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Abstract

Background. The availability of high-resolution X-ray structures has shown that proteins contain 

numerous water molecules, but their role is still not fully understood. Protonated and deprotonated 

water species are often involved in biochemical reactions. However protons are exceedingly 

difficult to detect directly because they are electron-poor species.

Methods. The oxygen-oxygen distance of the crystallographic water molecules was analyzed in a 

large high-resolution data set. Moreover, a detailed analysis was carried out on the protein-bound 

water in the available structures of carbonic anhydrase II and cytochrome c oxidase, chosen as 

protein models in which protonated and deprotonated water species play a significant role.

Results. The analysis shows an excess of water-water distances below the expected value for 

hydrogen bond. In the cavities and on the surface of the considered model proteins, clusters of water

molecules are found, whose structure suggests the presence of chemical species deriving from self-

ionization of water.

Conclusions. The presence of a small maximum below the hydrogen bond threshold in the oxygen-

oxygen distance distribution of crystallographic water molecules, along with the location of many 

of these water clusters, suggest the presence of Zundel-like structures in, or near, the proteins. 

Particularly significant is the presence of such structures in protein regions which have been 

identified as proton antennae or channels. 

General significance. This work shows the possibilities, still unexplored, offered by this type of 

analysis in detecting in structures obtained by X-ray diffraction the presence of aqueous protons or 

hydroxide ions, which are chemical species as important as elusive.
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1. Introduction

The importance of water as a primary component of cellular biochemistry, far from being a mere 

spectator that acts "simply" as a solvent, is an increasingly pervasive concept in the field of life 

sciences [1,2]. The availability of high-resolution X-ray structures has shown that proteins contain 

numerous water molecules, but despite the large number of studies devoted to the protein - water 

interactions many aspects of this topic are still an intense field of investigation. For example, water 

molecules participate to proton transfer in biochemical reactions, and how this process, that occurs 

in random directions in liquid water, becomes directional in biochemically relevant events is an 

active field of research [1-3]. Also confinement effects on the properties of water in biochemical 

systems [1-7] are important topics of study. 

In the (roughly) exponentially growing number of structures in the Protein Data Bank (PDB) [8], 

the coordinates of hydrogen atoms are rarely reported, and in general not for solvent water. And 

even if the presence of protonated water species in some systems is a well established fact [9,10], a 

systematic search for protonated and deprotonated water species within proteins or near their 

surface, has not been carried out to date. Over the years, neutron crystallography has become the 

state-of-the-art technique to visualize hydrogen atoms in biological macromolecules (or deuterium 

in ad hoc prepared samples), because neutron diffraction is due to the presence of nucleons [11]. 

From the classic studies that showed a doubly protonated histidine in the catalytic triad of trypsin 

[12], numerous data obtained by this technique have been reported, and in some cases also the 

presence of protonated water species has been demonstrated [13-15]. But the number of available 

structures obtained by neutron diffraction in the PDB is only a tiny fraction of those obtained by the

(more popular) X-ray crystallography, whose diffraction intensity, at the contrary of neutrons, is 

related to the electron density of a region. Unfortunately, electron poor species, such as hydrogen 

atoms, are essentially invisible in the electron density maps obtained by X-ray diffraction [16].
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Anyway, the large number of high-resolution structures obtained by X-ray crystallography and the 

importance of the hydrated proton and hydrated hydroxide in biochemistry (hereafter indicated as 

H+
aq and OH-

aq) suggest that the search for some kind of trace of these molecular species in the 

available structures in the PDB could be a fruitful task. The detailed nature of the H+
aq and OH-

aq is 

an important field of study, to which considerable theoretical and experimental efforts are dedicated

[1-3]. The Eigen and Zundel ions [17,18] can be considered adequate descriptions of protonated 

forms of water in gas phase, but only limiting structures in liquid water. Crystallographic studies on 

nanoconfined H+
aq have shown that oxygen-oxygen (O-O) distances below 2.70 Å can be associated

to the presence of protonated water clusters [19-21]. This suggests immediately that the analysis of 

the distances between oxygen atoms attributed to water molecules in high-resolution X-ray 

structures could furnish hints about the presence of protonated water molecules. Also in the case of 

OH- ion, the interaction with neighbor water molecules implies an O-O distance below 2.70 Å [22, 

23]: the shortest O-O distance in water, of only 2.29 Å, has been observed in the hydrated 

hydroxide H3O2
- in a crystal of a chromium complex [24-26]. Such a short distance implies the 

presence of a symmetrical single-well hydrogen bond. 

In this work we show how the analysis of the O-O distances in the crystallographic water molecules

can provide evidences about their protonation state. Our strategy is to search for the presence of O-

O distances below the hydrogen bond expected value. This has been done in a large high-resolution 

data set of X-ray structures obtained from the PDB, showing that short distance water molecules 

(SDWMs) are present. Even if in forthcoming we will refer more often to "proton" or "protonated 

water" for short, the reader should bear in mind that these SDWM clusters can represent both 

positively (H+
aq) or negatively (OH-

aq) charged species of water. Furthermore, a detailed analysis of 

two systems known to be involved in proton transfer events is presented.
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2. Materials and Methods

2.1 Data sets

The X-ray structures were obtained from the PDB [8]. The full data sets considered in this work are 

reported in the Supplementary Data [27]. The high resolution data set (HR) contains 469 entries; 

this was obtained by searching for structures with the following constraints: resolution ≤ 1 Å, X-ray

only, protein only, monomer only, diffraction temperature 100 K. From this HR set, two subsets 

were obtained by adding to constraints the absence of the SHELX software [28] in the declared 

refinement conditions (the no-SHELX HR data set) or the absence of sodium ions in the declared 

experimental conditions (the sodium free HR data set). A further subset not refined by SHELX and 

without sodium ions in the declared crystallization conditions was analyzed. The PDB entries for 

these data sets are reported as Tables 1-4 in Supplementary Data [27]. 

Two data sets containing a single type of protein were obtained as follows. For the bovine 

cytochrome c oxidase (CcO) data set only structures with a resolution of at least 1.8 Å were 

considered. The diffraction temperature for these structures was 50 or 100 K (for a more detailed 

description, see Supplementary Data [27]). The human carbonic anhydrase II (hCA II) data set was 

obtained by adding to the no-SHELX HR data set the E.C. number 4.2.1.1 as constraint.

2.2 Numerical analyses

The atomic radial pair distribution function (RDF) g(r) of the crystallographic water molecules was 

calculated by a Tcl program using the appropriate built-in functions in VMD [29]. For each pdb file 

in a data set, this program returned a text file containing r, g(r) and the number integral over g(r), 

from 0.0 to 10.0 Å with 0.1 Å resolution, where r is the distance from a given reference particle. 

The g(r) values were extracted from these text files, arranged in a matrix form and averaged in a 

Python (www.python.org) environment described previously [30-34].
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The single-type protein data sets were analyzed as follows. First of all, the atomic coordinates of all 

atoms belonging to the molecule of interest, including water, were used to make a new pdb file; 

these pdb files were built for the CcO subunit I and for the single monomer in the case of 

multimeric crystals of the hCA II. Subsequently sequence and structural analyses were performed as

described [30-34], including the structural alignment of the protein of interest. The coordinates of 

each superposed structure were stored in a new pdb file. The atomic RDFs were calculated as 

detailed above and the mutual Euclidean distances between all the oxygen atoms of the water 

molecules belonging to each protein were calculated by means of a Tcl program in a VMD 

environment. Numerical calculations were implemented in Python as described [30-34]. Further 

details on the data sets and methods are reported in Supplementary Data [27].

6



3. Results

3.1 The water radial distribution function in a high resolution data set

The crystal structures of the HR data set, refined at resolution of at least 1 Å, contain 174167 water 

molecules, including 11794 partially occupied positions. The entire data set is composed of 

structures diffracted at 100 K, in order to reduce the effects of thermal motions on the resolution of  

solvent molecules and to consider temperature homogeneous data. The RDF in this data set is 

reported in Figure 1, left panel. The highest peak in this distribution is at 2.75 Å, in excellent 

agreement with the O-O distance in hexagonal ice Ih at cryogenic temperatures obtained by neutron

diffraction [35], in which the reported values were 2.750 Å at 60 K and 2.751 Å  at 123 K. Even if 

the peak is slightly asymmetrical, with an excess of probability at 2.85 Å relative to that observed at

2.65 Å (see also below), we can conclude that water molecules, to which these oxygen atoms 

belong, are engaged in classic hydrogen bonds, as in ordinary ice. A second lower and broader peak

is centered at 4.45 Å, again in agreement with the structure of the second shell in ordinary ice, and a

third very weak peak indicates the presence of residual order at even greater distances.

An intriguing evidence is the presence of a small peak centered at 2.25 Å. An enlarged view of the 

RDF of this data set is shown as Figure 1, left panel, in the Supplementary Data [27]. This 

maximum was described previously [36] in a survey that included 105 high resolution structures. 

This peak is completely unexpected if one consider the RDF of pure water, and since it is evident 

both in the previous [36] as well as in the present analysis, it should be carefully considered. 

A simple explanation for this peak could be the presence of sodium ions incorrectly assigned as 

water. This because the magnitude of X-ray diffraction depends on the electrons of the molecule or 

atom, and the sodium ion is isoelectronic to a water molecule. Protein-bound sodium ions, correctly 

identified as such, do not represent a problem in this analysis: in the whole HR data set there are 57 

sodium ions in 35 different entries, including some obtained without the use of sodium in the 

crystallization medium. The shape and position of the peak suggest that the misinterpreted sodium 
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hypothesis is an extremely unlikely explanation, as suggested in [36]. To prove this suggestion, we 

use a subset of our HR data set, in which all the entries reporting the use of sodium in crystallization

methods were excluded. The RDF of this data set is reported as Figure 2 in the Supplementary Data 

[27]. The peak at 2.25 Å is still present, therefore excluding that incorrect assignment of sodium can

explain this finding.

Another possible explanation is a very trivial one, namely an artifact of the refinement programs 

used in protein crystallography. This eventuality was seriously considered in [36], where it was 

suggested that this maximum could be the consequence of the default value of the distance cut-off 

in the SHELX [28] software suite. In [36] this possibility, although strongly suggested, was not 

analyzed in detail, probably because this would have meant eliminating almost all the components 

of the data set available at that time. But actually our HR data set is sufficiently large to allow the 

elimination of the entries refined by this program. The RDF of this subset of structures not refined 

by SHELX, containing 269 entries, is reported in Figure 1, right panel. This clearly shows that a 

large part of the signal centered at 2.25 Å in the whole HR data set can be considered an artifact of 

the refinement process. But a probability excess still remains in the RDF values sampled at 2.30 - 

2.50 Å as a small shoulder of the main peak (Figure 1, right panel; see also Figure 1, right panel, in 

Supplementary Data [27] for an enlarged view of the RDF of this data set). 

Although the data presented above seem to exclude that sodium in the crystallization medium may 

be the cause of some signal in the RDF of protein-bound water, to definitively eliminate this 

possibility we analyzed the RDF of a subset of structures not refined by SHELX and not containing 

sodium in the reported crystallization protocol (see Figure 3 in Supplementary Data [27]). The 

RDFs of this last subset and of the no-SHELX HR data set are practically identical, with very small 

differences outside the region of interest. This is further proved by the scatter plot analysis of the 

two RDFs (see Figure 4 in Supplementary Data [27]), thus excluding the possibility that the small 
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shoulder at 2.30 - 2.50 Å in the no-SHELX HR data set may be attributed to the presence of sodium

in the crystallization medium erroneously interpreted as water. 

A plausible explanation for this shoulder is that it arises from some peculiar structural arrangement 

of water. Particularly, direct X-ray determination of the locations of hydrogen atoms in water 

molecules or related species (such as protonated water species) is not possible because of their low 

electron density. Nevertheless, excess protons in water can be revealed by the O-O distances: if we 

observe O-O distances shorter than those expected in hexagonal ice (see above) or liquid water 

(2.85 Å) we are facing potential sites for H+ bridging [19-21]. Protonated (and deprotonated) forms 

of water are characterized by an O-O length distance below 2.70 Å, where short separations (≤ 2.42 

Å) are associated with symmetrical H-bonding in the H5O2
+ Zundel ion, which is a limiting structure

of the hydrated proton; even shorter distances can be expected in the case of the hydrated hydroxide

[24-26]. Our RDF analysis suggests that candidate pairs of water molecules bound by a H+ bridge 

are rare, but not absent, in protein crystals. 

3.2 The high-resolution structures of human carbonic anhydrase II

The HR data set is extremely heterogeneous, because the only common trait of these structures is 

that these are obtained at the same temperature and have a resolution of at least 1.0 Å. Obviously 

the same applies to the subsets of it considered in this work. Consequently, a detailed analysis of all 

the water molecules characterized by a short O-O distance is practically impossible. However, in 

the no SHELX HR data set there are some entries that belong to a highly studied protein, even in 

the context of proton transfer phenomena, namely the hCA II. This is a zinc metalloenzyme that 

catalyzes the reversible hydration/dehydration of CO2/HCO3
- [37]. It is a cytosolic isoform 

expressed in most cell types and involved in several processes. The primary function of carbonic 

anhydrases in animals is to maintain the acid-base balance of blood and tissues and to facilitate the 
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transport of CO2. The hydration of CO2 occurs by the nucleophilic attack of a zinc-bound 

hydroxide. Subsequently the bicarbonate ion is displaced by a water molecule, which loses a proton 

thus regenerating the zinc-bound hydroxide. This proton transfer process is mediated by ordered 

water molecules in the active site that connect the zinc-bound H2O/OH- to H64 [37-41]. Since this 

water network participates to proton transfer, it is conceivable that their components can be trapped 

in protonated forms, at least partially and transiently. To verify this hypothesis, we analyzed the 

hCA II entries in this data set (4MTY, 4Q78, 4YXI, 5LJT, 5OGO, 5Y2R, 5Y2S and 6B00 [42-47]).

The mutual Euclidean distances of all oxygen atoms reported in the pdb file as belonging to water 

molecules have been calculated. Further, the electron density maps of the atom pairs whose mutual 

distance was in the range 2.29 - 2.50 Å were analyzed. This interval was chosen considering the 

shorter O-O distance between water molecules reported in the literature [24-26] and the peak of the 

shoulder in the RDF (Figure 1 in Supplementary Data [27]). This probably excludes from the 

analysis some interesting SDWMs: for example, taking into account the uncertainty associated with 

the temperature factor, pairs separated by distances around 2.20 Å in the crystallographic PDB 

structures could actually be above the minimum allowed O-O distance. But this restrictive criterion 

keeps the possibility of false positives to a minimum. The atoms whose position did not correspond 

to a well defined electron density at 1.0 sigma were excluded. The atoms were subsequently 

excluded if the electron density map at 4.0 sigma was positive at their location. Using this last 

criterion, some oxygen atoms belonging to extremely ordered water molecules (and probably also 

water-related species) were excluded from the analysis, such as the metal-bound ones. However, 

this avoids to consider as water other chemicals that could be present in the crystallization medium, 

particularly those of the third period of the periodic table (with the exception of sodium ion, which 

is isoelectronic to water). The water pairs that meet all these criteria are reported in Supplementary 

Data [27]; we retained 56 O-O pairs over 560371 considered, as detailed in Supplementary Data 

[27], Table 5. Inspection of the above mentioned table shows that no meaningful relations exist 
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between the number of putative SDWM pairs and other parameters, such as resolution, number of 

water molecules per monomer and so on. In 5LJT the low number of candidates could be related to 

the refinement process, because no pairs below 2.44 Å can be observed, as opposed to all the other 

structures of hCA II in the no-SHELX HR data set. In some cases different structures show a raw 

number of candidate pairs that is similar before the map analyses, but it becomes very different after

the quality check. An absolute quantitative analysis of the number of clusters of short-distance 

water molecules is far beyond the scope of this work. But a noteworthy fact is the high number of 

SDWMs in hCA II structures acquired at high CO2 pressure, namely 5Y2R and 5Y2S [46], obtained

2.5 and 7.0 atm CO2 and containing 12 and 17 SDWM pairs respectively (see Table 5 in 

Supplementary Data [27]). 

The localization on the protein of these pairs of water molecules having an O-O distance compatible

with the presence of protonated forms is shown in Figure 2 (note that the Figure reports 

cumulatively all the SDWM pairs observed in the hCA II PDB entries discussed in this Section). As

expected, most of these are in the active site (see Figure 2, left panel). An interesting fact that 

emerges from this analysis is the presence of numerous pairs (or even larger structures) of SDWMs 

that are located at the surface of the protein. This can be observed also in the structures of hCA II 

not included in this data set because of lower resolution or different diffraction temperature (not 

shown). As can be easily seen by looking at Figure 2, a preferential location of these SDWMs is 

evident in some regions of the protein surface; similar behavior is observed in the lower resolution 

hCA II molecules (not shown). The presence of SDWMs on the surface of the protein and their 

preferential localization in some areas of the surface is a quite general phenomenon, and not limited

to the hCAII (not shown). 

3.3 Water molecules in cytochrome c oxidase
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Another interesting system in which proton transfer occurs is CcO. This is a large and complicated 

membrane complex composed of protein subunits, redox active centers, lipids and water that 

operates the terminal step of cellular respiration [48-57]. CcO contains two low potential, redox-

active metal centers: the bimetallic center CuA in subunit II (which titrates as a single electron 

center) and heme a in subunit I. These redox active centers donate electrons to the oxygen reduction

site, composed of two high potential centers in subunit I, heme a3 and CuB (the binuclear center). 

Beside charge movements directly associated to the oxygen reduction chemistry, the enzyme pumps

up to four protons during the four-electrons catalytic cycle. Subunit I is the key player both for 

oxygen reduction and for proton pump; in this protein three channels have been identified in 

crystallographic structures (labeled as K, D and H channels, based on key conserved amino acids), 

which can deliver the protons needed for the oxygen redox chemistry and those pumped  [48-

52,58,59]. 

In the PDB there are some CcO structures obtained at 50 K and characterized by a resolution below 

1.8 Å [50,60,61]: 5B1A (fully oxidized state), 5B1B (fully reduced state), 5B3S (carbon monoxide-

bound mixed-valence), 5XDQ (fully oxidized state), 5ZCP and 5ZCQ (azide-bound states obtained 

by long time exposure to 20 mM or 10 mM azide solutions, respectively). All of these were 

obtained at pH 6.8, excluding 5XDQ which was crystallized at pH 7.3. These structures were 

obtained using sodium in the crystallization protocol, but none reports the use of SHELX in the 

deposited experimental protocol. We analyzed the water molecules contained in the subunit I of 

these structures (a data set containing CcO structures at lower resolution whose diffraction 

temperature was 100 K was also considered; see Supplementary Data [27]). The number of 

crystallographic water molecules attributed to these proteins is reported in Supplementary Data [27]

Table 6; in these structures an inverse relationship can be observed between resolution and number 

of water molecules present in the crystal (Figure 5 in Supplementary Data [27]).
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Figure 3 reports the RDF of the CcO high-resolution data set: the general appearance is similar to  

the HR data set, with a maximum at 2.75 Å. Again, as in the HR data set, the peak is slightly 

asymmetrical, with an excess of probability at 2.85 Å relative to that observed at 2.65 Å, and partial

order in the second shell is also evident. The asymmetry of the main peak is more evident if, instead

of the RDF, we use the distribution of the Euclidean distances of the O-O pairs of nearby water 

molecules. This distribution for the CcO structures obtained at 50 K is reported as Figure 6 in 

Supplementary Data [27]. This distribution shows a major peak centered at 2.78 Å, close to what is 

observed in the hexagonal ice Ih [35]. So from the RDF and the distribution of the Euclidean 

reciprocal distances we can conclude that the water molecules to which these oxygen atoms belong 

are engaged in classic hydrogen bonds, as in ordinary ice. Moreover, in the Euclidean distance 

distribution, beside the major peak, a secondary one centered at 2.88 Å is evident. This can be 

related to the O-O distance in liquid water, which equals 2.85 Å [62]. Other secondary (and noisy) 

peaks can be observed at greater distances, reflecting a partial order in the local structure of CcO 

water molecules. Two similar major peaks can be observed also in the O-O distance distribution in 

a data set obtained considering CcO structures at lower resolution, diffracted at 100 K (Figure 7 in 

Supplementary Data [27]).  

If we hold as threshold criterion for putative bridging H+ sites O-O distances in the range 2.29 - 2.50

Å as above and considering the electron density maps at 1.0 and 4.0 sigma as described for the hCA

II, we obtain 37 candidates in the data set (see Table 6  in Supplementary Data [27] for details) 

These water clusters are located mainly at the N- and P-surface of the protein, sometimes in groups 

containing three water molecules (suggesting the presence of hydrated proton as an H7O3
+ ion). It is 

interesting to note that at the N-surface of the protein these SDWM clusters are located in the 

neighbor of the entry mouth of the three proton channels (H, D and K), as shown in Figure 4. This 

finding supports the hypothesis that these clusters are not mere artifacts, but instead regions of the 

water network where excess (or defect) protons localize. Another region at the N-side of the protein

13



surface in which a number of water clusters characterized by low O-O distances are visible is 

between the residues H503, E506 and E507. Notably, H503 has been identified as one of the 

residues involved in the binding of a zinc ion at the N-side of CcO, whose depressive effect on the 

proton pump activity is well documented [52,63]. At the P-side of the protein surface there are some

SDWM clusters too. The most notable one is located in a cleft delimited by residues H138, E119, 

A122, S142 and Q52 (see Figure 4). It should be noted that no SDWMs are detectable near the D51,

the heme propionates or the magnesium ion (the reader should keep in mind that this in no way 

implies that these residues are not involved in pumping).

Inside the protein there are seldom candidate clusters of SDWMs, which are detectable only in the 

azide inhibited species (see Figure 5). A water pair is visible in the D channel in one of the CcO 

subunits of the enzyme treated with 10 mM azide, and candidate SDWM clusters are visible in both 

the azide inhibited species near the conserved H413 in the H channel. These last clusters are at 

hydrogen bond distance from the imidazole ring of H413 (the cluster toward the P side) or of a 

water molecule that is at hydrogen bond distance of the same residue (the one located toward the N 

side). Determining if these structure composed of H413 and water molecules are frozen 

intermediate of the pump (which would imply that the channel is important for the CcO proton 

pump [49,50]) or strong proton trap (which would suggest a dielectric well role for the channel 

[59]) will require further analyses. 
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4. Discussion

In this report we have shown that it is possible to obtain information about the presence of water 

clusters containing an excess (or defect) of protons, inside or at the surface of proteins, by the 

analysis of their O-O distances. In the presence of anomalously low O-O values (the SDWM 

clusters described above) it is very probable that we are facing such a type of chemical species 

[19,20]. With the exception of those observed in bacteriorhodopsin and CA II [9,10], to date no 

structural evidences of protonated (or deprotonated) water molecules have been reported in the 

PDB entries obtained by X-ray diffraction. 

Our data confirm the presence of a strong peak at the expected distance for hydrogen-bonded water 

molecules, whose shape suggest the presence of at least two different more frequent values of the 

O-O distance. The fact that two types of hydrogen bonds can be observed is in itself interesting. The

(old) notion that water can be best described as a two-phase mixture of ice-like and liquid-like 

configurations, although no longer sustainable in its original formulation, still maintains its 

influence in the current molecular models of water [2]. However it should be noted that here we are 

not dealing with bulk water but with protein-bound water; consequently, the presence of ice-like 

and liquid-like values in the hydrogen bond distances can be justified simply by the microscopic 

complexity of samples. A small maximum around 2.3 Å was previously reported in the RDF of 

crystallographic water in a data set containing atomic resolution protein structures. Even if the 

possibility of protonated water forms was not excluded, this finding was attributed mainly to 

refinement artifacts [36]. Actually our results clearly show that a large part of this peak in the RDF 

is due to refinement artifacts. However, after excluding the structures affected by these artifacts, the

presence of a residual density in this region of the RDF indicates that protonated water clusters 

should be taken into account to explain this anomaly in the O-O distance distribution of protein-

bound water.
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The claim that we can locate the clusters of protonated water within the crystallographic structure of

a protein immediately raises some problems. First of all, the H+
aq is a transient species, that decays 

in the picosecond time scale in liquid water: i.e. the hopping phenomenon will occur after (or 

within) a waiting time of this order of magnitude. Even if we are considering diffraction patterns 

obtained at 50 K or 100 K, proton diffusion in amorphous ice at cryogenic temperatures can be still 

significant [64,65]. Rotational motions should be expected also in the case of well ordered water 

molecules and labile protons of ionizable side-chains can exchange too. Consequently, a 

hypothetical "free" proton has time to visit a number of water molecules in the crystal during the 

diffraction time. So how can we expect to see a labile structure in a particular position? Another 

important point is the expected number of hydronium (and protonated water species in general) and 

hydroxide ions in the vicinity of a protein. If we compare the number of SDWMs reported in this 

analysis for each protein with the expected number of H+
aq and OH-

aq in an equivalent volume of 

solution at the crystallization pH, the number of SDWMs might seem too large. Again, we must 

consider that here we are considering not bulk water, but water bound to proteins. Theoretical 

works have shown that two-dimensional confinement between Lennard-Jones walls enhances the 

self-dissociation of water [6] (however see also [7]), thus suggesting the possibility that the 

nanoconfined water inside or at the surface of a protein could exhibit an increased ionic product. 

Moreover, in the first layers of protein hydration the presence of charges capable of neutralizing 

those of the protein is expected, therefore it is conceivable that species deriving from the self-

dissociation of water can be part of the system of counterions.

A plausible interpretation of reported data is therefore probabilistic: the SDWM clusters are simply 

crystallographic water molecules that preferentially bind the excess of protons (see scheme in 

Figure 6). Or equivalently, these are positions in the water molecule network where it is much more

probable than average to find an excess of protons in a given instant (or a proton defect). Excess 

proton localization should be considered as averaged over the X-ray exposure time, which is 
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typically in the order of seconds. For example, near a negatively charged amino acid is probable on 

average to find a proton, i.e. a SDWM pair. Amino acid charges are not the only explanation for 

SDWMs: surface clefts and nearby structures into the crystal can be also considered, as well as the 

experimental conditions. About this, it is suggestive to note the number of SDWM pairs in the high-

resolution hCA II exposed to high CO2 pressure [46], i.e. obtained in the presence of high chemical 

activity of the enzyme substrate.

The hypothesis above explains also why in hCA II structures obtained by neutron diffraction no 

evidences of protonated (or deprotonated) water clusters are reported, where instead their presence 

is suggested in this work. Although this technique can detect the presence of hydrogen atoms, 

because it is the presence of nucleons that determines the neutron diffraction, nevertheless this 

requires the presence of ordered and stable atomic nuclei. Consequently, and similarly to X-ray 

electron density maps, no direct signals are expected in the case of dynamic or static disorder, as 

suggested above for the proton excess (or defect) in the crystallographic water network.  

It should be noted that, also assuming the average positions reported in the PDB for each water 

molecule as absolutely exact, the Debye-Waller factor associated to each atom implies that static or 

dynamic mobility of crystallographic water molecules must be taken into account. This source of 

uncertainty forces us to consider these SDWMs as potential candidates, and not as certain sites 

where a charged water cluster is located (not shown). To be reasonably sure that we are dealing 

with protonated forms of water, further considerations have to be made. So we consider significant 

the presence of such SDWM clusters in protein regions in which proton transfer occurs, i.e. the 

channels in CcO and the water network that leads protons from the protein surface to the zinc-

bound compound in the hCA II (or vice versa). Also significant is the presence of such clusters in 

known antenna regions at the protein surface of hCA II (E69 and D72; not shown) and of CcO (near

the residues H503, E506 and E507; see Figure 4) [66-70]. This latter finding is in accord also with a

recently proposed mechanism of CcO pump, in which thermal type motions on the P and N surfaces
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of CcO subunit I participate in the thermodynamic barrier height fluctuations, which are crucial for 

proton uptake and release [71]. Finally, the presence of charged water species in the hydration layer 

at the protein surface is a well documented fact [72,73] and our data show the ubiquitous presence 

of SDWM clusters at the protein surface, as a sort of electrical double layer of proteins.
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Figure legends

Figure 1. The RDF in the HR data sets. The Figure shows the oxygen water RDF of the whole 

HR data set containing 469 entries (left panel) and of the HR subset of structures not refined by 

SHELX containing 269 entries (right panel), described in the main text. All structures in the data set

have a resolution of at least 1 Å and were collected at 100 K.

Figure 2. The hCA II short distance water pairs. The Figure shows the short distance water pairs

in the hCA II entries in the HR data set not refined by the SHELX program (see text). These 

structures, including the water molecules, were aligned to a common references. Protein surface 

refers to the 5Y2R structure, obtained by a 1.4 Å probe. Red, blue, green and white regions 

correspond to acidic, basic, polar and non-polar residues, respectively. Left panel is a view from the

entry mouth of the active site, whilst the opposite side is reported in the right panel. The positions of

water molecules belonging to short distance pairs are marked as orange spheres (all water pairs in 

the considered structures are cumulatively reported). In the active site are visible also a CO2 

molecule (in licorice), the zinc ion (yellow sphere) and the oxygen of the H2O/OH- zinc-bound 

species (red sphere).

Figure 3. The RDF in the CcO data sets. The Figure shows the oxygen water RDF of the CcO 

data set containing the high-resolution structures diffracted at 50 K described in the text. All 

structures in the data set have a resolution < 1.8 Å.

Figure 4. The CcO short distance water pairs. The Figure shows the short distance water pairs in 

the CcO high-resolution structures obtained at 50 K (see text). These structures, including the water 

molecules, were aligned to a common references. Protein surface refers to the subunit A of 5B1A, 
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obtained by a 1.2 Å probe. Red, blue, green and white regions correspond to acidic, basic, polar and

non-polar residues, respectively (in cyan a residue classified as unassigned by VMD). The positions

of water molecules belonging to short distance pairs are marked as orange spheres (all water pairs in

the considered structures are cumulatively reported).  Left panel: P-side view of the protein surface; 

the purple sphere represents the magnesium ion, and immediately below is the heme in licorice. 

Right panel: N-side view of the protein surface; capital letters indicate the entry mouth of the D, K 

and H channels. 

Figure 5. Stereo view of the azide inhibited CcO. The strucure of the azide inhibited CcO 5ZCP, 

subunit A, is reported. Heme groups and residues  D91, E242, K319 and H413 are in licorice; the 

magnesium ion and the CuB are reported as purple and silver spheres, respectively.  The positions of

water molecules belonging to short distance pairs are marked as orange spheres (all water pairs in 

the azide-inhibited structures are cumulatively reported). 

Figure 6. O-O distance and excess proton in crystallographic water. The scheme depicts the 

proposed explanation for the SDWM pairs in high-resolution crystal structures. Hydrated protons 

live in the water network; depending on the relative residence time of a proton in a particular 

location of the ordered crystallographic water network, the O-O distance of the water molecules that

share it, obtained by X-ray diffraction, varies from values practically indistinguishable from the 

hydrogen bond length to those typical of the Zundel ion.  
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