, to

ring VII5, which fades to bulk solvent, as some its nodes

already have low occupancies. On the other end, ring III5 is

extended by one triangular motif V3 (with two O� � �O contacts

to the apex), which is formed in our structure instead of the B

ring described by Teeter (1984). Finally, an extended water

heptagon, VI7, is fused to rings II5 and III5 with a common tri-

valent vertex. Together with the adjacent system of pentagons,

the seven-membered ring covers an area that is a void partially

occupied by the threefold disordered Tyr29 residue and the

juxtaposed system formed by the sequential diversity of Pro/

Ser25, with the additional twofold disorder of the Ser residue

[Figs. 4 and S1(b)].

It appears that the system of the fused water rings, with

particular importance of the seven-membered circuit, plays an

essential role in isolating a volume in this crystal packing,

where the sequential variability of crambin (at least at residue

25) can be safely accommodated, allowing in addition for its

correlation with the variability of the only residue displaying a

significant level of disorder (Tyr29) in this structure.

Assuming that the central Leu18 residue in this area is from

the principal copy of the protein in the ASU, the surrounding

crambin molecules creating this ‘hydrophobic hub’ in the

crystal structure are generated by the x-, y- and diagonal x/y-

translations, and by the 21 screw axes of the space group.

3.6. Alternative water circuits and water clusters and alter-

native protein conformations

A number of water molecules surround the protein and

occupy alternative sites. At least 16 water molecules (8, 11, 16,

18, 22, 26, 29, 30, 32, 33, 44, 46, 49, 51, 53, 57) exist in two or

sometimes three partially occupied positions that cannot be

occupied at one time because these molecules would be too

close to each other. These molecules have partial occupancies

that sometimes add to full occupancy, for example W8 (0.63

and 0.37), W11 (0.66 and 0.34), W18 (0.62 and 0.38), W51 (0.75

and 0.25) and W57 (0.43, 0.32, 0.26), but in some cases they

add up to less than 1.0, for example W29 (0.51 and 0.30) or

W49 (0.36 and 0.43). These water molecules most often cluster

together near side chains of residues that exist in multiple
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Figure 5
Network of water rings at the hydrophobic interface between symmetry-
related protein molecules shown in different colors in ribbon and surface
representations. Water molecules are shown as red spheres connected by
grey sticks, representing hydrogen bonds. The Leu18 side chain is
presented as a grey ball and stick model.



conformations. The classic example in crambin is Tyr44, which

has seven surrounding water molecules at double/triple posi-

tions (W3, W8, W22, W160, W290, W530, W570). Interestingly,

this water network also includes molecules with very well

defined positions (W7, W27) that refine at full or near-full

occupancy. There are other regions at the crambin surface that

contain clusters of water molecules with double positions. For

instance, a region near Thr2, Arg10 and Glu23 has multiple

water sites (W16, W29, W30, W52, W57 and W220), and Ser6

also has several such associated water molecules.

Since the water molecules also interact with symmetry-

related crambin molecules and respond to conformational

changes of their side chains, the crystal should be considered

as a complex network of interactions between protein mole-

cules, solvent and other components (ethanol). Through

partially occupied, correlated sites, these networks of inter-

actions seem to switch from one state to the other and there

may be many such states in this crystal of crambin. Because of

the atomic resolution and sophisticated refinement protocols,

we can visualize these networks and explain their nature.

These observations suggest that there are distinct alternative

states associated with the solvent structure. Because of the

high resolution of our experimental data, the well defined

positions of these solvent molecules may be refined with high

confidence. It will be interesting to compare the water struc-

ture in crambin crystals at RT and at very low temperature,

achieved by flash vitrification (work in progress).

Water is a solvent with unusual properties, and the features

of its organization on macromolecular surfaces remain the

subject of intense debate (Mondal et al., 2017; Mondal &

Bagchi, 2022). Even in the tightly packed crambin crystal

lattice determined here at RT to 0.70 Å resolution, organized

water constitutes only 79.3% of the expected total solvent

content, with the remaining solvent described by the bulk

solvent model (Fig. 6). We attribute this level of solvent

disorder to the dynamic exchange of solvent molecules on the

surface of the protein, an exchange not constrained by cryo-

cooling, and to the increased number of conformations away

from the protein surface, for which the residual electron

density could not be modeled. It has been reported that water

molecules interacting with crambin can exchange quite rapidly

(Chen et al., 2012; Ahn et al., 2006; Bonvin et al., 1993).

Therefore, the solvent networks system visualized in our

structure represents a collection of dynamic states where

water molecules from crystal channels exchange with bound

‘ordered’ waters.

3.7. Detection and refinement of mobile hydrogen atoms in

O/N—H groups and in water molecules

Of the 73 modeled water molecules in the structure, 15 have

hydrogen atoms visible in the mFo � DFc density maps,

generally corresponding to highly ordered waters in the first

shell of hydration and those involved in the polygonal

networks described above.

3.8. C/N—H� � �p hydrogen bonds

Two hydrogen bonds were observed between delocalized

electron systems and water molecules, with W1 forming an

interaction with the aromatic ring of Tyr44, and W22 forming

an interaction with the delocalized electron system at the

guanidinyl group of Arg17. These interactions were also

observed in the high-resolution neutron structure of crambin

(Chen et al., 2012).

3.9. The N- and C-termini

The N-terminus of the protein, composed of Thr1 and Thr2,

is modeled in alternative conformations reflecting the lack of

crystal contacts and the expected flexibility of the amino

terminus. The side chain of Thr1 is influenced by the nearby

Gly37, which has been modeled in two alternative main-chain

conformations. This is in contrast to the C-terminal Asn46,

where the carboxylate terminal is involved in a salt bridge

interaction with the positively charged guanidinyl group of

Arg10.

4. Determination of dataset resolution; comparison of

our resolution standard to the nominal maximal

resolution

Our excellent-quality data were acquired with high multi-

plicity and processed in a manner that minimized the impact of

systematic effects, including radiation damage. Our decision to

select 0.70 Å resolution as the cutoff in model refinement was

driven by consideration of the interplay between properties of

the data and uncertainties contributing to the accuracy of the

refinement. In crystallography, even the best refined models

have some level of error, while the experimental errors are

estimated as uncertainty of the intensity. In macromolecular
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Figure 6
Bulk solvent around the molecule of crambin. Ordered water molecules
are blue spheres, bulk solvent channels are shown as red mesh.
Symmetry-related crambin molecules (occupying the empty spaces) are
not shown.



structures, at lower resolution the model errors are larger than

experimental errors and at higher resolution the converse is

true (Borek et al., 2003; Holton et al., 2014). The weight of

these contributions to the refinement for each reflection index

is whkl = �2
Model þ �

2
Ihkl

. These two weights are generally

calculated at the level of structure factors amplitudes. For

every refinement process, we will have a resolution range, in

which the model error dominates, and so each reflection index

contributes about the same amount of information to the

refinement process in this range. At resolutions higher than

the bounds of this range, the experimental errors start to

dominate over the model errors and conversely the contri-

bution of reflection indices exceeding this resolution to the

refinement becomes smaller. The point at which the experi-

mental error starts to dominate over model errors is project

dependent. In macromolecular crystallography, the typical R

factors of 15% to 25% correspond to uncertainty of intensities

between 30% to 50%, so the resolution limits defined by

correlations between halves of data or I/�(I) ’ 1 are appro-

priate. However, in our case we reached an R factor of �6%,

thus we applied a stricter criterion of I/�(I) ’ 2 and debated

even harsher cutoffs, but decided against it as the refinement

remained stable with the addition of data from higher-reso-

lution shells. Also, the measurable diffraction extended

beyond 0.70 Å, but was slightly anisotropic, which suggested

that some reflections in the last resolution shells would carry

more information than others and so were worth keeping in

the data analysis. Scaling and merging indicated that diffrac-

tion intensities in the best direction were on average stronger

than I/�(I) ’ 2, while in the worst direction, I/�(I) ’ 2 was

reached at approximately 0.72 Å. We selected the nominal

resolution of 0.70 Å for data analysis. Although we indexed

and integrated 54 039 possible diffraction peaks, the ellip-

soidal truncation applied to correct this residual anisotropy

resulted in the rejection of 6928 reflections from resolution

shells between 0.73 Å and 0.70 Å during merging.

5. Conclusions and outlook

5.1. Summary of this work and its place in the wider context

of ultrahigh-resolution studies of crambin at different

temperatures

Ultrahigh-resolution structures provide a great depth of

detail about protein structure, dynamics, interactions,

hydrogen bonding and solvent networks. In this 0.70 Å RT

study of the crystal structure of crambin we focused our

attention on the water structure rather than on the protein

itself. It is a rather unusual possibility to have a view of the

hydration structure of a protein crystal in its natural RT state,

rather than at some roughly determined temperature of flash-

vitrification. This seemingly modest increase in resolution,

from 0.86 Å in the H/D exchanged crambin X-ray structure

3u7t (Chen et al., 2012) to 0.70 Å reported here, nearly

doubled (1.75�) the number of experimental observations

compared with previous RT structures and increased by more

than 50% (1.52) the number of observations used in the

refinement. We improved the refinement protocols and show

that it was possible to identify over 75% of the water sites,

many of which are partially occupied and participate in

correlated static disorder, also involving protein components.

Remarkably, for 15 of the fully occupied water molecules we

could model their hydrogen atoms in mFo � DFc electron

density peaks, showing how far one can extend map inter-

pretation at sub-atomic resolution, RT and with superb data

quality.

Some of the most outstanding water patterns (pentagonal

networks surrounding hydrophobic islands) were partly

observed previously by Teeter and colleagues. The present

study (PDB entry 9ewk) should therefore be considered as the

standard reference for crambin crystals at RT and ultrahigh

resolution.

The protein was refined freely with SHELXL, down to R =

0.0759 [0.0591 for |Fo| > 4�(Fo)], with geometrical restraints

applied only to the disordered residues, including the two

sequence positions (22 and 25) that have heterogenic amino

acid compositions. The observed molecular geometry is,

therefore, free of any prior bias. This will be very important,

when ultimately, as it is hoped, protein geometry will be

derived from proteins in the PDB, and not only from small-

molecule analogs in the CSD. The accuracy and precision, the

latter gauged by the estimated standard uncertainties calcu-

lated by full-matrix LS minimization, reach a level that is

comparable with what is usually achievable in small-molecule

crystallography.

Finally, we can validate our structural model not only

using PDB tools, but also following the strict protocols

used by small-molecule crystallography. The protein model

in this analysis passes the tests well. However, the water

structure requires special treatment because it is normally

not encountered to such an extent in small-molecule

crystals.

This sub-atomic resolution structure of protein and its

associated solvent sets a standard for the RT atomic model and

can serve as a reference for comparisons of structures deter-

mined under different cryogenic conditions. This will be the

subject of a forthcoming report.

5.2. Is the solvent structure at RT supposed to be different

from that trapped upon flash-cryo-cooling (of undetermined

temperature T > Ttarget)?

We note that during this data collection session, a dataset of

�0.40 Å was also collected at 15 K, using helium-cooled

crystals. Though the analysis and structure solution are still

underway, it will be useful to compare structures resolved at

ambient and helium temperatures. Parallel examples of this

type are still very rare, as >90% of crystal structures reported

in the PDB were determined under nitrogen cooling condi-

tions, at �90–100 K. In the present case, the extraordinary

resolution will be used for a detailed evaluation of both the

protein and the solvent structure in the crystal.
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