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S1. List of the Protein Data Bank accession codes of 2,145 crystal structures used for preparing the dataset used in the training constructed neural networks.
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S2. Determination of the size of trimming box
The dataset for training the constructed neural networks comprised the distribution patterns of the protein atoms around each hydration water molecule. To determine the appropriate size of the trimming box composed of 0.25×0.25×0.25 Å3 voxels for collecting the distribution patterns, we calculated the frequency distributions regarding the distances between the targeted hydration water molecules and surrounding protein atoms/hydration water molecules (Fig. S1). Because the tail part in the frequency distribution of carbon atoms reached 4.5 Å, the trimming box should have a minimum dimension of 9×9×9 Å3. In addition, to add 0.5 Å margins and set a water molecule at the center voxel of the box, we set the size of the scanning box to 10.25×10.25×10.25 Å3.
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Figure S1
Normalized frequency distributions on 1,369,207 water-water (black line and symbols), 931,260 water-oxygen atom (red), 255,023 water-nitrogen atom (blue), 26,043 water-carbon atom (orange), and 799 water-sulfur atom (green) distances from 2145 crystal structures. Each frequency distribution counted at 0.04 Å step is normalized with respect to the total number of frequencies.


S3. Optimization and selection of neural networks 

Optimization of constructed six neural networks
We constructed six neural networks (NNs) by varying the sizes of the convolution filters (CFs) (3×3×3 or 5×5×5), the number of convolution units (CUs) (2, 3, or 4), the number of channels in each block (4 or 32), and the number of layers (1, 3, or 4) in the fully connected block (FCB) (Table SI1). The number of nodes in each layer of the fully connected block was fixed at 32. The architectures of the six NNs are summarized in Table SI1. 
As described in the main text, the NN model was first optimized using the coarse dataset to predict hydration probability distributions at a resolution of 0.50×0.50×0.50 Å3 voxels (designated coarse NN). In addition, the NN model was optimized independently using the fine dataset at a resolution of 0.25×0.25×0.25 Å3 voxels (fine NN). The feasibility of the six coarse NNs and the six fine NNs was evaluated for the accuracy and loss scores of the training and validation datasets, and the prediction of test crystal structures. As test structures, we used the crystal structures of glutamate dehydrogenase (GDH) and nitrile hydratase (NHase), which were excluded from the dataset (Table SI2).

Selection of NN suitable for hydration prediction
Among the six coarse NNs (Table SI1), the loss score of Model 1 was nearly 0.5 for the validation dataset, indicating failure of the optimization. In contrast, the other five coarse NNs (Models 2–6) were successfully optimized, as indicated by the accuracy scores in the range of 0.84–0.87, and the loss scores of 0.30–0.37 for the validation dataset. Among the five models, Model 6 displayed the best performance with respect to all the scores.
Regarding the six fine NNs, the optimization of Model No.1 failed again, but the other fine NNs were successfully optimized. In particular, Models 3, 5, and 6 gave nearly the same high accuracy scores (0.87) and low loss scores (0.29) for the validation dataset. However, it was unclear which of the three fine-NNs was the most feasible for predicting hydration probability distributions. We then compared the frequency distributions of the hydration probability at the hydration sites found in the crystal structures of GDH and NHase. It should be noted that the ideal hydration probability is 100% at the experimentally identified hydration sites. Figure SI2 compares the frequency distributions given by the fine-NNs of Models 2– 6. The frequency distributions for the first-layer hydration sites predicted by Models 2 and 3 had maxima at 90%–95% probability for both GDH and NHase. Model 5 had maxima at 98%, but the profile was similar to that of Model 3. Models 4 and 6 yielded monotonously increasing profiles. As a result, regarding hydration probability at hydration sites, Models 4 and 6 were suitable for predicting hydration structures. When inspecting the accuracy and the loss scores for the validation dataset and the GDH (Table SI1), Model 6 showed better scores than Model 4 for both coarse and fine prediction of hydration probability. Therefore, we selected Model 6 for hydration prediction in this study.

Parameters affecting the prediction efficiency
Here, we discuss the causes of the differences in the validation and loss scores of the six NNs. In principle, as each convolution layer (CL) reduces the amount of input data, the amount of output data from the convolution block (CB) depends on the number of CLs and pooling layers (PLs) included in the CB.
Regarding CLs, for instance, when the size of a CF is set to 5×5×5 in Models 1, 2, and 3, the first convolution operation reduces the size of the input data by 4×4×4. As one CU includes two CLs, in Model 1, the net size of the input data is reduced to 41×41×41 → 33×33×33 → 22×22×22 → 14×14×14 → 6×6×6 through the eight convolution layers included in the four CUs. In Model 2, the net size of the data was reduced to 41×41×41 → 33×33×33 → 22×22×22 → 14×14×14 through the six CLs included in the three CUs. In Model 3, the net size of the input data was reduced to 41×41×41 → 33×33×33 → 22×22×22 through the four CLs. When the size of CF is 3×3×3, as in Models.4,.5, and 6, which are composed of two CUs, the size of the data is reduced to 41×41×41 → 37×37×37 → 33×33×33.
Based on the examples described above, the failure in the optimization of Model No.1 indicates that 6×6×6 data yielded by the four CLs with 5×5×5 CF was insufficient to express the distribution of protein atoms to be hydrated. However, in Models No.2 and No.3, which had smaller numbers of CUs than Model No.1, the optimization of the NNs succeeded. Therefore, 14×14×14 output data from the CB are necessary.
In addition to CLs, as PL downsamples the input data, the number of CUs also influences the training. In the constructed NN, we used a pooling box of 2×2×2 voxels, which selected the maximum value of data in a 2×2×2 voxel and down-sampled to one voxel. Therefore, a larger number of PLs in the CB results in a smaller amount of output data.
Here, we show how the data are reduced by a set of PLs. For instance, by successively connecting four PLs and simulating the CB without CLs in Model 1, the amount of data is reduced in the order of 41×41×41→ 20×20×20 → 10×10×10 → 5×5×5 → 2×2×2. In the case of three successively connected PLs, simulating the CB without CLs in Model 2, the amount of data was reduced in the order of 41×41×41 → 20×20×20 → 10×10×10 → 5×5×5. In the case of two successively connected CUs simulating the CB without CLs in Model 3–6, the amount of data is reduced in the order of 41×41×41 → 20×20×20 → 10×10×10.
Based on the pooling size, the number of output data from the CB is 2×2×2 in Model 1 with four CUs, 5×5×5 in Model 2 with three CUs, and 10×10×10 in Model 3–6 with two CUs. The present results suggest that these two CUs are suitable for this prediction. 
In addition to the size of CF and the number of PLs, the number of channels in the CL and the number of layers in the FCB influence the prediction efficiency to a lesser extent. When comparing the accuracy scores and the loss scores for the training dataset and the validation dataset between Models 4 and 5, which differed from each other only in the number of channels, the scores were better in Model 5. Therefore, 32 channels yielded better scores than four channels. The influence of the number of layers in the FCB was inspected by comparing the accuracy score and loss score of Models 5 and 6. When each layer had 32 nodes, the training results demonstrated that the loss score of Model 6 with one layer was lower than that of Model 5 with three layers.
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Table S1. Comparison of the performance among the constructed NNs.
	Constructed NN Models
	1
	2
	3
	4
	5
	6

	Composition
	
	
	
	
	
	

	Convolution block
	
	
	
	
	
	

	Number of convolution units
	4
	3
	2
	2
	2
	2

	Size of convolution filter
	5×5×5
	5×5×5
	5×5×5
	3×3×3
	3×3×3
	3×3×3

	Number of channels
	4
	4
	4
	4
	32
	32

	Fully connected block
	
	
	
	
	
	

	Number of layers except the first input
	4
	3
	3
	3
	3
	1

	Number of nodes 
	32
	32
	32
	32
	32
	32

	Number of parameters to be optimized
	20,322
	30,234
	138,226
	131,954
	1,112,738
	1,110,626

	Performance of coarse NN
	
	
	
	
	
	

	Training time (s)
	103
	117
	129
	142
	116
	148

	Accuracy for training dataset
	0.5032
	0.8439
	0.8636
	0.8653
	0.8771
	0.8693

	Loss for training dataset
	0.6932
	0.3612
	0.3302
	0.3201
	0.3024
	0.3030

	Accuracy for validation dataset
	0.4910
	0.8438
	0.8481
	0.8591
	0.8677
	0.8711

	Loss for validation dataset
	0.6934
	0.3737
	0.3430
	0.3148
	0.3037
	0.3014

	Accuracy for test dataset (GDH)
	---
	0.8624
	0.8680
	0.8819
	0.8808
	0.8932

	Loss for test dataset (GDH)
	---
	0.3425
	0.3054
	0.2745
	0.2718
	0.2527

	Computational time for test data (GDH) (s)
	334
	326
	325
	260
	889
	893

	Performance of fine NN
	
	
	
	
	
	

	Training time (s)
	100
	236
	219
	103
	296
	306

	Accuracy for training dataset
	0.5043
	0.8525
	0.8807
	0.8737
	0.8903
	0.8763

	Loss for training dataset
	0.6931
	0.3490
	0.2917
	0.2977
	0.2690
	0.2944

	Accuracy for validation dataset
	0.4799
	0.8708
	0.8796
	0.8667
	0.8733
	0.8765

	Loss for validation dataset
	0.6939
	0.3047
	0.2856
	0.3070
	0.2890
	0.2868

	Accuracy for test dataset (GDH)
	---
	0.8882
	0.9014
	0.8924
	0.8992
	0.8981

	Loss for test dataset (GDH)
	---
	0.2656
	0.2333
	0.2523
	0.2468
	0.2358

	Computational time for test data (GDH) (s)a)
	---
	5415
	5388
	5504
	9667
	8822


a) The calculation was performed for the candidates suggested in the prediction by the coarse NN.


[image: ]
Figure S2
Frequency distributions of hydration probabilities predicted by fine-NN Models 2– 6 at experimental hydration sites. (A) The predicted hydration probability for hydration sites identified in the crystal structures of GDH. (B) The predicted hydration probability for hydration sites identified in the crystal structure of NHase. In each panel, the red and blue symbols/lines are the frequencies of the hydration probability for the crystal-water sites in the first-layer class and the inside class, respectively.


S4. List of the Protein Data Bank accession codes of 300 crystal structures used for the extra validation of the selected neural network. 

1e5p, 1gve, 1gx5, 1jy1, 1kqp, 1nc7, 1nsc, 1nxu, 1rqp, 1tc1, 1usi, 1vpm, 1w5r, 1xgs, 1xrf, 1yx1, 2a2c, 2a50, 2axq, 2bkx, 2cd9, 2cxx, 2e5f, 2e9y, 2fm6, 2h6f, 2h8g, 2hhp, 2ixc, 2nxv, 2o3s, 2ob0, 2oem, 2p42, 2pbd, 2pbk, 2pwo, 2qb7, 2qzu, 2r6u, 2r7g, 2rdh, 2rmc, 2uvo, 2uzj, 2vbk, 2ve8, 2vnv, 2vve, 2w5v, 2w91, 2xxl, 2yh6, 2yp6, 2zyj, 3a2q, 3b5t, 3b8x, 3bje, 3bkw, 3bl9, 3cai, 3cb0, 3dss, 3dup, 3e9k, 3erp, 3euo, 3f8x, 3fpf, 3fwy, 3fxa, 3g7n, 3go9, 3gxg, 3h5k, 3hdo, 3hj4, 3hx8, 3imo, 3irs, 3l8h, 3m84, 3mil, 3n1f, 3nok, 3o14, 3oa3, 3oti, 3pu9, 3q34, 3qp8, 3rtl, 3t7h, 3u2u, 3w0k, 3w5s, 4a35, 4adn, 4ap9, 4au0, 4b1v, 4c12, 4c1l, 4c2v, 4cfq, 4chi, 4cnn, 4cog, 4dja, 4eiv, 4el4, 4es8, 4fai, 4fzl, 4ha4, 4ipu, 4iqy, 4itx, 4jdy, 4jzw, 4k7c, 4l6h, 4la9, 4lg1, 4lip, 4m1d, 4m1u, 4n01, 4n4j, 4nt1, 4ntk, 4nu0, 4ob0, 4ob1, 4odo, 4of4, 4oh7, 4olt, 4onw, 4opw, 4oze, 4pbc, 4pow, 4r19, 4rk6, 4rl3, 4u6d, 4uaf, 4usi, 4v0v, 4w64, 4wlh, 4wu0, 4ww7, 4wzf, 4xem, 4xmr, 4xtv, 4yag, 4yor, 4yzt, 4yzz, 4z1d, 4zwv, 4zyb, 5a6o, 5axa, 5b0r, 5b4b, 5b68, 5b6d, 5bk9, 5bmn, 5bmt, 5chs, 5ctm, 5dm0, 5doh, 5dow, 5dvw, 5ej3, 5fis, 5fly, 5gmc, 5gng, 5gwf, 5h2d, 5h94, 5i2h, 5irc, 5ixo, 5jr2, 5k4b, 5k91, 5kds, 5kkq, 5l77, 5lp0, 5lsl, 5m10, 5m7y, 5m89, 5mbq, 5n9t, 5nmv, 5nny, 5nps, 5o1v, 5obt, 5ofz, 5ow0, 5owo, 5sym, 5t07, 5tl5, 5u6a, 5ufd, 5uy1, 5v0z, 5w82, 5xvr, 5ylw, 5yqw, 5zee, 5zu5, 6ad3, 6ae8, 6aek, 6ao3, 6b1z, 6b5k, 6bq6, 6bw9, 6c29, 6cd7, 6d7a, 6e4d, 6e6u, 6fc1, 6g85, 6g86, 6gtz, 6hyf, 6il9, 6iod, 6ipb, 6jyz, 6kqs, 6n1m, 6nq4, 6nx0, 6ofk, 6om4, 6ozb, 6p8p, 6qj6, 6qla, 6qvs, 6ryd, 6sq2, 6stw, 6stz, 6su3, 6syi, 6t6l, 6t85, 6tr3, 6u1r, 6vd1, 6xc0, 6xx1, 6y0u, 6z7a, 6z9k, 6zb8, 6zeg, 6zn7, 7at0, 7b2i, 7by1, 7crg, 7d6r, 7dg2, 7dv7, 7kos, 7kpu, 7kqq, 7lz2, 7m7n, 7ncu, 7ogj, 7otf, 7r86, 7rlm, 7se8, 7sne, 7ta4, 7wnn, 7yxg




Table S2. Statistics of the diffraction data and structure refinement of proteins used to examine the feasibility of the constructed neural network.
	protein
	Nitrile hydratase
(NHase)
	Glutamate dehydrogenase
(GDH)
	Scytalone dehydratase
(SDH) F162A mutant

	Diffraction data
	
	
	

	Temperature (K)
	100
	100
	37 1)

	Space group
	P21212
	P21
	P21

	Asymmetric unit
	(αβ)2 hetero-tetramer
	hexamer
	trimer

	Lattice constants a, b, c (Å), β (°)
	116.61, 145.10, 51.27
	112.99, 163.70, 133.07, 113.46
	72.64, 61.30, 72.62, 120.02

	Resolution range (Å)  Overall/highest shell
	100.00–1.70 / 1.72–1.70
	113.00–1.80 / 1.82–1.80
	72.64–1.45/1.47–1.45

	Total reflections
	487,668
	1,181,214
	365877

	Unique reflections
	93,113
	413,444
	98206

	Completeness (%) a)  Overall/highest shell
	95.8/87.3
	97.4/94.9
	99.7/100.0

	I /σ Overall/highest shell
	23.96/3.13
	10.9/1.0
	23.8/4.2

	RmergeI Overall/highest shell b)
	0.052/0.368
	0.068/0.560
	0.043/0.297

	Structure refinement
	
	
	

	  PDB ID of starting model
	1EUZ 2)
	2AHJ 3)
	1IDP 4)

	Resolution range (Å)
	47.00–1.70
	68.04ー1.80
	36.346–1.445

	Unique reflections (completeness %)
	85,532 (92.5)
	353,960 (89.48)
	90784 (97.08)

	R-factor c)/ Rfree-factor d) for 5% of reflections
	0.1497/0.1933
	0.1719/0.1906
	0.1647/0.1932

	Structure model
	
	
	

	Amino acid residues in subunits / N- and C-terminal residue numbers of subunit
	α1: 2-204, β1: 1-212,
α2: 1-205, β2: 1-212
	1-419 for each subunit
	A: 7-159, B: 6-157, 
C: 7-158

	Metal atom, and ions
	Fe:2, NO: 2, Zn:2, Ca: 2
	
	

	Small molecules and ions
	Glycerol: 5,
Sulfate ion: 16
	Sulfate ion: 41, 
acetate ion: 14
	

	Hydration water molecule
	1,239
	1,766
	573

	Deviation from ideal structure
	
	
	

	R.m.s.d. of bond length (Å)
	0.0117
	0.0118
	0.0146

	R.m.s.d. of bond angle (°)
	1.670
	1.670
	1.959

	Ramachandran statistics (%) 5)
	
	
	

	Preferred/ allowed / outlier
	95.75 / 3.03 / 1.21
	94.75 / 3.91 / 1.33
	95.77 / 2.58 / 1.64


a) Number of observations/unique reflections.



b)  , where  is the intensity of the i-th observation of reflection .




c) , where  and  are the observed and calculated structure amplitudes of reflection , respectively. 
d) The Rfree factor 6) was calculated for the 5% of unique reflections, which were not used in the structure refinement throughout.
Diffraction data were collected at the BL41XU beamline of SPring-8. Indexing, integration, scaling, and post-refinement were performed using HKL2000 7). Structural refinement of each structural model was performed using Refmac5 8) in the CCP4 suite 9).
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Figure S3.
Comparison of the predicted hydration sites among our NN and the two other NN-based methods. Distributions of the predicted hydration sites from our NN (cyan colored solid surface in the left panel), Accutar1 (yellow surface in the middle panel) and GalaxyWater-CNN_422 (blue surface in the right panel) on the solvent accessible surface of apo-dethiobiotin synthase (the accession code of the Protein Data Bank: 1byi)3.
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Table S3. Validation scores of the three NN-based methods for protein structures used in the development of GalazyWater-CNN.

	
	Method
	1byi
	2a6z
	2fhz
	2fwh
	2ihj
	3vor
	6w63
	6y84
	6yb7

	Coverage / %
	Our method
	73.68
	73.16
	74.47
	72.54
	72.81
	74.36
	72.93
	73.32
	73.71

	
	Accutar1
	44.53
	49.41
	43.08
	39.50
	47.67
	43.68
	43.90
	44.46
	42.34

	
	GalaxyWater-CNN_422
	46.46
	46.49
	51.73
	46.06
	48.00
	50.04
	48.74
	49.22
	50.12

	RMSD / Å
	Our method
	1.22
	1.09
	0.97
	1.09
	0.95
	1.07
	0.98
	1.06
	1.07

	
	Accutar
	1.41
	1.33
	1.28
	1.50
	1.20
	1.32
	1.37
	1.25
	1.28

	
	GalaxyWater-CNN_42
	1.49
	1.32
	1.06
	1.40
	1.17
	1.26
	1.11
	1.22
	1.20

	MAD / Å
	Our method
	0.90
	0.80
	0.74
	0.80
	0.70
	0.78
	0.72
	0.76
	0.80

	
	Accutar
	1.02
	0.91
	0.87
	1.06
	0.81
	0.91
	0.95
	0.85
	0.86

	
	GalaxyWater-CNN_42
	1.04
	0.86
	0.69
	0.96
	0.75
	0.85
	0.71
	0.78
	0.78
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[bookmark: _Hlk113045031]Table S4. Computational times of the NN prediction of hydration probability distributions around proteins with different molecular weights.

	Protein
	oligomeric state
	number of residues
	Mw
	computation time (s)

	GDH
	homo-hexamer
	2,514
	282.18k
	9,706

	NHase
	hetero-tetramer
	832
	93.66k
	3,636

	F162A-mutated SDH
	homo-trimer
	457
	60.61k
	2,316

	AQP
	subunit of tetramer
	251
	30.04k
	1,251

	IL-1β
	monomer
	153
	17.40k
	382
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