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Abstract
The topological control hypothesis presented by Bostick and Brooks [Proc. Natl. Acad. Sci. USA
104:9260, 2007] has sought to explain binding selectivity in potassium channels on the basis of
universal environment-independent features related to ion coordination. This leads to the view that
ion selectivity is predominantly controlled by the number of ligands coordinating the ion, and that
the chemical type of those ligands plays a minor role. The significance of the topological control
hypothesis and its ability to predict ion selectivity in protein binding sites are examined. It is shown
that the framework encounters increasing difficulties when different protein binding sites with similar
coordination numbers are considered.

Introduction
Understanding the microscopic mechanisms by which proteins can bind specific ions is a
question that has fascinated scientists for decades. Ion binding to specific protein sites occurs
for purposes of stabilization as well as playing central roles in enzyme catalysis [1,2,3,4]. Ion
movements across the cell membrane is tightly controlled by specialized proteins such as
pumps, transporters, and ion channels [5]. The high discrimination displayed by membrane
channels and transporters between K+ and Na+ is particularly remarkable because these two
monovalent cations are very similar, differing only slightly in their atomic radii. For example,
K+ channels can conduct K+ ions at a rate near the diffusion limit and remain highly selective
over Na+.

While permeation is a non-equilibrium process, several aspects of selectivity in membrane
channels may be understood on the basis of equilibrium thermodynamic of ion binding [6,7,
8]. In this context, selectivity is governed by the relative free energy of ion i and j,

(1)

where  is the free energy difference between ion i and j in the bulk

solvent, and  is the free energy difference between ion i and j in the binding
site. Because small ions are strongly bound to water molecules in bulk solutions, the protein
site must provide coordinating groups that help compensate the loss of hydration. Binding
selectivity arises when this energetic compensation is more favorable for one type of ion than
for another, relative to the hydration free energy.
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A particularly important system where those concepts may be applied is the K+-selective KcsA
channel. The determination of its structure to 2.0 Å resolution by X-ray crystallography
revealed the chemistry of K+ coordination in the narrowest part of the pore to atomic details
[9]. Selectivity was explained by pointing out that the coordinating carbonyl ligands were
positioned to precisely fit K+ but not Na+ [10]. Molecular dynamics (MD) simulations,
however, indicated that the structure was too flexible to be consistent with this explanation
[11]. Results from free energy perturbation (FEP/MD) simulations showed that the pore was
nevertheless highly selective for K+ over Na+ in spite of the fluctuations; the most selective
location in the selectivity filter being the site S2 with a ΔΔGNa,K of about 5.5 kcal/mol [11,
12]. This value is in good agreement with the most accurate measurements of binding site
selectivity in K+ channels, which have been obtained with the large conductance MaxiK
channel using barium block assays [6,7,8]. The ΔΔGNa,K was measured as 5.5 kcal/mol =
kBT ln(27mM/2.7μM), the ratio of the dissociation constants of K+ and Na+ to the external
“lock-in” site; the latter corresponds to the binding site S2 [13]. Further analysis shed light on
the mechanism by which selectivity for K+ over Na+ can be robustly maintained, in spite of
the thermal fluctuations of a flexible binding site [12,14,15].

Considering additional molecular systems helps further illuminate the microscopic basis of ion
binding selectivity. Generallly, the results from FEP/MD simulations based on molecular
mechanical force fields are consistent with experimental observations: KcsA [11,12,16,17] and
valinomycin [12,18,19] are highly selective for K+, the NaK channel is permissive for Na+ and
K+ [20,21,22], and the two binding sites of the leucine transporter LeuT are highly selective
for Na+ [23,24]. The large difference in hydration free energy between Na+ and K+, about 17.2
kcal/mol [25], clearly sets a fundamental “baseline” for the selectivity of cation binding sites

in proteins. Since  is the same regardless of the protein binding site, a reasonable view
is that the microscopic causes of selectivity are to be understood from the detailed interactions

controlling the quantity  itself. This is indeed the case: in the site S2 of the KcsA channel,
the K+ is coordinated by eight carbonyl oxygen from the protein backbone; in the most selective
site of the leucine transporter LeuT, the Na+ is coordinated by six ligands including one
negatively charged carboxylate oxygen [23,24]; in the non-selective sites of the NaK channel,
the cation is coordinated by 6-8 carbonyls and water molecules [21,22]. These considerations
lead to the view that selectivity in flexible protein binding sites is controlled both by the number
and the chemical type of ion-coordinating ligands [12,21,24].

Alternatively, some theoretical studies have sought to explain binding selectivity on the basis
of universal environment-independent features associated with ion coordination. This
perspective leads to the view that ion selectivity is predominantly controlled by the number of
ligands coordinating the ion and that their chemical type plays a minor role [26,27,28]. Such
a seductively simple idea, based on an assumed equivalence among the ion-coordinating
ligands, goes back to classic work by Mullins [29]. In the “topological control” hypothesis
presented by Bostick and Brooks [28], this proposition was put on a quantitative footing by
proposing that differences in the probabilities Pi(n) and Pj(n) of the n-coordinated states of
ions i and j occurring spontaneously in the bulk phase can be translated into an intrinsic
“topological” free energy, ΔJij(n) = kBT ln[Pj(n)/Pi(n)], that directly reflects the relative free
energy ΔΔGij governing ion selectivity in a protein binding site. A two-dimensional topological
control free energy surface ΔJNa,K(n,m) = kBT ln[PK(n)/PNa(m)] was constructed from MD
simulations of Na+ and K+ in bulk water to predict selectivity in protein binding sites [28].
Indeed, this construct predicts that the S2 binding site of KcsA with its n = 8 backbone carbonyl
ligands is selective for K+ over Na+, in agreement with FEP/MD simulations [11,12].
According to this view, the ion bound in the site S2 of KcsA is “over-coordinated”, leading to
a less favorable free energy for Na+ relative to K+ [26,27,28].
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However, the topological control hypothesis encounters increasing difficulties when additional
systems are considered. For example, valinomycin binds K+ with six ligands, but is highly
selective for K+ over Na+ [12,18,19]. The NaK channel presents a coordination structure that
is similar to that of KcsA but is non-selective [21]. The amino acid transport LeuT possesses
two Na+-selective binding sites comprising five (3.2 kcal/mol) and six (6.1 kcal/mol) ligands
[24]; mapping those coordination states onto ΔJNa,K would actually predict that those sites
would be non-selective. Moreover, a survey of bound K+ and Na+ in the protein database
indicates a large overlap of coordination numbers, suggesting that this is not a strong
discriminating factor for Na+ or K+ binding [24]. In spite of these difficulties, the notion that
selectivity in protein binding sites can be understood solely from the permeant ion's coordinated
state remains very attractive. In a recent study, the topological free energy map has been used
to assess the selectivity of the cationic NaK channel [30]. In other words, the ΔJNa,K(n, m)
reported in Ref. [28] is starting to be treated as a universal “free energy meter” that can be
utilized as a substitute for genuine FEP/MD simulations for estimating ΔΔGNa,K. The purpose
of this communication is to clarify the significance of the topological control hypothesis and
examine the validity of the topological free energy surface ΔJNa,K to evaluate the selectivity
of ion binding sites.

Methods
Theoretical Developments

To clarify the role of hydration number and the significance of the topological control

hypothesis, let us re-express the relative free energy  of ion i and j in the bulk solvent in
terms of constrained n-coordinated states. This is achieved by introducing a Kroenecker
discrete delta function δnn′, equal to 1 only when the instantaneous coordination number of the
ion n′ is equal to n [31]. By definition, Pi(n) is equal to 〈δnn′〉(i). It follows that,

(2)

where  is the free energy difference between ion i and j in the bulk for a solvation
shell constrained to have a coordination number equal to n and ΔJij(n) = kBT ln[Pj(n)/Pi(n)].
Accordingly, the total free energy difference from Eq. (1) may be expressed as,

(3)

The step-by-step thermodynamic procedure underlying the topological hypothesis stated by
Eq. 3) is illustrated schematically in Fig. 1.

It is of practical interest to further reduce the complexity of the multi-dimensional
configurational integrals in Eq. (2) by integrating out the degrees of freedom that do not
participate directly in ion coordination. For any instantaneous configuration R, we can write
n′(R) = Σi hi, where hi is a step-function equal to 1 when the i-th molecule is inside the ion's
coordination shell region and zero otherwise. It follows that,
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(4)

where X represents the coordinates of the ion and the n water molecules in the coordination
shell, Hbulk(n) = h1h2 … hn is a step function enforcing the confinement of the n water
molecules, and ΔWbulk is the PMF representing the influence of the surrounding bulk phase
onto the ion and the n water molecules in the coordination shell [31,32]. Although a unique
Hbulk(n) was assumed for ion i and j in Eq. (4), in principle the step function enforcing the n-
coordination state could depend on the ion type.

Computational Details
The simulation methodology and PARAM27 force field parameters have been described
elsewhere [11,12,21]. The simulations with PARAM27 [33] and Drude polarizable [34,35,
36] force fields were performed with CHARMM c35a1 [37]; those with the Amoeba
polarizable force field [38,39] were performed with Tinker [40]. For the bulk solvation
properties of Table 1, a box of 216 water molecules under periodic boundary conditions was
simulated at 298 K and 1 atm. The ΔJNa,K(n) was calculated by directly counting the probability
of the n-coordinated structure (Pi(n)) in unbiased 1 ns MD simulations. The coordination
number of of Na+ and K+ in bulk water were calculated by counting the frequency of having
exactly n water within a distance of 3.5 Å. The distance of 3.5 Å closely corresponds to the
the minimum in the radial distribution function of K+ (at 3.6 Å), and the minimum in the radial
distribution function of Na+ (at 3.2 Å) with both the non-polarizable and polarizable force
fields. The coordination number distributions are very similar with both force fields. The

unconstrained  and the constrained  were calculated using FEP/MD
simulations. The 8-coordinated state was enforced by a steep flat-bottom harmonic restraint
with a force constant of 100 kcal/mol/Å2 during the FEP/MD simulation. The relative free
energy of Na+ and K+ in a droplet of eight water confined by a half-harmonic potential at 3.5
Å with a force constant of 100 kcal/mol/Å2 was calculated using FEP/MD simulations [12,
21]. Trajectories of 1 ns were generated and combined using the weighted histogram analysis
method (WHAM) [41,42]. The results are shown in Figs. 2 and 3. The probabilities of the 8-
coordinate states of K+ and Na+ in the KcsA channel were calculated from a trajectory of 2 ns.
The results are shown in Fig. 4.

Results and Discussion
It is important to delineate the conditions under which the the topological free energy
contribution ΔJij(n) can be used to ascertain ion selectivity in protein binding sites. According
to Eq. (3), the contribution from ΔJij(n) dominates when its magnitude is much larger than the

difference between  and . The implication is that the relative free energy of
ion i and j in a n-coordinated state in two different environments, bulk water and protein binding
site, must nearly cancel out. This is illustrated schematically in Fig. 1. For the n-coordinated
state in the bulk phase, the n solvent molecules fluctuate within the confined sub-volume of
the coordination shell while they are surrounded by a high dielectric fluid (Fig. 1B). In contrast,
the n ligands in the binding site are tethered to the protein structure and are held in place via a
wide range of architectural forces, including covalent bonding, hydrogen bonding, and van der
Waals packing (Fig. 1C). For example, a bound ion in the site S2 of the KcsA K+ channel finds
itself in an anhydrous environment where it is primarily coordinated by eight carbonyl
backbone oxygens. Despite the considerable differences of the binding site S2 with bulk water,

Yu et al. Page 4

J Phys Chem B. Author manuscript; available in PMC 2009 October 5.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



the topological control hypothesis postulates that ΔJNa,K(n) calculated from K+ and Na+ in
bulk water can serve to explain the high selectivity of KcsA [28].

To ascertain the applicability of the topological control hypothesis expressed by Eq. (3), we

first examine the quantitative equivalence between  and  by characterizing
the free energy contributions corresponding to Fig. 1 for ions binding to the site S2 of the KcsA
channel. The results are given in Table 1 for the standard PARAM27 force field [33] and a

more accurate model accounting for induced polarization [34,35,36]. The quantities ,

, and ΔJNa,K(n = 8), calculated independently, satisfy the constraint imposed by

the thermodynamic cycle of Fig. 1 and Eq. 3):  is indeed equal to

. The 8-coordinate state constraint yields a topological free energy
ΔJNa,K of about 1-2 kcal/mol. This value is considerably smaller than that indicated in Ref.
[28]. The discrepancy is partly explained by noting that the topological free energy map
ΔJNa,K(n,m) in Ref. [28] was produced by fitting Gaussian functions to the distribution of
coordination number PK(n) and PNa(m). The topological free energy ΔJNa,K tends to be
overestimated because the the true distributions are not gaussian-like (the problem arises from
the tail of PNa(n) near n = 8 where its value is close to zero). While the topological constraint
ΔJNa,K displays a slight preference in favor of K+, it differs quantitatively from ΔΔGNa,K
calculated by FEP/MD [12,21]. Based on the present analysis and the results given in Table 1,

the free energies  and  are not equivalent.

To shed additional light on the selectivity displayed by a n-coordinated state, it is interesting
to consider a simple reduced (“toy”) model comprising only the ion surrounded by n water
molecules restricted to remain within a maximum distance. The free energy difference in such
a reduced model is realized by setting the influence of the surrounding bulk ΔWbulk to zero in
Eq. (4),

(5)

The relative free energy of K+ and Na+ in the confined droplet was calculated using FEP/MD
simulations. Fig. 2 shows that a confined droplet comprising eight water molecules displays a
small preference of 1-2 kcal/mol for K+ over Na+. This result is obtained from a variety of
models, polarizable and nonpolarizable alike, and is consistent with the topological
contribution ΔJNa,K calculated from the probability of 8-coordinate states in liquid water (Table
1). It is noteworthy that the calculated relative hydration free energy of K+ and Na+ in small
confined droplets of water molecules approaches bulk-like values for n equal to 4-6, consistent
with experimental gas phase data [25,43]. Hence, the lack of prominent selectivity in the small
water droplet is an unavoidable trend, as long as the confinement imposed by Hbulk does not
interfere too much with the ion coordination.

In apparent contradiction with the above results, Bostick and Brooks [28] presented results
indicating that a confined droplet of eight water molecules was selective for K+ over Na+ by
about 4 kcal/mol. This value, which is almost equal to the ΔΔGNa,K obtained from all-atom
FEP/MD simulations in the S2 binding site of the KcsA channel as well as a “toy model” of
eight confined carbonyl CO [11,12], provided a strong support for the topological control
hypothesis [28]. But as seen in Fig. 2, the free energies reported in Ref. [28] using Amoeba
are outliers with respect to all other results, including a new set of calculations with Amoeba.
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Such quantitative discrepancy between well-converged FEP/MD simulations generated with
reduced systems comprising only a small number of particles must be explained. The origin
of the difference can be traced back to the details of the simulations of the reduced binding site
model Eq. (5) generated in Ref. [28]. The spatial confinement Hbulk on the eight Amoeba water
molecules was enforced using the WALL option of the program Tinker [40]. This involves
applying a radial Lennard-Jones (LJ) 6-12 potential to all the particles contained inside a
spherical region. By default, the WALL option of Tinker includes an attractive energy well
applied to each of the three atoms forming a water molecule. According to a simple perturbative
analysis, the attractive LJ well uwell is akin to an extra “structural” potential, which yields an
additional free energy contribution, 〈uwell〉(Na) − 〈uwell〉(K). The latter enhances
selectivity for the larger cation: the attractive LJ well “pulls” the water molecules away from
the central cation, effectively favoring K+ over Na+. The WALL confinement was used only
for the calculations involving Amoeba, whereas all the other systems shown in Figure 2A of
Ref. [28] were taken directly from previously published values generated using a steep flat
bottom half-harmonic potential [21]. For this reason, the comparison of 8-coordinated systems,
water or carbonyl CO, shown in Figure 2A of Ref. [28] is invalid, and the statement “water
molecules and carbonyl groups can both provide K+ selective environments if equivalent
constraints are imposed on the coordination number of the complex” is incorrect. As shown in
Fig. 3 the system become increasing more selective for K+ when the LJ well deepens. When
the well depth is negligible, the binding site model of eight water molecules displays only a
marginal selectivity for K+ over Na+. All the results are consistent once this is taken into
account. Under identical conditions, the flexible binding site comprising eight carbonyl CO is
considerably more selective than the corresponding system with eight water molecules (Fig.
3). A recent study confirms this observation and clarifies its origin [15].

It is important to realize that the magnitude of ΔJNa,K is directly affected by the criteria used
to define the n-coordinated state in Eq. (2). In a fluid, it is customary to define the “coordination
shell” of the ion based on the first minimum in the ion-solvent radial distribution function.
However, such a simple definition becomes problematical in the case of an ion bound to a
protein. A protein is not a fluid, and the concept of a minimum in a radial distribution function
is not applicable. Here, we used a unique maximum distance of 3.5 Å for all states based on
the dominant 8-coordinated state observed in the KcsA binding site (Fig. 4). Fundamentally,

this choice is motivated by Fig. 1, which seeks to establish the equivalence of  and

 that is implicitly assumed in the topological control hypothesis [28]. The present
choice is also consistent with previous studies [12,21] and a recent analysis based on the
topological hypothesis [30]. In principle, one could choose different distances to define the
first coordination shell of K+ and Na+ in the bulk phase and in the binding site. However, the
four independent distances required to decompose the free energies in Eq. (1) would
undermines the transparency and clarity of a simple argument drawn from the concept of a
constrained coordination state aimed at explaining ion selectivity. As shown in Fig. 4, the
probability of the 8-coordinate states for a cation in the binding site S2 of the KcsA channel
reaches a maximum around 3.5 Å; the maximum is at 3.25 Å for Na+ and 3.75 Å for K+. On
average there are roughly eight ligands within a distance of 3.5 Å from the ion, but there are
frequent excursion to various coordination states (from 6 to 9). It is therefore an approximation
to assume that n = 8 represents the coordination state of a cation in the S2 site of KcsA.

More generally, a strict decomposition of the free energy based on the coordination states of
the ion in a protein binding site would require consideration of the probabilities  and

 of the spontaneous occurrence of n-coordinated states for ions i and j in the protein
binding site. The latter would then have to be translated into a second “topological” free energy

 for the protein binding site, leading to the relation . While
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a complete decomposition of  and  can certainly be carried out, the advantages of
pursuing this formal route are unclear. Partly to address such issues, Bostick and Brooks
proposed to consider the coordinated states of an ion immersed in a “soup” of freely moving

protein ligands [28]. The quantity  obtained by counting the number of ligands around
the ion would then be used as a yardstick to assess the role played by topological constraints
in the protein site. However, the concept of such a “soup” of ligands is problematical for two
reasons. First, the probabilities of n-coordinate states  depend on the ion-ligand
interactions as well as the density and excess chemical potential of the ligands forming the
“soup” [31], but there is no obvious prescription for setting the value of those parameters.
Second, there is no reason to expect that  should mirror the values of  in the
protein.

One may argue that the relative free energy of K+ and Na+ in the cluster of n = 8 water molecules
observed in Fig. 2 is nevertheless revelatory of a fundamental mechanism that is pertinent to
explain the occurrence of low selectivity binding sites [28]. There is indeed a slight preference
of about 1-2 kcal/mol for K+ over Na+ according to the computations. However, because the
calculated free energy differences are small and there is considerable variability variations
between the different models, such results should be interpreted with great caution. For
example, the ΔΔG(n = 8) is predicted to be 2.1 kcal/mol for the Drude polarizable model, but
only 1.4 kcal/mol for Amoeba. In fact, the limitations of current computational models are
uncovered by considering the enthalpy of small K+ hydrates in the gas phase. For clusters of
n=1-6 water molecules, the values from the Drude model are 17.5, 33.0, 46.2, 57.7, 67.0, and
76.0 kcal/mol, respectively [35]. For Amoeba, the values are 16.9, 31.9, 44.3, 55.1, 64.8, and
72.2 kcal/mol, respectively [38,39]. By comparison, the gas phase experimental values are
17.9, 34.0, 47.2, 59.0, 69.7, and 79.7 kcal/mol, respectively [25,43]. The discrepancies between
the different values are on the order of 0.5-1.0 kcal/mol for n = 1, but become considerably
larger as n grows.

There are good reasons to expect that relative free energies are more accurate than indicated
by this comparison, and to some extent, meaningful computational studies are made possible
by relying on cancellation of errors [44]. Conclusions drawn from an analysis of the the most
selective sites in KcsA [11,12] and LeuT [24] exhibiting large free energy differences (4-5
kcal/mol) are presumably less sensitive to such inaccuracies. But ultimately, the comparison
with the experimental gas phase data shows that all potential functions have limitations.
Quantum mechanical (QM) calculations might, in principle, provide information based on first
principles. However, utilization of QM approaches is not without problems. First, it is
important to realize that there are underlying approximations to the potential energy surface
obtained from current QM and density functional methods [35]. Furthermore, configurational
sampling at finite temperature is also an important issue. Because they are computationally
expensive, QM studies of ion selectivity are commonly based on a comparison of energy-
minimized configurations rather than Boltzmann averages [26,27]. Accordingly, the free
energy difference between K+ and Na+ is approximated by taking the difference of two separate
minimum energies for the ion and its n coordinating ligands. One can utilize FEP/MD
simulations based on a polarizable potential function to illustrate and assess the magnitude of
the error arising from an energy minimization procedure. If straight energy minimization is
performed until the gradient is small, tests calculations show that the system will unavoidably
get trapped in one of the multiple local energy minima. This gives rise to uncorrelated errors
that are on the order of 2 kcal/mol with n = 8 compared to the free energy computed by FEP/
MD. Test computations show that there exist an increasingly large number of local minima for
ions bound to small cluster for n > 4. Alternatively, if efforts are made to search extensively
to discover the absolute energy minimum, systematic errors on the order of 2.5 kcal/mol ensue
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for n = 8 compared to the relative free energy computed by FEP/MD on the same system. These
considerations suggests that estimating quantitatively the slight free energy preference for
K+ over Na+ in the confined water cluster relative to bulk water is at the limit of current
computational methods.

In summary, whether the topological free energy ΔJNa,K(n = 8) is taken from bulk solution
(Table 1) or estimated from reduced models (Fig. 2), its value is close to 1-2 kcal/mol according
to the present calculations. This is clearly too small to account for the binding free energy at
the site S2 of the K+ channels based on the most reliable estimate from experiments [6,7,8] as
well as all-atoms FEP/MD simulations [11,12]. The chemical type of ligands in the site S2 has
an important impact on the magnitude of relative free energies and cannot be neglected [21].
A binding site of eight carbonyls or eight water molecules differ substantially. Lastly, the
present analysis shows that the topological map ΔJNa,K generated from MD simulations of ions
in bulk water does not provide a universal measure of transfer free energy to estimate the
selectivity of protein binding sites and that it cannot be used as a substitute for genuine FEP/
MD simulations.
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Figure 1.
Schematic representation of the role of coordination states in bulk solvent in ion selectivity. In

(A), the ions i and j are free in solution; the free energy difference is . In (B), the ions i
and j are immersed in the bulk phase but constrained to be coordinated by n solvent molecules;

the free energy difference is . The probabilities for ion i and j to spontaneously realize
a n-coordinated state in solution are Pi(n) and Pj(n), respectively. In (C), the ions i and j are in

the protein binding site surrounded by n ligands; the free energy difference is . Ion
binding sites in proteins are typically embedded in a nonpolar low dielectric shell (colored
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grey) [45]. The notation  is meant to emphasize that the binding site is effectively
constrained to provide n coordinating ligands.
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Figure 2.
Relative K+/Na+ free energy of hydration in the gas phase as a function of the number of water
molecules in the cluster from simulations with different potential models and experimental
data [25,43]. For a direct comparison, the results taken from Figure 2A of Ref. [28] are included.
The relative hydration free energy of K+ and Na+ at 298.15 K with SWM4-NDP, TIP3P and
Amoeba are -17.3, -18.3 and -17.3 kcal/mol, respectively. The confinement is imposed as a
flat-bottom half-harmonic potential of 100 kcal/mol/Å2 at 3.5 Å.

Yu et al. Page 13

J Phys Chem B. Author manuscript; available in PMC 2009 October 5.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Free energy in reduced models of eight ligands. Relative K+/Na+ free energy as a function of
the well-depth (∈min) of the Lennard-Jones WALL confining potential in Tinker.
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Figure 4.
Probability to find exactly eight oxygen ligands (backbone carbonyls, water, hydroxyl or
carboxylate) around K+ or Na+ in the binding site S2 of the KcsA channel (solid lines). At the
larger distances, the average number of ligands is 10 when the eight carbonyls and the 2 nearest
water molecules are included (dashed lines).
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