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Introduction

Computational studies of molecular systems use a variety of models to characterise intermolecular interactions. These models range from computationally expensive but accurate ab initio calculations to parameterised force fields developed for macromolecular systems. The quality of a model ultimately determines the reliability of the results while its computational cost determines the feasibility. The trade-off between accuracy and computational cost makes it difficult to design a force field that is robust and transferable across a wide range of problems. Popular and practical force fields, such as AMBER [1,2],

CHARMM [3], OPLS [4][5][6][7], and MMFF [8] rapidly evaluate the potential energy but all have well-known theoretical limitations [9]. All these force fields describe the electrostatic interactions in terms of atomic point charges. It has long been recognised that such models often provide only an approximate or even inconsistent picture. These simple models cannot reproduce non-spherical features of the electron density, which significantly contribute to the electrostatic properties of molecules [10]. The transferability of point charges between molecules is inherently limited because they are sensitive to the conformation of the molecule [11][12][13]. Point charge models are strongly dependent on the model that fits the charges, which leads to potentially large differences in atomic charges [14][15][16]. Furthermore, it has been demonstrated that standard force field parameters are not accurate enough to model chemical properties such as redox potentials in certain biochemical systems [17].

Point charges are often inadequate in tackling molecular modelling applications that require formation of complexes between two or more molecules [18]. In the modelling of biological systems, hydrogen bonds must be accurately represented by potential energy models. Due to the predominately non-covalent nature of hydrogen bonds, they tend to have directionality and are not properly modelled with point charges. Potentials calculated with atomic charges cannot reproduce the anisotropy of the charge density of the oxygen atom and the resulting lone-pair preference of hydrogen bonds [19]. In the modelling of azabenzenes, the explicit addition of lone pair sites delivered superior results against experimentally determined crystal structures compared to a monopole-only model [20]. Point atomic charge electrostatic models often lack sufficient mathematical flexibility to describe the electrostatic potential between the molecules [21].

To overcome the limitations of point charge models one needs a more accurate and complete model of charge distribution, which is provided [22][23][24][25][26][27][28][29][30][31] by multipole moments (charge, dipole, quadrupole, etc.) centered at every nucleus. The inclusion of higher multipole moments helps to address the effects of non-spherical features in the charge distribution on intermolecular electrostatic interaction [32]. Multipole moments also describe more accurately interactions between aromatic π systems in nonpolar molecules that play an important role in protein structures, molecular recognition and understanding crystal structures [19]. Numerous studies on crystal structure prediction [33][34][35][36][37][38][39] report that the multipolar potentials are more accurate in modelling the hydrogen bonds. Another important application of modelling is in polymorphism studies of organic molecules. A principal requirement in the study of polymorphism is that the potential has to be equally realistic for all phases. Using a multipolar model proved to produce a significant improvement in modelling organic crystal structures [36,40].

A very popular model to obtain atomic multipole moments is Distributed Multipole Analysis (DMA) [41], proposed almost three decades ago by the dedicatee of this Special Issue. DMA takes advantage of the irreducibility of spherical tensors [42] to formulate its multipole moments compactly, in contrast to the reducible (and soon unwieldy) Cartesian moments. This advantage is shared by quantum topological (multipole) moments, which we use in this work. The theory of Quantum Chemical Topology(QCT) [43][44][45][46][47] defines atoms as finite volumes in 3D space, determined solely by the gradient of the electron density.

Concerned about the convergence of an expansion involving QCT multipole moments, we demonstrated the satisfactory convergence of atomic multipole moments in reproducing the electrostatic potential [48,49] and electrostatic atom-atom interaction [50,51]. We proved that the convergence sphere can be expanded using continuous "Bessel moments" [52] and more dramatically by "inverse moments" [53]. Moreover the 1,3 and 1,4 interactions (of typical force field nomenclature) can be expressed as a convergent multipole expansion [54], putting these interactions on a par with non-bonded interactions, normally at longer range (1,n where n>4). Even exchange energy can be favourably expanded in terms of exchange moments [55] but their ultimate practical use in a force field is not clear yet. In subsequent work [56] we focused on the convergence of the electrostatic multipolar expansion at medium and long range. Given two atom types at a given distance, we determined which (expansion) rank is necessary for the electrostatic energy to converge to the exact interaction energy within a certain error. It was also proven that QCT moments can be used in the prediction of structure of nucleic acid base pairs [57] and molecular dynamics of liquids [58][59][60], even with polarisation [61], modelled by training a neural network.

In the companion paper [62] to this article, QCT provided well-defined water molecules inside clusters of pure water, serine/water clusters and tyrosine/water clusters. This enabled intra-and intermolecular charge transfer to be monitored and related to the polarisation of water in hydrogen-bonded networks. Here, we examine the capacity of multipole moments to predict geometries. As an added value we compared the results with those predicted by a variety of atomic point charge models.

Computational Details and Materials (systems)

We examined three groups of clusters: pure water clusters, hydrated serine and hydrated tyrosine. The water clusters consisted of all oligomers from the dimer to the nonamer. Both amino acid clusters involved complexes containing one, two, three, four and five water molecules. Three different classes of models generated geometries for relevant minima of all clusters. They are the ab initio level, which is taken as a universal reference, the QCT multipole models and the point charge (force field) models. The ab initio calculations were guided by X-ray structures and the Cambridge Cluster Database [63].

Starting geometries were provided as close as possible to the desired minimum in the potential energy surface such that all models should be able to find the same minimum.

The performance of the models was assessed by representative geometrical parameters, that is, a selection of distances, hydrogen bonded angles and non-bonded angles (involving 3 atoms) and dihedral angles (4 atoms).

Figures 1,2 and 3 near here

The water monomer and clusters shown in Figure 1 were geometry optimised at the GAUSSIAN03 [66] was used with the GDIIS method [67], which proved crucial to achieve convergence in the geometry optimisation of many supermolecular complexes. The aug-cc-pVDZ basis set was chosen from recently published results on the accuracy of the electrostatic interaction energy at different levels of theory [68]. Moreover, the B3LYP/augcc-pVDZ level of theory yields a molecular dipole moment of 1.857 D for the water molecule, in excellent agreement with the experimental value of 1.855 D [69,70]. Also, the experimental value of 2.973 DÅ [71] for the quadrupole moment agrees well with the computational value of 2.846 DÅ. The same type of optimisations were performed on serine-water clusters (Figure 2), and tyrosine-water clusters (Figure 3). The global minimum of a given pure water cluster was taken as a starting point for the corresponding hydrated amino acid. For example, the starting geometry for Ser…(H 2 O) 3 was the optimised water tetramer with one water molecule substituted by serine. The alcohol group was used to preserve the hydrogen-bonding network in all cases and to produce a minimum similar to that of the pure water analog. Similar minima have been observed experimentally and studied theoretically for phenol-water clusters with up to 9 water molecules [72][73][74].

Wavefunctions generated from GAUSSIAN03 were used in the program MORPHY01 [75][76][77] to compute QCT multipole moments. The atomic basins were capped by the ρ=10 -6 a.u. isodensity envelope and the integration errors measured via the function L(Ω) [78] were on average 1x10 -4 au, with some reaching 10 -3 au. The program ORIENT4.3 [79] optimised the geometries using the QCT multipole moments. The electrostatic component was evaluated up to an interaction rank L of 6. Note that L = l A + l B +1 where l A (l B ) is the rank of the multipole moment on site A (B). For example, l A = 0 corresponds to the atomic monopole, l A = 1 the dipole moment and so forth up to l A = 5, the 32-pole moment. These computations were carried out on all the clusters shown in For a self-contained and detailed account of how QCT multipole moments determine the electrostatic interaction energy between two topological atoms the reader is referred to ref. [50]. The program ORIENT calculated the energies, forces, torques and Hessians [80] of the QCT electrostatic potential in combination with a hard-sphere potential for short-range repulsion. The van der Waals radii proposed by Pauling [81] were adopted and set to 1.4 Å for O, 1.7 Å for C, 1.5 Å for N, while H is not assigned a radius. The step character of the hard-sphere potential is softened to enable differentiability (and hence analytical derivatives), which is known as pseudo-hard-sphere. Although ORIENT was originally designed and primarily used with DMA multipole moments it can be employed with QCT moments without modification since the latter are also formulated within the spherical tensor formalism. Currently, ORIENT still forces the intramolecular geometries of the molecules forming a complex to be fixed. This constraint rigidity has repercussions for a proper comparison with ab initio and point charge models, which allow flexible intramolecular geometries. As a result, at any stage of comparison, the geometries of a single water, serine and tyrosine were fixed to their respective ab initio monomeric geometries.

Further calculations were performed using the package MOE [82] to optimise the clusters with different point charge force fields. The B3LYP/aug-cc-pVDZ optimised geometries were used as starting geometries for each structure. The energy optimisation was carried out using gas phase conditions (i.e. without solvation box) with a selection of commonly used macromolecular force fields, namely AMBER99 [2], CHARMM27 [83],

MMFF94X (modified MMFF94) [8], OPLS-AA [7] and TRIPOS' associated force field (TAFF) [84]. The TIP4P [85] potential was designed specifically for water. Hence it was only used for the pure water clusters, since it does not provide force field parameters for amino acids. In the serine clusters, the serine has a fixed geometry (see above) but the water molecules are free to move.

In view of the sizeable amount of data generated an effort was made to compress them. The mean absolute error (MAE) is a convenient statistical measure to quantify and summarise differences in geometry. It is defined by eq.( 1),

∑ = - = N i initio ab i el i p p N MAE 1 , mod , | | 1 (eq.1)
where p is a geometric parameter. To be consistent we have used the same set of angles and distances in comparing the models for each cluster. Furthermore, data visualisation allows trends to be discerned more easily. We will show three Figures (4, 8 and9. For technical reasons the same overlay was not possible for the water monomers of the pure water clusters shown in Figure 4, but quantitative geometric comparisons could still be made. The data presented is heavily condensed, and a considerable amount of background material has been syphoned off to Supplementary Data.

Results and Discussion

Water Clusters

Figure 4 compares the geometries obtained by all six point charge models and the QCT multipole model at interaction ranks 1 to 6 with the ab initio geometries. The structures obtained from each of the models are superimposed onto the ab initio geometry. Since the trends are similar for all water clusters, Figure 4 shows only two representative clusters, i.e. the dimer (Fig. 4a) and the trimer (Fig. 4b). First we consider the multipole models (grey-blue range, darker blue means high L value). While L=1, L=2 and L=4 give poor geometries compared to the (reference) ab initio geometry, L=3 and L=6 are reasonable, and L=5 is excellent. Next we look at the point charge models (yellow-orange-red range).

Four models (AMBER, CHARMM, MMFF and OPLS) cluster into a subset of geometries that are too "flat" compared to the ab initio geometry. This means that the hydrogens of the hydrogen bond accepting water (left) tend to form a plane with the OH group of the hydrogen bond donor (right). This feature is shared by the QCT L=1 model, which is a point charge model in itself. The remaining point charge models (TAFF and TIP4P), however, recover the correct feature of the dimer geometry. Figure 4b shows similar trends in the trimer cluster, the largest difference being the performance of TIP4P. This popular model slightly outperforms the cluster of four poor point charge models and the QCT L=1 model but gives noticeably poorer geometries than TAFF and L=2 to L=6. (Note that AMBER, OPLS and CHARMM practically coincide and cannot be easily discerned in the Figure ). An overall glance at Figure 5 shows that, when judged by distances only, the multipole models are not superior to the point charge models, except for the dimer and trimer. This is probably due to the crudeness of the Pauling radii, which we simply adopted without tuning or even parameterizing. These radii appear adequate in the presence of only two or three oxygens atoms but they cannot reproduce the shrinkage of OO distances with increasing cluster size. As such, the QCT multipole model currently suffers from the same lack of predictive power as the Buckingham-Fowler model [86] in terms of distances. The emphasis of our further comparisons is on directionality, which is predominately captured by angular features. Of course, future work on designing a full QCT force field will address the issue of atom-atom distances. Here we only assess the current performance of a simple hardsphere potential.

For most water clusters, the high rank multipole models (L=5,6) performed better than the low ranked multipole models and better than most of the point charge models. The L=2 and L=4 models performed particularly poorly in all water clusters beyond the dimer. However, these models' performance improved as the size of the cluster increased.

The very large deviations in the hexamer (Fig. 5e) arise as the models L=1, 2, and 4 were unable to recover the desired cage-like ab initio geometry. Similarly, for the heptamer (Fig. 5f), the L=4 model also fails to find this structure. Remarkably, for the octamer and nonamer (Figs. 5g and5h), the lower rank multipole models recuperate. Now we discuss the point charge models. CHARMM27 performed consistently better than the other point charge models for all the water clusters. Also, its MAE values improved with the size of the cluster. Dramatically, the TAFF model is superb for the dimer but rapidly deteriorates with increasing cluster size, when reproducing interatomic distances.

The TIP4P model performed consistently better than most of the selected force fields. This In Fig. 6a the geometric comparison of angles is shown for the water dimer. All multipole models performed better than the point charge models with the exception of TAFF and TIP4P. The TAFF and TIP4P models were clearly superior. Similar conclusions emerge for the trimer, shown in Figure 6b. TAFF has the lowest MAE value of all models. All point charge models but TAFF and TIP4P predicted the wrong geometry. As shown in Figure 4b, AMBER, CHARMM, MMFF and OPLS predicted a flatter geometry than the ab initio geometry. According to the latter, the dangling hydrogens must be positioned out-of-plane with respect to the approximate plane of oxygens (see Fig. 1). However, the geometry predicted by the aforementioned four point charge models displays flat dangling hydrogens (see Fig. 4c). The L=1 model performed poorly in a similar manner by again predicting a flat geometry. Figure 6c focuses on the tetramer. The L=5 model performs better than all other models for this cluster. All multipole models other than L=2 performed better than the point charge models. Point charge models, again excluding TAFF, performed poorer than most of the multipole models. The TIP4P model performed better than AMBER, CHARMM, MMFF and OPLS and had MAE values in a similar range to TAFF and L=4. The comparison of the pentamer (Fig. 6d) followed a similar trend to the trimer except for L=4. Both L=2 and L=4 predicted an incorrect geometry. Poor prediction of out-of-plane hydrogens had greater impact on trimer geometry than for the tetramer and pentamer. However, L=1 and L=2, and point charge models (except TAFF and TIP4P) performed poorly. AMBER, MMFF, OPLS predicted the book conformation (see Fig. 4d) rather than the desired cage, while TAFF and TIP4P recovered the cage. All dangling hydrogens, except one, are flat in this book conformation. CHARMM and the L=1 model both generate a cage in which two molecules have dangling hydrogens that are too much aligned with the (approximate) planes of oxygens (see Fig. 4e). In short two molecules appear "too flat". It is tempting to link the global structure of a cluster (cage, book, distorted cage) with a model's propensity to induce a local geometry ("flat" versus "not flat"). The octamer and nonamer clusters are compared in Fig. 6g and6h. In these clusters, the L=2 and L=4 models performed poorly when compared to all other models. The L=5 and L=6 models, TAFF and TIP4P performed better in both clusters and have similar MAE values. All other point charge and multipole models achieved poor MAE values. We note that the multipole representation converges towards the ab initio geometry in an oscillating fashion, observed before. In other words, the L=3 model performs consistently better than the L=4 model, and L=5 is slightly better than L=6, although both perform very well, suggesting the interaction has essentially converged by this rank. Although the angle comparison is a good criterion for assessing the different models, a comparison of dihedral angles provides a more complete understanding of model performance. The poor performance of the point charge models is now also accentuated in the trimer and tetramer. We also note that AMBER, CHARMM, MMFF and OPLS bunch with broadly similar MAE values throughout all clusters. The low rank multipole models generally improve with increasing cluster size.

Larger cage clusters are also more rigidly locked together by internal hydrogen bonding networks than the open ring geometries, as each water monomer is involved in more hydrogen bonds, on average. Using point charges, it is easier to represent the directionality of a direct O…H interaction with a H that is locked into a hydrogen bond than being a dangling hydrogen. Dangling hydrogens have a lower energetic barrier to rotation and therefore experience increased sensitivity to field anisotropy. Oxygen and hydrogen positions are thereby more rigidly fixed in larger cage structures by a framework of localized and strong H-bonds. Close steric interactions in crowded cage structures also give less conformational freedom to monomer rotation. The structure of water clusters is probably determined increasingly by simple short-range H…O Coulombic H-bonding donoracceptor interactions while anisotropy becomes less important to geometry (but not necessarily to energy). However, dynamics may be poorly reproduced by a point charge force field. The potential energy surface of small clusters is poorly represented when we neglect anisotropy. Hence it is possible that energetic barriers to conformational change, when breaking short-range H-bond interactions, will be affected by the lack of anisotropic electrostatics, even if the positions of energetic minima are not. Further work comparing potential energy barriers to conformational change is required.

In addition to these calculations we carried out similar analysis for the hydrated serine and tyrosine clusters. All the plots for this analysis are provided as Supplementary Data. As before, interatomic distances, angles and dihedral angles were compared for all Serine…(H 2 O) n and Tyrosine…(H 2 O) n clusters, where n=1-5.

Hydrated Serine Clusters

The comparison of interatomic distances in hydrated serine clusters shows similar trends to those seen in water clusters. Figure 8 shows the geometries predicted by different models superimposed on the geometry obtained from ab initio calculations. AMBER and All multipole models except L=2 performed better than point charge models for most of the cluster geometries. AMBER, CHARMM and TAFF performed poorly compared to both multipole and point charge models for most of the clusters. AMBER and CHARMM predicted completely different orientations for the cluster geometries compared to ab initio geometries. In Figure 8b we observe that TAFF also fails to predict the correct orientation except for Serine…(H 2 O). The L=1 and L=2 models are adequate for Serine…(H 2 O) and Serine…(H 2 O) 2 but L=2 fails for larger clusters. Higher rank multipole models performed better and their predicted geometries were very similar to the ab initio geometries.

From the interatomic distance comparison it would seem that the MMFF and OPLS models performed better than multipole models. However, when these geometries were analyzed by angle or dihedral angle comparisons a different picture emerges. Figure 8b shows that MMFF and OPLS wrongly predict flat dangling hydrogens for the Serine…(H 2 O) 3 cluster. From the angle and dihedral angle comparisons it is observed that high rank multipole models gave better predictions than all other models. The L=5 model predicted consistent geometries for all the hydrated serine clusters.

Hydrated Tyrosine Clusters

A similar analysis was carried out on hydrated tyrosine clusters. Figure 9 shows the geometries predicted by different models superimposed on the ab initio geometries.

Overall, the high rank multipole models (L=5,6) predict geometries that are very close to the ab initio ones. They perform time and again better than any point charge model. However, the low rank multipole models L=1 and L=2 do consistently poorly. For the large cluster L=3 achieves remarkably well, on a par with L=5. The L=4 model is erratic.

Looking at point charge models, one can conclude that, overall, most models predicted increasingly better geometries with increasingly large cluster size. AMBER scored very well for all clusters except for Tyr…(H 2 O) 2 , while the other point charge models perform unreliably. TAFF was the only point charge model that succeeded for Tyr…(H 2 O) 2 .

It is important to point out that, although TAFF performs well for pure water clusters, it starts to break down when describing interactions with the amino acids. Tyr…H 2 O is the only cluster for all point charge models to be well represented (see Fig. 9a). Again, in general, the cause for poor performance of failing models is their undesirable bias towards "flat" water geometries (see Fig. 9b and Fig. 9c). Note that TIP4P is not included here as performance would be dependent on the choice of serine and tyrosine parameters from another force field. Figure 9 near here It is worth pointing out that AMBER performed better for tyrosine clusters than for serine, whereas the opposite was true for TAFF. However, the L=5 model consistently did well for tyrosine and serine clusters.

Finally, the fact that the L=5 model seems to be required to deliver the envisaged accuracy may pose a concern to researchers applying such a model in biological applications. On a positive note, one should realize that L=5 is only required for atoms that separated at short and intermediate range. The majority of atom-atom interactions are long range, where lower ranks (L<5) are rigorously sufficient to calculate the electrostatic interaction exactly. In particular, L=5 is only necessary for interactions between 2.5 Å and 5 Å. Secondly, the majority of interactions (further than 8.5 Å apart) converge with an accuracy of 0.1 kJ/mol using only dipole-dipole terms (L=3) [56]. At even larger distances, which are common in proteins, point charges are rigorously enough to represent the corresponding electrostatics.

Recent work [87][88][START_REF] Cisneros | Formatted: Font: Bold Formatted: Font: Italic Formatted: Font: Verdana, 10 pt Formatted: Font: Bold Formatted: Font: Bold Formatted: Font: Bold Formatted: Font: Bold Formatted: Font: Bold Formatted: Font: Bold Formatted: Font: Bold Formatted: Font: Nimbus Roman No9 L, 12 pt Formatted: Indent: Before: 0[END_REF] by Piquemal, Darden and co-workers focusing on the modeling of the electron density by some explicit model further reinforces the value of a sustained path of research in which multipole moments enhance the realism of the modeling. Clearly, replacing current point charge models with high-ranking multipole moments incurs a significant computational cost, and multipoles could not immediately replace point charges for simulations involving large biomolecules. However, it is already possible to apply much more detailed models to intermediate systems that are too large for quantum mechanical methods, but commonly still treated with very simplistic charge representations. Multipole moments would also be ideal for hybrid methods, where an important region such as a protein active site or hinge can be modeled in detail, while the remaining solvent and bulk protein are treated with simpler force field parameters. And finally, the size of the system that can be handled using atomic multipole expansions will continue to increase with computational power, removing the need to rely on faster, less accurate methodologies for ever more systems.

Conclusion

In this study we carry out a systematic comparison of optimised geometries of pure water clusters, hydrated serine and tyrosine clusters. Geometries predicted by multipole models and by point charge models are contrasted with ab initio geometries. Multipole moments are obtained from spherical tensors combined with finite electron density fragments defined by the theory of Quantum Chemical Topology. The point charge models include the popular AMBER, CHARMM, OPLS, MMFF and TAFF models. While scrutinizing the various potentials the emphasis is on the electrostatic component.

High rank multipole models (L=5, 6) performed consistently better than point charge models in predicting the geometries. The L=5 model is constantly most reliable in the vast majority of cases, although lower ranks are sometimes better for individual cases.

Secondly, the quality of lower rank (multipole) models improves with increasing cluster size. This is probably due to the increasing number of long-range interactions, which are well modeled by low rank energy terms. A second reason is the fact that the hydrogens become "locked" into more rigid 3D hydrogen bonded networks, which probably helps the point-charge models find the right geometry. The torques generated by the anisotropic field would then be insufficient to break the hydrogen bonds and affect geometry as they did with the dangling hydrogens.

Much can be learnt from the trimer and tetramer when assessing the effect of multipole moments over and above that due to point charges. The latter have a tendency to predict structures in which the non-hydrogen-bonded (i.e. "dangling") hydrogens are too much in the plane of the oxygens. This is the problem of "flat" geometries, which surfaces when using point charge models. Hence, when modeling small pockets of interstitial water in proteins one should be aware of this pitfall. Multipole models are expected to deliver a more reliable picture independent of size. This work may have implications for modeling interactions with apolar interfaces such as protein or saccharide surfaces when perturbing a hydrogen bonding network. In these cases the hydrogen bond network is perturbed at the interface with apolar residues, where more dangling hydrogen atoms are likely to break free. Small networks of water molecules often found within protein binding sites will also benefit from the inclusion of multipole moments. 
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  8 and 9) in which the geometries of all models are superimposed with ab initio results. To guide the eye and allow geometric comparison of remaining water molecules, the serine and tyrosine model are exactly overlaid in Figures
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 41 Figure 4 near here Figures 5 to 7 plot the MAE values of each model for the water clusters shown in Figure 1. Figure 5 focuses on the interatomic distances, Fig.6 on the angles and Fig.7 on the dihedral angles. It is clear from Fig.1 that each water cluster consists of a "frame" of oxygen atoms, in which each oxygen is hydrogen bonded to at least one other oxygen. For
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  surprising since it was designed specifically for water. However, it performs surprisingly badly for the dimer and trimer.
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 6 Figure 6 near here Figure 6 compares the angles for each model against the ab initio values. The angles calculated in this comparison now include the dangling hydrogens. Overall, the high rank multipole models (L=5,6) performed better than other models (low rank and point charge) for most of the clusters. The L=5 model performed consistently better and had the lowestMAEs for all the clusters except for the dimer and trimer. Point charge models failed to perform better than multipole models with the exception of TAFF and TIP4P. The MAE values for TAFF were in a similar range to L=5 for all the clusters and they improved with size of the cluster. TIP4P was another model that performed better and improved with increasing cluster size.

10 Similar

 10 comparisons for the hexamer and heptamer are shown in Fig.6e and 6f, respectively. Again, L=5 and L=6 outperformed the other models in both clusters.

Figure 7 near hereFigure 7

 7 Figure 7 near here Figure 7 compares dihedral angles for each model against the ab initio values. The dihedral angles include the dangling hydrogens. Dihedral angles are a more sensitive probein highlighting differences between models, particularly in connection with the "flat" hydrogens discussed above. Note the scale difference in y-axis (degrees) between Fig.7and Fig.6. Overall, L=5 and L=6 models again performed better than the point charge models and low rank multipole models for most of the clusters. The L=5 model performed consistently better for all the clusters except the dimer and trimer. Point charge models performed poorly when compared to multipole models with the exception of TAFF and TIP4P. Both TAFF and TIP4P models performed as well as the L=5 model and improved with
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 12 predicted geometries with a completely different orientation compared to that of the ab initio geometries.
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Figure 1 .

 1 Figure 1. Global minima of water clusters from dimer to nonamer.

Figure 2 .

 2 Figure 2. Local minima of serine-water clusters with up to 5 added water molecules. These ab initio geometries mimic those of the pure water clusters.

Figure 3 .

 3 Figure 3. Local minima of tyrosine-water clusters with up to 5 added water molecules.These ab initio geometries mimic those of the pure water clusters.

Figure 4 .

 4 Figure 4. Comparison of water cluster geometries generated by ab initio calculations, QCT electrostatics at various interaction rank L and point charge models. (a) Dimer and (b) trimer clusters are superimposed, (c) AMBER prediction for trimer, (d) book conformation and (e) distorted cage.

Figure 5 .

 5 Figure 5. Comparison of interatomic distances in water clusters. Mean Average Error (MAE) and error range of the geometry comparison of each model against the ab initio geometry (y-axis) plotted against the models (x-axis). a) Dimer. b) Trimer. c) Tetramer. d) Pentamer. e) Hexamer. f) Heptamer. g) Octamer. h) Nonamer. Ranges colored in red indicate values outside the scale of the plot. For convenience the actual values are shown just above the interval.

Figure 6 .

 6 Figure 6. Comparison of angles in water clusters. Mean Average Error (MAE) and error range of the geometry comparison of each model against the ab initio geometry (y-axis) plotted against the models (x-axis). a) Dimer. b) Trimer. c) Tetramer. d) Pentamer. e) Hexamer. f) Heptamer. g) Octamer. h) Nonamer.

Figure 7 .

 7 Figure 7. Comparison of dihedral angles in water clusters. Mean Average Error (MAE) and error range of the geometry comparison of each model against the ab initio geometry (yaxis) plotted against the models (x-axis). a) Dimer. b) Trimer. c) Tetramer. d) Pentamer. e) Hexamer. f) Heptamer. g) Octamer. h) Nonamer.

Figure 8 .

 8 Figure 8. Comparison of geometries of hydrated Ser(ine) clusters generated by ab initio calculations, QCT electrostatics at various interaction rank L and point charge models. (a) Ser…H 2 O, (b) Ser…(H 2 O) 2 and (c) Ser…(H 2 O) 3 clusters are superimposed.
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 91312323334345356 Figure 9. Comparison of geometries of hydrated Tyr(osine) clusters generated by ab initio calculations, QCT electrostatics at various interaction rank L and point charge models. (a) Tyr…H 2 O, (b) Tyr…(H 2 O) 2 and (c) Tyr…(H 2 O) 3 clusters are superimposed.
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