Available online www.ijpras.com

International Journal of Pharmaceutical Research & Allied Sciences, 2025, 14(2):126-136

ISSN : 2277-3657

Original Article CODEN(USA) : IJPRPM

Hidden Water Networks Can Reorder Medicinal Chemistry Priorities Before
Affinity Changes Are Visible

Lukas Weber'*, Sophie Janssen?, Jonas Richter?, Elena Fischer3

!Department of Medicinal Chemistry and Water Networks, Faculty of Pharmacy, University of Stuttgart,
Stuttgart, Germany.
2Department of Molecular Recognition and Hydration Effects, Faculty of Pharmaceutical Sciences, Eindhoven
University of Technology, Eindhoven, Netherlands.
3Department of Drug Discovery and Solvation, Faculty of Pharmacy, University of Basel, Basel, Switzerland.

*Email: lukas.weber@uni-stuttgart.de

ABSTRACT

Medicinal chemistry commonly ranks closely related compounds by affinity, potency, structural complementarity,
or calculated binding free energy. These endpoints can obscure a mechanistically important variable: the
organization and response of water at the protein—ligand interface. Interfacial waters differ in persistence,
thermodynamic stability, exchange accessibility, network connectivity, and coupling to protein conformation.
Ligand modifications may therefore reorganize hydration without immediately producing a large difference in
apparent affinity. This Perspective argues that such divergence can become chemically informative before
conventional endpoint separation emerges. The central distinction is not between “good” and “bad” waters, but
among hydration states that are structurally present, thermodynamically stable, kinetically exchangeable,
reorganized by ligand substitution, or coupled to protein motion. Explicit-water simulations, enhanced sampling,
room-temperature structural measurements, thermodynamic experiments, and water-aware machine-learning
approaches increasingly expose these distinctions, although their outputs are method- and system-dependent. A
proposed water-aware prioritization logic is developed in which reproducible hydration-state divergence
motivates targeted follow-up rather than automatic compound promotion. The framework remains hypothesis-
generating: hydration information should refine medicinal-chemistry interpretation only when its structural,
thermodynamic, dynamic, and chemical consequences can be separated from modeling artifacts and other co-
varying determinants of binding.
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INTRODUCTION

Protein—ligand affinity is a state function, but medicinal-chemistry decisions are often mechanistic. Two
compounds with similar measured affinity may reach that endpoint through different combinations of direct
contacts, protein reorganization, desolvation, retained interfacial water, and solvent-mediated interactions.
Experimental solvent perturbation has demonstrated that water-network organization can alter measured binding
thermodynamics even when the protein and ligand remain nominally the same chemical species [1]. This makes
hydration more than a background correction to protein—ligand recognition: it is part of the physical state being
compared.
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A second complication is that the water pattern visible in a deposited structure is not necessarily the hydration
state sampled under another experimental condition. Analysis of paired cryogenic and room-temperature
structures shows that crystallographic waters differ substantially in their probability of persisting when
temperature changes, allowing structural waters to be separated statistically into more persistent and more readily
displaced populations [2]. Structural occupancy should therefore not be treated as equivalent to biological
permanence, residence time, or favorable contribution to affinity.

Medicinal chemistry has long recognized the potential importance of binding-site water, but simple rules such as
“displacing an ordered water is favorable” are thermodynamically incomplete. Water removal can incur or recover
enthalpic and entropic terms whose balance depends on the local environment, the substituent introduced, the
protein conformation, and the surrounding solvent network [3]. The relevant design problem is consequently not
whether a pocket contains water, but whether a ligand perturbation changes a reproducible hydration state in a
way that matters to the chemical decision being made.

This Perspective develops that distinction across structural waters, network topology, residence and exchange,
ligand-induced reorganization, and enthalpy—entropy compensation. The article does not propose that hydration
information should replace affinity. Rather, it argues that affinity-equivalent or weakly differentiated compounds
may warrant different experimental or computational follow-up when their hydration states diverge in
mechanistically interpretable ways. The resulting prioritization logic is explicitly proposed and remains
conditional on validation within the target, chemical series, structural state, and computational regime in which
the water signal was obtained.

Structural waters as dynamic participants

A structural water is often described as though crystallographic detection identifies a stable microscopic object
with a fixed functional role. That interpretation merges several distinct quantities. Water occupancy describes
whether solvent is found at a position. Thermodynamic stability concerns the free-energy cost of moving a water
between a confined environment and bulk solvent. Solvent-mediated interaction energy concerns how the
surrounding water field changes when ligand or protein chemistry is perturbed. These properties are related but
not interchangeable. Computational analyses across idealized cavities, protein hydration shells, and protein—
ligand interfaces show that apparently similar water positions can have markedly different free-energy
consequences and can mediate both favorable and unfavorable interactions [4—6].

This distinction matters because high local density does not necessarily mean that a water is expensive to displace,
and low apparent mobility does not uniquely specify its contribution to binding. Confinement can be stabilized
by favorable protein—water interactions while simultaneously producing an unfavorable entropy relative to bulk.
Conversely, removal of an apparently constrained water can require loss of favorable enthalpic interactions that
offset the entropy gained upon release. The meaningful object for medicinal chemistry is therefore not a coordinate
but a hydration state defined by the surrounding chemical and conformational environment.

Direct ligand design provides a practical illustration. In the A2A adenosine receptor, a binding-site water was
treated as an explicit component of the recognition environment during analogue design. Modifications that
altered the ligand’s ability to interact with or replace this water produced corresponding changes in binding
behavior, showing that an individual hydration feature can become chemically actionable when the structural
hypothesis is tested through an analogue series [7]. Importantly, the lesson is not that displacement itself is
desirable. The same site can favor retention, bridging, or substitution depending on the ligand architecture.

A useful interpretation is therefore to regard “structural water” as an ensemble-conditioned label. A detected
molecule may belong to a locally persistent network under one temperature, protein conformation, protonation
state, or ligand state but exchange rapidly or disappear under another. For drug design, at least three questions
should remain separate: is water present, how stable is the associated hydration state, and how strongly is that
state coupled to the ligand and protein configuration? The remainder of the article treats these as different
evidential dimensions rather than compressing them into a single favorable-versus-unfavorable water
classification.

Water-network topology

Binding-site hydration is rarely a collection of independent solvent molecules. Hydrogen-bonded chains, bridging
waters, partially connected clusters, and solvent pathways can couple regions of a pocket that appear geometrically
separate in a static ligand-contact map. Consequently, a substituent may alter hydration beyond the atoms it
directly contacts. The relevant representation is network topology: which sites are occupied, how they connect to
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protein and ligand polar groups, whether they communicate with bulk solvent, and how the apo and ligand-bound
states differ.

HydraMap v.2 illustrates how such information can be extracted computationally at scale. Statistical potentials
derived from structural data can identify hydration sites, estimate desolvation-related properties, and distinguish
features such as bridging and potentially displaceable waters across apo and holo environments [8]. Such maps
are useful because they convert an otherwise visually intuitive solvent pattern into a reproducible spatial
representation. Their output, however, remains a modeled estimate conditioned by structural databases and the
underlying statistical assumptions.

Thermodynamic profiling provides an additional layer. WaterKit was developed to characterize hydration sites in
terms of thermodynamic properties relevant to ligand-binding interpretation and high-throughput virtual screening
[9]. The important distinction is that two sites with comparable coordinates or occupancies need not possess
comparable energetic character. Position identifies where water is likely to occur; thermodynamic profiling asks
what maintaining or replacing that state may cost.

Recent geometric learning approaches can accelerate this process further. Hydration-site localization and
thermodynamic profiling have been learned from explicit-water simulation data and tested against experimental
or case-specific observations, reducing the computational cost required to generate water hypotheses during lead
discovery [10]. These models are potentially valuable upstream filters, particularly when hundreds or thousands
of structures or analogues must be triaged. Their speed should not be confused with increased evidential certainty:
predictions inherit the force fields, sampling regimes, training-domain composition, and structural assumptions
from which their targets are derived.

Topology is also relevant to selectivity. Grand canonical Monte Carlo analysis across 35 bromodomains showed
that water stability varies substantially even among related binding pockets [11]. Such family-level differences
can reveal solvent features that sequence comparison or shape complementarity alone may not emphasize. Yet a
predicted stability difference is not itself proof that displacement will create selective affinity. It instead defines a
testable chemical opportunity: a ligand perturbation can be designed to interact differently with a network whose
thermodynamic state is predicted to vary between homologous targets.

The medicinal-chemistry value of topology therefore lies in comparative state definition. A network can be used
to ask whether two ligands occupy the same pocket while inducing different hydration connectivity, whether a
substituent breaks a bridge to bulk solvent, or whether a homologous target supports an alternative water
arrangement. These questions become particularly important when endpoint affinities remain similar because the
solvent response may already be diverging before the net free-energy difference becomes large.

Residence, exchange, and displacement

Static hydration topology does not specify how quickly water exchanges. A site can appear occupied in
crystallographic density while belonging to an ensemble that changes substantially with temperature or local
conformation. In Hsp90a, ten matched room-temperature and cryogenic structural datasets showed that both water
networks and nearby protein conformations repopulate as temperature changes [12]. These observations caution
against assigning a single biologically privileged water pattern solely from a low-temperature structure.
Residence and exchange also create computational problems. When a cavity is poorly connected to bulk solvent,
spontaneous insertion or removal of water may occur on timescales longer than a conventional molecular-
dynamics calculation samples reliably. Comparisons of enhanced techniques, accelerated enveloping distribution
sampling, and nonequilibrium grand canonical Monte Carlo demonstrate that difficult hydration transitions can
require explicit methods for crossing insertion, deletion, or occupancy barriers [13-15]. The choice among these
approaches is system-dependent; their common lesson is that absence of a transition during ordinary simulation
does not prove that the corresponding hydration state is inaccessible.

Grand canonical methods make this issue explicit by treating water exchange with an external reservoir through
an imposed chemical potential. Replica exchange across chemical-potential states can reduce variance in estimates
of water occupancy and binding free energy, improving the precision of calculations in which water-state
sampling is otherwise slow [16]. Precision, however, remains distinct from accuracy. A precisely sampled state
can still be wrong if the force field, protonation state, structural model, or chemical potential is inappropriate.
The problem becomes especially important during alchemical free-energy calculations. When a ligand
transformation opens or closes a cavity, a buried water may need to enter or leave before the new ligand state can
equilibrate. Free-energy perturbation combined with grand canonical Monte Carlo has shown improved
robustness in transformations where conventional sampling fails to reorganize such buried waters adequately [17].
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In this setting, water is not simply another interaction term in the final free energy. It is a hidden state variable
whose incomplete equilibration can make the apparent ligand free-energy difference depend on simulation history.
These observations motivate a separation between displaceability and observed displacement. A water absent
from the final ligand structure may have been removed through a thermodynamically favorable process, an
unfavorable process compensated elsewhere, or a kinetic pathway inaccessible on the timescale of a simulation.
Similarly, a retained water may be strongly stabilized, weakly confined but frequently replenished from bulk, or
preserved only because a particular protein conformation remains populated. Medicinal interpretation therefore
requires the water state to be placed on both thermodynamic and dynamic coordinates before displacement is
assigned a design meaning.

Ligand-induced reorganization

Ligand modification perturbs more than direct protein contacts. Substituent growth can exclude one water while
stabilizing another; a new hydrogen-bond donor can recruit a bridge; removal of a polar group can open a solvent
pathway; and a seemingly local change can shift protein side chains or pocket conformations that reorganize the
surrounding network. The resulting state is therefore a coupled ligand—protein—water ensemble.

Explicit water treatment can improve modeling of such perturbations, but its utility is heterogeneous. In a ten-
system evaluation of SILCS-WATER, explicit consideration of ligand-binding-site water networks improved
relative-affinity prediction in six systems, with substantial improvement in five, while the remaining systems did
not show the same benefit [18]. That heterogeneity is scientifically important. It argues against universal
correction factors and instead suggests that sensitivity to hydration modeling can itself identify systems in which
water-state assumptions deserve greater scrutiny.

One strategy is to separate water-state sampling from the ligand transformation. A separation-of-states approach
for relative binding free energies was developed specifically for cases in which trapped water reorganizes too
slowly to equilibrate naturally during an alchemical perturbation [19]. The conceptual advantage is important
beyond the method itself: a calculated ligand difference can be decomposed into a chemical transformation and a
hydration-state transition rather than forcing both processes to occur simultaneously.

Water-network information can also be encoded directly in predictive representations. A two-state binding-
affinity model incorporating apo and holo water networks improved benchmark performance relative to models
that lacked equivalent solvent-state information [20]. The result supports the proposition that ligand binding is
better represented as a transition between hydrated states than as a ligand inserted into a single dry protein
environment. It does not establish that water-aware machine learning will outperform alternative methods
prospectively across new chemical space.

Experimental density provides another constraint on reorganization. GOLEM incorporates explicit water
molecules during cryo-EM-guided ligand docking, allowing water-mediated configurations to be evaluated
alongside ligand placement against experimental maps [21]. In such applications, water modeling is useful
because it participates in structural assignment; it should not be interpreted as an independent measurement of
binding affinity or mechanism.

Medicinal-chemistry case studies demonstrate why these distinctions matter. In a BRD4 discovery program,
conserved-water analysis was incorporated into virtual screening and subsequent optimization, producing the
initial inhibitor SQ-1 and supporting development of the more active analogue SQ-17 [22]. The campaign
demonstrates that water-aware reasoning can be operationally useful, but it does not isolate water as the sole cause
of the activity gain. Ligand chemistry, direct protein contacts, conformational effects, and other physicochemical
changes were modified simultaneously.

A complementary pattern appears in optimization of macrocyclic inhibitors of the Keapl-Nrf2 interaction.
Structural and thermodynamic analysis showed that major potency improvements were accompanied by changes
in binding-site hydration and protein flexibility [23]. Here again, solvent reorganization and conformational
adaptation were coupled rather than experimentally separable causes.

The resulting article-level distinction is that ligand-induced hydration divergence can precede decisive affinity
divergence. This does not mean that the hydration change should automatically promote one compound. It means
that two affinity-similar compounds need not be mechanistically equivalent. If one analogue preserves a stable
bridging network while another requires water displacement, protein rearrangement, or a slowly exchanging
trapped state, the two compounds may have different vulnerabilities to structural state, force-field assumptions,
temperature, target mutation, or later chemical substitution. Hydration divergence therefore becomes a reason to
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investigate a compound pair more deeply before assuming that their present affinity ranking contains all of the
useful mechanistic information.

The relationships developed above require a visual architecture that separates ligand perturbation from hydration
response and from the inference ultimately used for compound decisions.
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Figure 1. Ligand perturbations can separate hydration-state trajectories before binding endpoints separate

Enthalpy—entropy compensation

The free energy of binding integrates enthalpic and entropic terms, so equal or similar affinity does not require
equal molecular physics. Enthalpy—entropy compensation can arise from real molecular rearrangements, solvent
reorganization, conformational effects, or experimental and statistical artifacts [24]. A medicinal-chemistry series
can therefore display small differences in AG even while AH and —TAS change substantially in opposite
directions. Endpoint affinity alone cannot determine which microscopic process generated the compensation.
Water is one possible contributor but should not become a default explanation. Controlled aqueous recognition
experiments demonstrate that changes in desolvation and retained solvent interactions can redistribute enthalpic
and entropic contributions in ways that are not captured by simplistic hydrophobic or water-release narratives
[24-26]. These systems provide physical evidence for the principle that association can remain favorable even
when solvent interactions are retained and that seemingly modest chemical modifications can alter the balance
between desolvation and direct intermolecular interactions. Their quantitative thermodynamics should not be
transferred directly to protein—ligand systems, where protein flexibility, heterogeneous surfaces, protonation
states, and larger conformational ensembles add additional variables.

For medicinal chemistry, compensation creates a particular interpretive hazard when compounds are ranked only
by current affinity. Consider two analogues whose binding free energies are close. One may gain favorable direct
interactions while paying an increased desolvation or conformational cost. Another may preserve a water-
mediated network and achieve a similar AG through a different balance of enthalpy and entropy. If the endpoint
is the only recorded variable, these states appear equivalent. Yet later substitution can perturb them differently
because the two ligands occupy different positions within the coupled ligand—protein—water energy landscape.
The article therefore proposes that thermodynamic equivalence should not automatically be treated as hydration-
state equivalence. A water-aware comparison becomes most informative when three conditions are met. First, a
hydration difference is reproducible across an appropriate structural, computational, or experimental method.
Second, the difference has a chemically interpretable relationship to ligand substitution rather than appearing only
as an unstable model artifact. Third, the proposed consequence can be challenged experimentally or through an
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orthogonal calculation. Failure to satisfy these conditions should preserve the compounds as mechanistically
unresolved rather than create an artificial ranking.
The distinction is summarized below because the relevant scenarios differ simultaneously in molecular state,
thermodynamic interpretation, transferability, expected failure signature, and validation requirement.

Table 1. Thermodynamic equivalence can conceal hydration states with different medicinal-chemistry
consequences

Persistent water-mediated ligand state | Ligand-driven displacement state | Compensated hydration-
reorganization state | Slow or trapped-water transition | Coupled hydration—protein reorganization

Molecular or
chemical state

Persistent water-
mediated ligand
state

Ligand-driven
displacement
state

Compensated
hydration-
reorganization
state

Slow or trapped-
water transition

Coupled
hydration—
protein
reorganization

Retained solvent Loss of confined Water
. . . Favorable and Apparent free
interactions water may yield rearrangement
- unfavorable energy depends )
contribute favorable, neutral, . . and protein
. . enthalpic/entropic on whether .
Governing materially to the  or unfavorable net . conformational
. Lo changes offset, hydration states .
thermodynamic bound-state contribution - - . adaptation
e ; producing little  equilibrate during . ..
condition balance rather than depending on ; - contribute jointly
. . . change in net the calculation or
being completely interactions o . . to the observed
binding free experiment being .
removed on surrendered and . thermodynamic
- . energy interpreted
association gained state
Do not penalize
the compound Similar affini . . o
. P v Delay ranking Avoid attributing
simply because a should not end .
- Do not equate . based on small an observed gain
Consequence crystallographic . mechanistic L .
. visible water . calculated affinity exclusively to
for the present water remains; . . comparison when . . . .
. displacement with - differences until either direct
compound determine whether . hydration and .
e - an affinity - water-state ligand contact or
decision the retained thermodynamic .
. advantage -, convergence is water
network is decompositions .
. . demonstrated displacement
chemically diverge
reproducible
Host-guest or
calculated Compensation . .
Structural . P - Simulation .
displacement may arise from Causal separation
occupancy alone S convergence does . . .
. energy cannot be protein, ligand, . is difficult when
Transfer does not establish not establish .
transferred solvent, or . protein and
boundary favorable L experimental -
. quantitatively measurement hydration states
thermodynamics . occupancy or
. without system-  effects rather than - co-vary
or long residence o residence
specific water alone
validation
Network Water leaves Large change in Hysteresis, Affinity trend
. . structurally but component starting-state changes with
disappears with L . .
. affinity or thermodynamics dependence, or protein state,
Failure temperature, . . . .
. ) thermodynamic without stable inconsistent free structural
signature alternative

structure, or
adequate sampling

decomposition
does not improve
as expected

structural or
dynamic
explanation

energies between
hydration
initializations

preparation, or
conformational
restraint
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Experimental
counterpart

Room-temperature

structural
comparison,
solvent-sensitive
thermodynamics,

Analogue series
with matched
structural and

Calorimetry
combined with
structural or

Alternative
initialization,
enhanced water
sampling, or

Structural
ensemble
comparison plus

- thermodynamic simulation experimentally thermodynamic
or designed . -
measurements evidence constrained measurements
analogue
. structure
perturbation
Modify the ligand . Design a
. fy . g . Repeat the ligand g .
interaction while Compare Test an analogue . . perturbation
. - . comparison with
preserving substitutions predicted to expected to
. a method that .
. geometry and test designed to perturb the L preserve direct
Prospective test . L explicitly samples .
whether the displace versus implicated . . contacts while
; insertion/removal . .
network and retain the same network altering hydration
. . . - or separates .
binding response  hydration region selectively . or conformational
hydration states .
change together coupling
Proposed:
Proposed: Proposed: treat affinity- Proposed:
_p L . P . v P Proposed: elevate
prioritize displacement as equivalent unresolved .
L . . . the mechanism
mechanistic informative only ~ compounds enter hydration-state
. . . . . . . only when
Hidden-water follow-up only if ~ when its energetic differential dependence is a competin
article-level test network consequence can follow-up only computational P . 9
. . . conformational
persistence and be separated from  when hydration uncertainty state, .
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chemical co-varying ligand divergence is not a compound
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sensitivity agree contacts independently advantage
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The table intentionally contains no numerical score. Its function is to separate situations in which similar affinity
is accompanied by different hydration physics from situations in which apparent water differences are
insufficiently validated to alter medicinal-chemistry interpretation.

Why similar affinity can conceal different water physics

A small difference in apparent affinity can be chemically reassuring while remaining mechanistically ambiguous.
This is particularly important for congeneric series in which a substituent perturbs a buried or partially enclosed
hydration site. If water rearrangement is slow relative to the computational protocol, two ligand states can appear
artificially similar, artificially different, or dependent on the hydration state from which the calculation was
initiated. Nonequilibrium relative binding free-energy calculations developed for systems containing trapped
waters illustrate the magnitude of this problem. Across eight test systems, explicitly managing water
rearrangement yielded relative binding free energies within 1.1 kcal/mol of experiment, with reported statistical
errors below 0.4 kcal/mol [27]. These results should not be generalized into a universal accuracy guarantee; they
demonstrate instead that a hidden hydration coordinate can become a material source of error when ligand
transformations require water displacement that ordinary sampling does not accomplish reliably.

The deeper medicinal-chemistry implication is that affinity equivalence and state equivalence are different
propositions. Two analogues can occupy overlapping crystallographic poses and produce similar AG while
differing in whether binding retains a water bridge, empties a confined site, changes solvent connectivity to bulk,
or couples hydration to a protein rearrangement. Enthalpy—entropy compensation can further compress these
differences at the level of net free energy. Thus, a narrow affinity interval does not justify concluding that two
analogues are mechanistically interchangeable.

This distinction is especially consequential early in optimization. When affinity differences are already large,
water analysis may help explain an established SAR trend. When affinities remain close, hydration-state
divergence can instead identify where the next discriminating experiment should be placed. A compound whose
predicted advantage exists only after a trapped water is artificially removed should not automatically outrank an
analogue whose water state equilibrates robustly. Conversely, a reproducible network difference that survives
alternative starting structures, enhanced sampling, and experimental structural constraints may deserve greater
mechanistic attention even if the current potency values remain nearly indistinguishable.
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The proposed concept of water-physics divergence before affinity divergence therefore refers to an investigational
state, not a validated biomarker. It contains no universal score, cutoff, or claim that the compound with the more
favorable calculated water displacement will later become the superior lead. Its purpose is narrower: when the
observable endpoint compresses several microscopic contributions into a similar AG, solvent organization can
provide an additional axis along which apparently equivalent compounds are challenged.

Water-aware compound prioritization

Large-scale structural analysis now makes such challenges feasible earlier than would have been practical when
hydration interpretation depended mainly on manual inspection. Analysis of more than 9,000 protein-ligand
complexes showed that water distributions and ligand-associated displacement patterns can be predicted
systematically, although positional recovery remains imperfect: approximately 38% of predicted waters were
within 1.0 A of experimental positions and about 83% within 1.5 A [28]. These values demonstrate useful
structural recoverability rather than affinity-prediction accuracy. A correctly positioned water can still have
uncertain residence, thermodynamic stability, or relevance to a particular ligand transformation.

For prioritization, water information should therefore be treated as a sequence of increasingly demanding
questions rather than as one score. The first question is whether an analogue changes a hydration feature
reproducibly. The second is whether that feature remains stable to reasonable variation in structural preparation,
temperature, protonation state, force field, or sampling method. The third is whether the change is chemically
interpretable—for example, whether a substituent removes a water bridge, opens a solvent pathway, or creates a
new coupled hydration—protein state. Only after these questions are addressed does it become useful to ask
whether the hydration difference explains or predicts a medicinal-chemistry consequence.

The framework proposed here consequently uses water information to redirect attention, not to declare a winner.
A robust hydration divergence can justify additional analogue design, room-temperature structural
characterization, calorimetry, water-sensitive simulation, or free-energy calculations that explicitly permit solvent
exchange. A weak or method-dependent signal should instead remain an uncertainty. This approach deliberately
preserves discordance. If one explicit-water method predicts a decisive displacement while another converged
method retains the water, the scientifically appropriate state is unresolved rather than an averaged or selectively
preferred answer.

Chemical perturbation remains central. Computational hydration analysis becomes most informative when paired
with analogues that test the hypothesized mechanism. If a proposed affinity advantage depends on replacing a
particular water, a matched substitution that preserves geometry while altering the capacity for displacement
provides a more informative test than simply extending the same scoring workflow. Likewise, if a predicted
network controls selectivity between homologous targets, chemically addressing that network should generate a
target-dependent response before strong mechanistic language is justified.

In this sense, water-aware prioritization is not an alternative to conventional medicinal chemistry. It is a way of
deciding which uncertainty to attack next. Affinity, selectivity, permeability, metabolic stability, synthetic
tractability, safety, and exposure remain independent decision dimensions. Hydration information becomes
valuable when it distinguishes compounds that conventional binding endpoints have not yet separated and when
the distinction can be translated into a falsifiable chemical or experimental test.

Experimental and simulation validation

Validation must match the claim being made. A predicted water position requires a different test from a predicted
residence time, displacement free energy, ligand pose, or thermodynamic consequence. No single technique
observes all of these quantities, and agreement among methods is meaningful only when the methods interrogate
comparable states.

Room-temperature structural measurements provide one important counterweight to exclusive reliance on
cryogenic coordinates. Serial crystallography applied in a drug-discovery setting to soluble epoxide hydrolase
revealed temperature-dependent ligand-binding behavior and improved definition of flexible regions relative to
previously available cryogenic structures [29]. Such observations do not establish that every room-temperature
crystal structure is closer to the complete biological ensemble. They establish that temperature can materially alter
the structural state from which medicinal-chemistry hypotheses are generated.

Dynamic simulation supplies a complementary form of evidence. In Photosystem II, room-temperature XFEL
crystallography and crystalline molecular-dynamics simulations produced compatible water-density patterns,
while the trajectories additionally exposed coordinated water exchange that could not be recovered from static
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density alone [30]. The biological system is not a drug-binding pocket, so its water kinetics cannot be transferred
quantitatively to medicinal chemistry. Its methodological lesson is nevertheless relevant: agreement in average
water location does not imply that a static experiment determines exchange dynamics, and a dynamic simulation
should not be considered validated merely because it reproduces one time-averaged density feature.

For the present perspective, validation should therefore be modular. Structural persistence can be challenged by
matched temperature states or independent structural measurements. Hydration topology can be tested by
comparing predictions across experimentally constrained protein conformations. Exchange limitations can be
probed through enhanced sampling or alternative initial hydration states. Thermodynamic interpretations can be
challenged through calorimetry or solvent-sensitive experiments where appropriate. Pose hypotheses can be tested
against crystallographic or cryo-EM density. Relative binding free-energy predictions that depend on buried-water
transitions should be repeated with protocols that explicitly permit insertion, deletion, or separation of hydration
states.

The proposed decision architecture does not require every compound to undergo every test. That would turn
mechanistic resolution into an impractical screening burden. Instead, the intensity of validation should increase
with the importance of the water-dependent inference. A minor hydration difference used only to generate an
analogue hypothesis may justify computational cross-checking. A water mechanism used to explain an
unexpected selectivity inversion requires stronger structural and thermodynamic support. A hydration feature
proposed as a prospective basis for advancing one lead over another demands still stronger evidence, ideally
including a designed chemical perturbation capable of falsifying the proposed mechanism.

Failure is informative in this framework. If a water-network difference disappears at room temperature, collapses
under adequate exchange sampling, depends strongly on one force field, or cannot survive a matched analogue
test, the appropriate conclusion is not that water is unimportant. It is that the specific hydration hypothesis was
insufficiently robust to carry the medicinal-chemistry decision. Conversely, convergence across structural,
thermodynamic, dynamic, and chemical evidence can justify progressively stronger mechanistic interpretation
while still remaining confined to the studied target and chemical series.

CONCLUSION

Binding affinity compresses a multidimensional molecular process into a single thermodynamic endpoint. Hidden
hydration networks are one reason that compounds with similar affinity need not occupy equivalent mechanistic
states. Water molecules can differ in persistence, connectivity, exchange accessibility, displacement cost, and
coupling to protein conformation, and ligand modification can reorganize these properties before a large
difference in net binding free energy becomes visible.

The practical consequence is not that medicinal chemistry should rank compounds by a universal water score.
Such a score is not supported by the evidence. Water-aware interpretation is most useful when it identifies a
reproducible difference that conventional affinity measurements have not resolved and converts that difference
into a falsifiable experiment or chemically precise next step.

The proposed framework therefore treats hydration divergence as an evidence-dependent reason for differential
follow-up. Structural occupancy must remain distinct from residence and thermodynamic stability; calculated
displacement must remain distinct from experimentally established benefit; and improved performance in a water-
aware computational method must remain distinct from prospective superiority in chemical optimization.
Discordant results are uncertainty states rather than failures to be hidden.

When these boundaries are preserved, hidden water networks provide more than retrospective explanation. They
can expose mechanistic distinctions between apparently equivalent compounds early enough to influence which
analogues are synthesized, which simulations require stronger sampling, which structural states deserve
experimental interrogation, and which affinity similarities should not yet be interpreted as chemical equivalence.
In that restricted but consequential sense, water physics can reorder medicinal-chemistry priorities before affinity
changes become obvious.
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