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ABSTRACT: Solvent organization is a key but underexploited contributor to the thermodynamics of protein–ligand recognition, with implications for ligand discovery, drug resistance and protein engineering. Here, we explore the contribution of solvent to ligand binding in the Haemophilus influenzae virulence protein SiaP. By introducing a single mutation without direct ligand contacts, we observed a >1000-fold change in sialic acid binding affinity. Crystallographic and calorimetric data of wild-type and mutant SiaP showed that this change results from an enthalpically unfavourable perturbation of the solvent network. This disruption is reflected by changes in the normalized atomic displacement parameters of crystallographic water molecules. In SiaP’s enclosed cavity, relative differences in water-network dynamics serve as a simple predictor of changes in the free energy of binding upon changing protein, ligand or both. This suggests that solvent structure is an evolutionary constraint on protein sequence that contributes to ligand affinity and selectivity. 

INTRODUCTION
Protein function evolved in an aqueous environment. Water is fundamental for the folding, structure, dynamics and function of proteins and is the driving force behind the hydrophobic effect, enzyme catalysis1, electron transfer2, functional tuning3, allostery4 and ligand binding5. Water’s unique ability to donate and accept two hydrogen bonds (H-bonds) at minimal size mediates interactions between proteins and their ligands. Ligands also have to compete with water for binding to the protein cavity. Depending on the context, water molecules will be replaced, retained or displaced to favor or oppose ligand binding6. Historically, water was thought to primarily contribute entropically to ligand binding through a classical hydrophobic effect7. However, thermodynamic signatures of hydrophobic ligand binding have demonstrated that, in some cases, enthalpic contributions also play an important role8-9. This occurs either through displacement of poorly ordered water molecules or formation of newly ordered water networks during binding. For instance, extending a ligand by a methyl group to displace a trapped water molecule from the lipophilic part of the binding site increases its potency 33-fold in the adenosine A2A G protein–coupled receptor10. While drug designers seek to pragmatically improve ligands by considering waters, capturing water’s energetic contributions to ligand binding remains challenging due to its high context dependence. This makes it difficult to decide whether displacing or keeping a water is advisable. Consequently, water is often ignored when studying protein–ligand interactions. To address this shortcoming, several investigators have developed computational implementations of the inhomogeneous solvation theory11-12 over the past decade and applied them with some notable successes to distinguishing “happy” from “unhappy” waters in ligand discovery13-15.
Although two ligands may bind with similar affinities, their signatures of enthalpy (ΔH) and entropy (ΔS) in the overall Gibbs free energy of binding (ΔG) may be vastly different. This is due to complex contributions from ΔH and ΔS that can be attributed to the disruption or stabilization of water networks16-18. The effect of these contributions is not always compensatory, it can be obscured by conformational shifts19 and vary substantially in a series of protein mutations or ligand modifications20. This underscores the importance of the hydrogen-bond network of water21. Beyond acknowledging its importance qualitatively, we need to better understand the quantitative impact of perturbing water networks. However, experimental accounts of isolating the contributions of individual waters remain rare. Difficulties lie in the complexity of even deceptively simple biological systems and the lack of 
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Figure 1. Structure of SiaP and sialic acid ligands. (a) SiaP undergoes a ‘Venus flytrap’ closure upon binding to sialic acid ligands Neu5Ac, Neu5Gc or KDN [chemical structures in (b)]. (c) The binding site of SiaP (grey sticks) binds Neu5Ac (light blue sticks) and traps ten water molecules, numbered W1-W10, near Neu5Ac. Waters are shown as spheres coloured by their Bnorm factor deviation from the mean (blue -1σ, white +1σ, red +3σ or higher). (d) SiaP mutant A11N (red sticks) bound to Neu5Ac (light blue sticks), with waters numbered and coloured as in (c). The presence of Asn11 displaces W4 (occupancy 0.1) and remodels W3 (modelled in two positions with partial occupancy) and W6.

appropriate experimental methods to isolate thermodynamics of individual waters. The few studies in which water–ligand thermodynamics were measured used model systems with relatively rigid and preformed ligand-binding sites, such as carbonic anhydrase18, 21 and thermolysin8, 22. Although these studies have been ground-breaking in their descriptions of water networks, they may not fully capture context-dependent network effects in more complex biological systems with therapeutic relevance. 
[bookmark: _GoBack]Here, we studied substrate binding protein SiaP, a sialic acid binding virulence factor from Haemophilus influenzae, to gain insight into factors that drive ligand binding. SiaP utilizes a ‘Venus flytrap’ conformational rearrangement (Figure 1), engulfing the sialic acid substrate and more than a dozen water molecules, which are well-defined in crystallographic electron density maps23-26 (Fig. S1). The substrate is then presented to the membrane-embedded translocation machinery of a tripartite ATP-independent periplasmic (TRAP) secondary transporter, SiaQM, for uptake into the cell. Sialic acid is subsequently used as either a nutrient or, more importantly, for immune evasion through cell surface sialylation enabling host colonization and cell wall synthesis27. In this study, we consider the contribution of this water network to the thermodynamics of SiaP binding to several substrate ligands: the common sialic acid, N-acetylneuraminic acid (Neu5Ac, 1), and closely related ligands, N-glycolylneuraminic acid (Neu5Gc, 2) and 2-keto-3-deoxynononic acid (KDN, 3), which are all transported by SiaPQM (Fig. 1). The binding affinity of Neu5Ac to wild-type SiaP (SiaP WT) was determined using isothermal titration calorimetry (ITC) as 30 nM (Table 1). Following the introduction of a single alanine-to-asparagine mutation at SiaP residue 11 (A11N) that does not interact directly with the ligand, we observed a 1400-fold decrease in Neu5Ac affinity. To understand the origin of this dramatic change, we solved high-resolution crystal structures of the SiaP–ligand complexes at both cryogenic temperature and room temperature (RT). Comparison of the structures of SiaP WT and SiaP A11N bound to Neu5Ac demonstrated that the ligand-binding mode and protein conformation were unaffected. However, we observed subtle changes to the solvent network around the ligand. A thermodynamic cycle between ligand-bound and -unbound (apo) SiaP highlights perturbed water networks as the major source of the observed large decrease in affinity. We corroborated this observation with a simple calculation that considers only the differences in water dynamics to estimate the free energy of binding of related complexes. 
Enhancing our understanding of the role of water in ligand binding will have important implications for predicting binding affinities from structural information and designing small molecule drugs, probes and proteins. More fundamentally, this work indicates that water networks are an additional evolutionary constraint upon protein sequence to maintain ligand binding and modulate the affinity of those interactions.
METHODS
Wild-type (WT) and mutant (A11N) SiaP protein were purified and crystallized as described28 (details in SI section 1.1). Reagents of the appropriate grade were purchased from Sigma unless otherwise noted. See the supplementary methods for further details on all experimental methods and calculations.
Ligand binding experiments. Thermal shift assays to determine thermal melting temperatures (Tm) were run in triplicate on a Stratagene Mx3005P qPCR machine (Qiagen) with SYPRO Orange dye (Sigma) using a ramping speed of 1°/30s from 25°C – 95°C; the fluorescence was monitored at 517nm (excitation) and 585nm (emission). Isothermal titration calorimetry (ITC) measurements 

Table 1. Thermodynamics and thermal stability of SiaP proteins with sialic acid ligands.
	
	Kd (µM)
 ΔG, ΔH and -TΔS (kcal mol-1) by ITC
	Thermal stability* (oC) ± SD

	
	Neu5Ac
	Neu5Gc
	KDN
	Tm (H2O)
	ΔTm (H2O) + 50 µM Neu5Ac
	Tm (D2O)
	ΔTm (D2O) + 50 µM Neu5Ac 

	SiaP WT
	0.030 ± 0.012
-10.3, -21.5, 11.2

	0.138 ± 0.013
-9.4, -22.7, 13.3

	8.3 ± 1.5
-6.9, -14.2, 7.3

	53.6 ± 0.2
	5.5 ± 0.1
	56.7 ± 0.1
	5.1 ± 0.5

	SiaP A11N
	42 ± 2.8
-6.0, -9.1, 3.2
	31 ± 0.4
-6.2, -7.7, 1.5
	497†
n.d.
	51.9 ± 0.1
	0.2 ± 0.1
	55.5 ± 0.2
	0.2 ± 0.1


* Determined by differential scanning fluorimetry; † Kd was determined by fluorescence; n.d. not determined

were carried out using a MicroCal Auto-iTC200 (Malvern Instruments). Standard binding experiments were carried out in Tris-HCl (H2O) at varying temperatures (15, 20, 25, 30, 37 °C) and repeated in triplicate. Experiments to determine solvent isotope effects were carried out in phosphate buffer in D2O or H2O. These measurements were repeated up to six times to minimize standard error and enable comparison of small enthalpy changes.
Theoretical calculations. Calculated thermodynamic values ΔG, ΔH, and ΔS of introducing the mutation A11N to the apo state of the protein (WT vs. A11N) were estimated using literature values for the thermodynamics of hydration of protein groups as detailed in SI section 1.7. Molecular mechanics calculations were performed with CHARMM29 version 40.1 using the CHARMM36 forcefield with standard atom typing and parameters for the protein atoms and c36_carb.rtf to define atom types and charges for Neu5Ac.
Crystallography. Crystallographic data were collected at the European Synchrotron Radiation Facility (ESRF), Grenoble, or at DIAMOND light source, Didcot. To maintain crystal humidity during helical room-temperature data collection, harvested crystals were covered with a MiTeGen MicroRT sleeve that contained mother liquor, sealed using vacuum grease. For refined structures, normalized B-factors were converted into Boltzmann energies as discussed in the text and further detailed in SI section 1.9
RESULTS
Structural analysis of SiaP–ligand complexes highlights binding contribution of water molecules. The binding affinity of Neu5Ac to SiaP WT and SiaP A11N was measured by ITC and further characterized by thermal-shift analysis. Neu5Ac bound SiaP WT with a dissociation constant (Kd) of 0.030 µM (Table 1). When binding to SiaP A11N, the Kd dropped to 42 µM, a difference of more than three orders of magnitude, consisting of ΔΔH of 12.4 kcal mol–1 and –TΔΔS of –8.0 kcal mol–1 at 298K. These differences in affinity were reflected in a 5.5°C thermal stabilisation of SiaP WT by 50 µM Neu5Ac, compared to only 0.2°C stabilisation of SiaP A11N (Table 1).
To rationalise this large change in binding affinity, we obtained and compared high-resolution crystal structures of SiaP WT and SiaP A11N in complex with Neu5Ac (data statistics in Table S3). Figure 1 shows a simplified representation of the ligand-binding site of these two structures and highlights ten water molecules trapped within this site (electron density maps shown in Fig. S1). Remarkably, the positions of the protein and ligand atoms in the two structures appeared mostly unchanged, with an overall root mean square deviation (RMSD) of 0.08 Å that was within experimental error, with the exception of the mutant asparagine side chain at residue 11. The mutated side chain was not in direct contact with the ligand, with a nearest distance of ~4.7 Å. Hence, the 1400-fold change in Neu5Ac affinity cannot be explained by apparently negligible differences between the crystal structures. However, the mutated asparagine side chain sterically expelled water molecule W4 from the binding site (see SI for details). Consequently, two water molecules nearest the mutation site (Fig. 1) moved by 0.6 Å (W6) and 0.2/1 Å (for two equally occupied, alternative positions of W3). The other water positions remained largely unperturbed -the difference in the average length of H-bonds made by ten waters between the WT and A11N Neu5Ac-bound structures was less than 0.01 Å (SI section 1.2).
To clarify whether the large change in binding affinity of Neu5Ac was ligand specific, we measured the binding of other sialic acids, Neu5Gc and KDN, to SiaP. Binding of Neu5Gc followed a pattern similar to that of Neu5Ac, with tight binding to SiaP WT (Kd 0.138 µM) and weak binding to SiaP A11N (Kd 31 µM). The weaker binding ligand KDN had a Kd of 8.3 µM for SiaP WT. Its affinity for SiaP A11N decreased to the point where it escaped accurate determination by ITC. Using intrinsic fluorescence, we estimated a Kd of around 500 µM (Table 1, cf. SI Methods). Although not as extreme as for Neu5Ac, the 200-fold decrease in affinity upon A11N mutation for Neu5Gc and 50-fold drop for KDN are still considerable. 
To track structural changes, we solved the structures of these four additional SiaP–ligand complexes in the same space group at high resolution (1.2-1.7 Å) at cryogenic temperatures (Fig. 2). Again, the protein and ligand conformations were retained following the introduction of the A11N mutation, and subtle changes to the water networks around the point of mutation were apparent. In the case of Neu5Gc, W4 was not expelled from the binding site, as it was for Neu5Ac, but its position shifted so that the H-bonds geometries of W3, W4 and W6 were suboptimal. W6 shifted and was no longer H-bonded to Neu5Gc. For the smaller ligand KDN, an additional water, W11, filled the space of the missing N-linked side chain of Neu5Ac, resulting in an overall shift in the water network. Therefore, the affinity of SiaP WT for KDN was much lower than that for Neu5Ac and Neu5Gc (Table 1). 
Thermodynamic cycle identifies water contributions to decreased binding affinity. To isolate the contribution of displaced water to the overall binding thermodynamics, we utilised a thermodynamic cycle (Fig. 3). The measured experimental values for ligand binding are equilibrium constants A (for SiaP WT) and B (for SiaP A11N), and the values for mutation of the protein are transitions X (ligand bound) and Y (unbound). The difference in free energy between SiaP WT and SiaP A11N ligand–bound complexes, noted as X, can therefore be derived via the route X = –A + Y + B, as indicated by the blue dashed arrow in Figure 3.
Transition Y in the unbound protein is commonly ignored and assumed to be negligible. While we saw a less than 2C decrease in protein stability upon mutation in H2O (Table 1), we used established, albeit approximate methods to estimate Y (see SI). The literature values for solvation entropy and enthalpy of methane to acetamide, as a surrogate for the alanine-to-asparagine mutation, were used with conventional surface area proportionality calculations (see SI). For water-exposed residues this approximation has been supported by alchemical free energy simulations30. Together, these calculations estimate a –1.2 kcal mol–1 change in solvation energy when introducing the mutation31-33. This energy difference between the apo states (Y) does not account for the magnitude of the difference between A and B, which was –4.4 kcal mol–1.
We also sought to consider other confounding factors in our interpretation. For X, the conformation of ligand and protein were essentially unchanged (RMSDs < 0.1 Å), except for the introduction of the mutated side chain A11N. While the asparagine side chain is found in a minor rotameric form, we observed that it is not sterically constrained by the surrounding protein (SI section 1.2). We, therefore assumed the internal energy of the ligand and protein to be approximately the same and would be a minor contributor to X. 
In order to consider the magnitude of contributions that electrostatic and Van der Waals interactions would have on ligand interaction energies, we performed conventional energy calculations (SI methods 1.6). Using a molecular mechanics model for interaction of Neu5Ac with residue 11 in the absence of water, we calculated the ligand-binding energy difference between WT and A11N to be ~1 kcal mol–1. The sign of this change was dependent on the orientation of the amide of the asparagine side chain.
[image: ]
Figure 2. Crystal structures of WT and mutant (A11N) SiaP bound to Neu5Gc or KDN. (a) Binding site of SiaP WT (grey sticks) bound to Neu5Gc (green sticks) highlighting water molecules, numbered W1 – W10, within 4 Å of Neu5Ac. Waters are shown as spheres coloured by the Bnorm factor deviation from the mean (blue -1σ, white +1σ, red +3σ or higher). (b) Binding site of SiaP A11N (red sticks) bound to Neu5Gc, waters numbered and coloured as in (a). SiaP WT (c) and SiaP A11N (d) bound to KDN (yellow sticks), waters near KDN are numbered W1-W11. Waters are shown as spheres and coloured as in (a).
With the estimated value for Y and measured values for A and B in the thermodynamic cycle we obtained a ΔG value of X of 3.2 kcal mol–1, made up of ΔH 11.7 kcal mol–1 and –TΔS –8.6 kcal mol–1. This suggested that the majority of the experimentally observed 4.4 kcal mol–1 decrease in Neu5Ac free energy of binding upon protein mutation can be attributed to the disruption of solvent, rather than a significant change in the free energy of the unbound or bound mutant protein.
Next, we compared the values obtained for X using the adjusted thermodynamic cycle with published values for the binding free energies of water molecules, derived from theoretical and experimental studies. For ΔH contributions, the theoretical values proposed by Cooper, of 1.4 to 2.9 kcal mol-1, and by Hilser of 0.5 kcal mol-1 34-35 are lower than values stated by Freire36 (8 kcal mol-1) or those derived experimentally here. A similar difference is seen for the entropy (–TΔS at 298K) with theoretical studies from Cooper estimating 0.8 kcal mol-1 versus up to 2 kcal mol-1 from Dunitz37. Consistent with Dunitz’s estimate, inhomogeneous solvation theory calculations on 23 hydration sites by Huggins38 resulted in an average –TΔS value of 1.82 kcal mol-1, with higher values of 2.67 kcal mol-1 for a water near two charged residues. Protein molecular dynamics calculations by Olano and Rick on two hydrated protein cavities give values more closely comparable to those seen experimentally here39. For one model, they calculated a ΔG of desolvation of 4.8 kcal mol-1, made up of ΔH 10 kcal mol-1 and –TΔS –5 kcal mol-1, reasonably close to our experimental values.
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Figure 3. Thermodynamic cycle of SiaP. Schematic representation of a thermodynamic cycle in which transitions A and B represent Neu5Ac (purple) binding to SiaP (WT in grey, A11N mutant in red). A water molecule present in SiaP WT (top right) is expelled from SiaP A11N in complex with Neu5Ac (bottom right). Transitions X and Y represent the introduction of the mutant side chain for the holo and apo protein, respectively. Each transition is determined by an equilibrium constant (A, B, X, Y). Gibbs free energy (ΔG), enthalpy (ΔH) and entropy (–TΔS) are noted in kcal mol–1. Values for A and B are measured by ITC, and Y is approximated by literature values. The blue dashed line represents the determination of X, where X = –A + Y + B. 
These comparisons show that our approximation of the thermodynamic contributions of an individual water molecule (here W4) to the free energy of binding are comparable to the highest theoretical values reported in the literature. The magnitude of the change suggests that the thermodynamic consequence of mutating SiaP originates from the collateral disruption of the remaining solvent network. It has been previously observed that in protein–ligand interactions that occur with sequestration of water molecules, the change in heat capacity of binding (ΔCp) is negative35. To determine ΔCp, we performed ITC experiments over a range of temperatures for ligand binding to SiaP WT and A11N (Fig. 4, Table S1-S2). Overall, ΔCp measured for all three ligands (Neu5Ac, Neu5Gc, KDN) binding to SiaP WT were large and negative (SI Table 1), typical for a ligand binding event that sequesters waters (Fig. 1-2). Cooper calculated water sequestration to result in a more negative ΔCp of approximately –18 cal mol-1 K-1 per water molecule35. Others experimentally determined more negative ΔCp values of –4831 Ref. 40, –5721 Ref. 41, and –608 cal mol-1 K-1 per water molecule42. We calculated a value of 24 cal mol-1 K-1 for transition X of our thermodynamic cycle (SI section 1.7). This is of the expected sign and magnitude for the release of a single water we observed upon mutation (SI section 1.7). However, the experimental change in ΔCp observed between WT and mutant was within the experimental error with a p-value of 0.41 (Fig. 4b).
To further experimentally determine the contribution of solvent reorganization to ligand binding, we compared ligand binding in H2O versus D2O Ref. 43 (see SI sections 1.4-1.5). The stabilising effect of Neu5Ac on ΔTm of WT and mutant protein in D2O was the same as in H2O (Table 1), but D2O stabilised both proteins by 3-4C, compared to H2O, due to changes in hydration of nonpolar residues44 as reported for other proteins45. It is known that D-bond enthalpy is increased by ~10% in comparison to H-bond enthalpy43. The rearrangement of water upon ligand binding can, therefore, be observed from this isotope effect by comparing ITC data measured in H2O and D2O buffer solutions (Fig. 4).
These measurements for SiaP WT, gave a change in the enthalpic contribution to binding of –0.5 kcal mol-1 in D2O. This observation of a more negative ΔH in D2O was unusual and may indicate changes in the H-bond patterns of the solvated and bound species46. These changes are likely due to the conformational change of SiaP, upon Neu5Ac binding, leading to enthalpically driven water capture. In contrast, for SiaP A11N the enthalpic contribution of Neu5Ac binding is changed in D2O by +0.5 kcal mol-1. This typical signature of water contribution to ligand binding can be attributed to the displacement of water by the A11N side chain in the closed state of SiaP. Hence, the overall difference in ΔHD2O between WT and mutant SiaP was ~1 kcal mol-1. Considering that D-bond enthalpy is increased by ~10% over H-bonding43, the estimate of ΔHH2O would be ~10 kcal mol-1 in water, which is of similar magnitude as the ΔH of 11.7 kcal mol-1 of transition X in our thermodynamic cycle. These data further underscore a strong enthalpic solvent contribution to ligand binding, which decreases upon mutation.
Solvent dynamics link to ligand affinity. Given that the geometry of the water H-bond networks are preserved, it is possible that it is the dynamics of the water molecules that make a contribution. Within static crystal structures, atomic displacement parameters (or B-factors) capture some dynamic aspects; they model the fall-off of electron density from the mean position. As their magnitude depends on resolution, we normalized water B-factors (Bnorm) to facilitate comparisons across different complexes. Bnorm values among all datasets reported here ranged from –1.22 to 6.9 in agreement with previously observed limits of –1.2 to 7.2 set by Carugo47 (SI and Tables S5-S9), where a completely displaced water with an occupancy of zero would have a Bnorm value of 7.2. We borrow this term to account for displaced waters in our pairwise comparison. Generally, Bnorm values for waters W1-W10 are higher in the SiaP-mutant structures, compared to the WT complexes, across all ligands (Figs. 1 and 2). The greatest differences were observed for W3, W4 and W6 and in some cases W2. For example, water networks around Neu5Gc appeared positionally retained in the SiaP A11N complex (Fig. 2a, b), whereas Bnorm values revealed that these waters were indeed substantially perturbed by the presence of the A11N mutation. Qualitatively it makes sense that water network shifts are detected near the mutation site and this response can be tracked either by movement or elevated Bnorm values.
We ventured to compare these qualitative observations of the important contributions of water to the overall experimental free energy of binding. As a simplistic, experimentally-driven way to assess the energetic contributions of the water network, we converted crystallographic B-factors to Boltzmann energies via equation (1) 
 		(1)
This composite equation leans on several assumptions mentioned above. First, we normalize absolute water B values to Bnorm; then, using Carugo’s relationship47, we convert Bnorm to occupancies; finally, we use the Boltzmann equation to scale those occupancies into water energies for comparison with experimental ΔG values (see SI section 1.9 for details and definitions). 
We then used equation (2) to combine the changes across the water network for each complex (Erel) in comparison to a reference complex (Eref).
 		(2)
We used this approximation to estimate the relative changes in water network energetics upon modifying protein and/or ligand using the highest-affinity complex with the native substrate Neu5Ac as a reference. Note that in contrast to common practice of ignoring water, we are accounting only for relative Bnorm values of a set of 10 binding-site water molecules within each crystal structure. So as to support the notion that water contributions can dominate binding affinities, rather than to obtain true binding free energies. Comparing water networks between Neu5Ac–SiaP A11N and the reference, predicted a ΔGcalc of –5.16 kcal mol-1 versus the experimental ΔGexp of –5.96 kcal mol-1. Notably, this is the complex with the surprising 1400-fold decrease in affinity that had originally sparked this study. The success of this ΔGcalc prediction, with an error of 0.81 kcal mol-1, or 4-fold difference in experimental (42 M) versus predicted (166 M) Kd, was opposed by the worst prediction in the set with a ΔGcalc of –9.62 kcal mol-1 versus a ΔGexp of –6.14 kcal mol-1 (ΔΔG 3.48 kcal mol-1) for the SiaP A11N–Neu5Gc complex (Fig. 5d and SI section 1.9). 
To account for the impact of temperature on protein and solvent structure48,49, we further determined crystal structures of Neu5Ac bound to SiaP WT and A11N at room temperature (RT) (Fig. 5). The resulting structures superposed with an RMSD of 0.23 Å to their cryogenic equivalent, with the water network differing by less than 0.18 Å on average (Table S10). Notably, at RT we observe three alternate conformations of residue A11N, which are not visible in the cryogenic electron density maps, and refined to 34, 24 and 42% occupancy (for conformations from left to right in Fig. 5c; see SI section 1.2 for further discussion). Consequently, the positions of W2, W3 and W4 co-varied with their respective side chain conformers. 
Using the water network in the RT structure to calculate the ΔGcalc of the cryogenic structure resulted in an error of 0.09 kcal mol-1, within experimental error. Unsurprisingly, the presence of multiple alternative protein/water conformations in the SiaP A11N complex at RT complicated our simplistic predictions and led to the second-worst prediction overall, which had an error of 3.16 kcal mol-1. In contrast, the comparison to the analogous cryo structure was off by only 0.81 kcal mol-1. As independent datasets, both were included in calculating the overall root mean square error (RMSE) across all eight crystal structures presented here. The RMSE of this simple ΔG predictor was 2.2 kcal mol-1 (Fig. 5d and SI). At least qualitatively, this allows energetic rank-ordering of the complexes (SI section 1.9), and hints at the dominant contribution of solvent order to changes in binding affinity upon changing protein, ligand or both.
DISCUSSION
Considering common practices in rational ligand discovery, it is perplexing to find a decrease in ligand affinity by three orders of magnitude, while protein and ligand conformations and interactions appear preserved upon mutation. Our detailed structural and thermodynamic approach identified water perturbation as the main contributor to this dramatic effect. While there are many possible confounding effects, including side-chain electrostatics and rotameric states, changes in the free energy of the unbound or bound mutant protein, ligand and protein strain, and others, our analysis suggests these do not dominate the observed change in free energy of binding. Therefore, the majority of the experimentally observed 4.4 kcal mol–1 decrease in Neu5Ac free energy of binding upon protein mutation can be attributed to the disruption of solvent. Overall, three principal observations emerged from this study.
First, water has a significant role in the thermodynamics of ligand binding that may not be obvious in apparently unperturbed crystal structures. Here, these hidden features were exposed (i) by considering Bnorm values of perturbed water networks and (ii) by collecting crystallographic data at room-temperature to reveal higher-energy conformations of a mutated residue that were invisible in the conventional cryogenic dataset. 
Second, a corrected thermodynamic cycle revealed that the majority of the observed 1400-fold decrease in binding affinity upon mutation was caused by the perturbation of solvent networks. Although this treatment was very approximate it demonstrated that the magnitude of the changes were beyond what would be expected. This was corroborated by experimental measurements of solvent contributions to ligand binding. Theoretical calculations of water thermodynamics likely “underestimate” the observed contribution of water since experimental studies are confounded by collateral perturbation of the water network, even if conducted as systematically as this study.
[image: ]
Figure 4. Heat capacities and thermodynamic signature plots for H2O and D2O. (a) Enthalpy (ΔH) of sialic acid binding to SiaP as a function of temperature for Neu5Ac binding to SiaP WT (solid lines) and SiaP A11N (dotted lines). (b) The linear slope of ΔH from (a) plotted as ΔCp for SiaP WT and SiaP A11N binding to Neu5Ac. (c) ITC signature plot for Neu5Ac binding to SiaP WT in H2O and D2O at 298K. The free energy (ΔG, grey), enthalpy (ΔH, purple), and entropy (–TΔS, orange) of binding are shown. (d) Inset of ΔH from (c) with p-value, as determined by unpaired Student’s t-test. (e and f) ITC signature plot for Neu5Ac binding to SiaP A11N in H2O and D2O, coloured as in (c) with inset of ΔH as in (d).
From a ligand standpoint, water plasticity enables promiscuous binding. For instance, in the KDN complex a new water molecule maintains water network integrity in the absence of the ligand’s N-acetyl group. An extreme example of promiscuity is oligopeptide-binding protein OppA5, where all protein–peptide interactions are water mediated, thereby allowing sequence-independent peptide binding. In turn, to achieve high ligand selectivity and affinity, water networks need to be optimized alongside protein sequence. This suggests that water poses an additional constraint on protein evolution; after all, protein function evolved in water.
Third, flexibility is linked to protein function50. Crystallographic B-factors serve as a proxy for changes in atom mobility. Atomic displacements in the crystal capture static and dynamic disorder from lattice disorder, intramolecular motion and crystal contacts. We normalized B-factors of enclosed cavity waters and used relative values referenced to a structure solved in the same space group, under the assumption that systematic errors cancel out and meaningful differences emerge. Despite ignoring all other terms, Boltzmann energies derived from Bnorm values of perturbed water networks captured the majority of decreases in the free energy of ligand binding to SiaP, for a range of –4.5 to –10.3 kcal mol-1 across different mutants and ligands. The exquisite sensitivity of water to nearby change makes it a pragmatic reporter for routes of optimization in ligand discovery and protein design. 
Considering water perturbation alone to rationalise affinity changes is the direct opposite of the traditional and convenient practice of ignoring water. Such a reductionist approach has obvious limitations. It ignores explicit H-bonds, chemical environment, internal energies of ligand and protein and allosteric effects. Nonetheless, given its predictive power to estimate ΔG with an RMSE of ~2.2 kcal mol-1 for the enclosed cavity of SiaP, this approach implicitly captures major contributions of water networks to the overall energetics of ligand binding. Others have previously included protein B-factors in a scoring function to improve the performance of protein−ligand binding-affinity predictions51. Notably, Dunitz makes this link between water’s free energy of binding to corresponding B-factors, although using absolute values rather than normalized ones, in his seminal Science paper37. Around the same time, Poornima and Dean mention B-factors take into account the mobility of water molecules as part of their Hydration in Drug Design trilogy52. Considering the context-dependence of water’s thermodynamic contributions, different thermodynamic signatures amongst similar ligands and the fact that just changing isotopes from H2O to D2O substantially affects protein stability and ligand-binding enthalpy, it is surprising that the conceptually reasonable connection between mobility and affinity is borne-out in our simplistic approximation.
We also expected thermodynamic data collected at room-temperature to be more interpretable by structural data collected at RT rather than those collected at cryogenic temperature. However, our RT structures exposed another complication by revealing otherwise hidden, alternative states of the mutated side chain: water positions and occupancies co-varied with these alternative states. This suggests that predictions in less-controlled systems are likely more challenging. Given its simplicity, it will be interesting to see how this Bnorm approach applies to other systems – the time to estimate relative free energies of binding is negligible compared to computationally expensive approaches that can lead to comparable RMSEs53-54.
These caveats should not distract from the implications of this study towards a more dynamic view of exploiting protein–ligand interactions. Our experimental data quantify water as a major contributor to ligand binding. Clearly, the importance of water cannot be underestimated in ligand discovery or protein engineering. If not a predictor in its own right, this comprehensive dataset will serve as a resource for the computational community to advance methods that predict free energies of binding while accounting for water network contributions. Beyond their role in ligand discovery, water networks are key in the natural or intentional evolution of protein function.
[image: ]
Figure 5. Room temperature structures and ΔGcalc predictions using only differences in water networks. (a) SiaP WT binding site with Neu5Ac bound. Colours as in Fig. 1. (b) SiaP A11N binding site colours as previously described. (c) Arrows in the Ringer plot (left panel) indicate two alternative A11N conformations at RT (red line) that are not seen at cryogenic temperatures (blue line), and 2mFo-DFc electron density omit maps (right) contoured at 1σ (blue) and 0.5σ (grey). (d) Plot of ΔGexp vs. ΔGcalc for each protein–ligand complex (PDB label); light grey dotted lines indicate ΔG values of  1 kcal mol-1 from the dark grey line of identity. The datasets have an RMSE of 2.2 kcal mol-1 with an R2 of 0.51 and p-value of 0.07 (linear fit shown as solid black line).
CONCLUSION
In summary, we propose that solvent networks can make substantial contributions to the affinity of a ligand binding to a protein. Perturbation of these water networks, even without disrupting ligand or surrounding protein, can substantially impact ligand affinity through the decrease of enthalpically optimal interactions and the introduction of solvent mobility. In addition to highlighting key factors to consider in structure-based ligand design, our results suggest that protein structure co-evolves with water structure to discriminate for a particular ligand. Any change in the protein or the ligand not only removes specific protein–ligand interactions, but also perturbs the water network. This plasticity provides an additional mechanism to modulate the relative affinity of related ligands and balance selectivity and promiscuity.
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