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Abstract

Background.

Accounts of infectious disease are conventionally organised at the level of organism, gene and protein.
A proton-centred alternative has been proposed, in which two elementary currencies — the electron,
expressed through orbital hybridisation at biochemical nodes, and the proton, expressed through proton-
motive force and nucleobase protonation — govern the establishment of infection, and in which the
pyrimidines rather than the purines are the decisive participants. That proposal has until now been
stated qualitatively. Here it is reduced to three falsifiable propositions and tested by density-functional
calculation.

Methods.

Geometries, harmonic frequencies and thermochemistry were computed at M06-2X/def2-TZVP for 65
species, with aqueous energetics from C-PCM single points. The method was validated against 10
experimental gas-phase proton affinities (MAE 9.5 kJ/mol, r = 0.977) and against the experimental
hydrogenation enthalpy and resonance energy of benzene.

Results.

Proposition 1 fails in the direction stated: at their most basic sites the pyrimidines average 885 kJ/mol
against 945 kJ/mol for the purines, and the result holds on experimental values alone. The pyrimidines
are instead the differentiated class, spanning 111 kdJ/mol where the purines span 12; we reformulate the
proposition accordingly and label the reformulation post hoc. Proposition 2 survives: the free-energy
separation between dominant and mispairing tautomers moves from + 25.9 kd/mol in 1-methylcytosine
to -11.7 kd/mol in the active base of molnupiravir, a 38 kJ/mol shift recovered without fitting. Proposition
3 survives: the pyrimidine ring carries 111 kJ/mol of resonance stabilisation against 130 for imidazole. A
separate calculation on sulfur hexafluoride contradicts the framework's hybridisation vocabulary at
hypervalent centres, where the sulfur d population is 1.7% of valence.

Conclusions.

Two of three chemical propositions survive and one is closed and reformulated. The tautomer criterion
is applied prospectively to rank candidate base analogues, yielding one compound predicted to exceed
the clinical benchmark (-21.1 kJ/mol) and one explicit negative prediction. Nothing here tests the
framework's clinical claims.

1. Introduction

Infectious disease is normally described in a vocabulary of organisms and macromolecules: which
pathogen, which receptor, which enzyme, which gene. That vocabulary is productive, and nothing here
disputes its results. It is, however, silent about a question that sits underneath it. Every one of those
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interactions is executed by electrons redistributing among orbitals and by protons moving between sites
of differing basicity. If the description is pushed down to that level, does anything organise itself that
was not visible above?

The framework examined in this paper answers that it does, and makes a specific claim about where to
look. It posits two elementary currencies. The first is the electron, expressed as the hybridisation state of
the orbitals that carry the recurring motifs of pathophysiology — the sp2 and sp3 centres of the urea
cycle, of inflammatory mediators, of the immune synapse. The second is the proton, expressed as
proton-motive force across the mitochondrial inner membrane and, at the level of the genetic alphabet,
as the protonation and tautomeric state of the nucleobases. The framework's most specific and most
testable assertion is that of the two classes of base it is the pyrimidine, more than the purine, that
participates in establishing infectious disease, and that this follows from proton handling rather than
from anything peculiar to the pyrimidine ring's biology.

That is an unusual claim, and it is unusual in a useful way: it is a chemical claim, not a biological one,
and chemistry can be asked directly. This paper asks it. We do not attempt to evaluate the framework as
a whole, much of which concerns clinical stratification and lies outside the reach of a calculation. We
isolate the part that electronic-structure theory can adjudicate, state it as three propositions, and
compute.

Proposition 1

(basicity). If the proton is the operative currency and the pyrimidine is its principal handler, the
pyrimidines should be distinguished from the purines in gas-phase proton affinity, and distinguished in
the direction of greater proton avidity.

Proposition 2

(tautomeric ambiguity). If therapeutic advantage follows from manipulating proton position rather than
blocking a site, then the drugs that already work by this route should show a measurably reduced free-
energy separation between their major and minor tautomers, and candidate analogues can be ranked on
that quantity before synthesis.

Proposition 3

(electronic responsiveness). If the pyrimidine is the responsive element, its ring should be the less
aromatically stabilised of the two, since delocalisation energy is precisely what resists redistribution of
charge.

Each proposition can fail independently, and we report the outcome of each as it came out. One of the
three survives in the form stated. One survives only after substantial reformulation, and the
reformulation is more interesting than the original. One is contradicted outright.
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2. The framework in the form tested

The account under test is set out at length elsewhere by the present author. This section states only
what is needed to make the calculations interpretable, and deliberately states it in the framework's own
terms before those terms are translated into chemistry.

2.1 Two quanta

The framework's first move is to treat the electron as a unit of description rather than merely a
constituent. Pathophysiological processes that are usually named at the level of tissue — inflammation,
immunity, the urea cycle — are re-expressed as the orbital states of the carbon, nitrogen and oxygen
centres that execute them. The collection of these states is termed the electronome. The purpose of the
move is economy: a small set of hybridisation states recurs across processes that have no obvious
relation at the level of pathway diagrams.

The second move introduces the proton, and it is the proton that carries the weight of the present paper.
Protons are the currency of the mitochondrial inner membrane, and proton-motive force is the quantity
that an infectious agent most reliably degrades. The framework extends the proton from bioenergetics
to information: the pairing face that a nucleobase presents is determined by where its protons sit, and
the stability of a pyrimidine — its resistance to having a proton moved — becomes a determinant of
whether a replication error is made.

2.2 Agent and host variables

Given the two quanta, the framework distinguishes what the agent contributes from what the host
contributes at the same node, and calls these the agent variable and the host variable. A biochemical
node is breached when the two together push it out of its steady state. This paper does not test the node
formalism; it is described because the drug-design propositions in Section 6 are stated in its language.

2.3 Where the pyrimidine claim comes from

The pyrimidine claim is not derived within the framework from first principles. It is an inference from the
observation that proton-motive force and mitochondrial DNA stability are the quantities that infection
most consistently disturbs, together with the observation that pyrimidine metabolism is the arm of
nucleotide metabolism most often targeted by successful antimicrobials. The framework proposes that
these two facts have a common cause at the level of proton handling. Whether they do is the question
Proposition 1 puts to calculation.

3. Methods
3.1 Electronic structure
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All structures were generated from SMILES with ETKDGv3 and pre-optimised with MMFF94s, then
optimised without symmetry or geometric constraints at B3LYP/def2-SVP using the geomeTRIC
optimiser in translation—rotation internal coordinates, with convergence thresholds of 1e-6 hartree on
energy, 3e-4 on the rm.s. gradient and 4.5e-4 on the maximum gradient. For the larger species the
optimisation was staged: a coarse pass on a level-1 integration grid with loosened gradient thresholds
performed the bulk of the geometric travel, and the tight pass above was then started from that point,
which reduces the number of expensive tight-grid gradient evaluations without changing the stationary
point located. Analytic Hessians were computed at the same level for every stationary point, on a level-2
integration grid; all reported structures are true minima with no imaginary frequency, and the smallest
real frequency of each is given in the supplementary data. Thermal corrections to enthalpy and Gibbs
free energy at 298.15 K and 101325 Pa were obtained from the harmonic rigid-rotor approximation
without frequency scaling, and are referenced to the electronic energy so that they may be combined
with any single-point method.

Single-point energies were then computed at M06-2X/def2-TZVP and, for comparison, B3LYP/def2-TZVP,
both with the resolution-of-the-identity approximation and a level-3 integration grid. M06-2X/def2-
TZVP//B3LYP/def2-SVP is the primary method throughout; the B3LYP/def2-TZVP values are reported
alongside so that the method-dependence of every conclusion is visible. Calculations used PySCF.

Because the staged optimisation and the level-2 Hessian grid were adopted to fit the available hardware
rather than on theoretical grounds, they were validated rather than assumed equivalent. Adenine was
recomputed under both the original protocol (single tight optimisation, level-3 Hessian grid, SCF
convergence 1e-10) and the reduced one, and the two agree to 0.0008 kcal/mol on the optimised
B3LYP/def2-SVP energy, 0.003 kcal/mol on the zero-point energy, 0.003 kcal/mol on the 298 K enthalpy
correction, and 0.004 kcal/mol on the M06-2X/def2-TZVP single-point energy, with identical imaginary-
frequency counts and lowest real frequencies of 161.8 and 161.2 cm-1. These differences are three
orders of magnitude smaller than the smallest energy difference on which any conclusion below
depends, and the full comparison is given in the supplementary data.

Aqueous energetics were obtained as C-PCM single points at M06-2X/def2-TZVP on the gas-phase
geometries, using the static dielectric constant of water (78.3553) and combined with the gas-phase
thermal corrections. The SMD model, which would have been preferred, is not compiled into the PySCF
build used here; C-PCM returns the electrostatic component of solvation only, omitting cavitation,
dispersion and solvent-structure terms. Aqueous results are therefore reported exclusively as
differences between tautomers of identical molecular formula and closely similar molecular volume, for
which the omitted non-electrostatic contributions cancel to a good approximation. No absolute solvation
free energy is quoted, and the gas-phase results - which are the ones validated against experiment below
- remain the primary basis of every conclusion. This is a standard approximation and it is the correct one
to be sceptical of first when a solution-phase number is surprising.

3.2 Proton affinities
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Proton affinity is reported as the enthalpy change of BH+ -> B + H+ at 298.15 K,
PA = [H(B) + 5/2 RT] - H(BH+),

with 5/2 RT the enthalpy of the bare proton in the ideal-gas convention. Every plausible protonation site
was optimised separately rather than assumed; the site-resolved values are reported in full, and the
largest is taken as the molecular proton affinity for comparison with experiment. Protonated structures
were generated programmatically by incrementing the formal charge and hydrogen count at a mapped
ring position, so that site assignment is mechanical and not a matter of hand-written input.

3.3 Validation set

Five molecules of known, evaluated gas-phase proton affinity — ammonia, aniline, pyridine, pyrimidine
and imidazole — were computed identically to the nucleobases. Experimental values were taken from the
NIST Chemistry WebBook compilation and retrieved programmatically. The nucleobases themselves
also carry evaluated experimental proton affinities, and these are used as a second, in-domain check. No
parameter is fitted to any of these values; they are a test of the method, not an input to it.

3.4 Tautomer and analogue energetics

Minor tautomers were constructed by relocating one proton and adjusting bond orders accordingly, and
optimised independently. For the nucleoside analogues, the N-glycosidic position was capped with a
methyl group so that tautomerism at the sugar-bearing nitrogen — which is blocked in the nucleoside —
is also blocked in the model. Minor-form populations are reported as Boltzmann fractions from the
aqueous free-energy difference at 298.15 K.

3.5 Resonance energies

Empirical resonance energies were obtained from computed hydrogenation enthalpies following the
scheme of Kistiakowsky, in which the stabilisation of an aromatic ring is the difference between the
hydrogenation enthalpy predicted from an appropriate number of localised reference double bonds and
the hydrogenation enthalpy actually computed for the aromatic. Reference alkenes and cyclic imines
were chosen to match both the ring size and the bond type being replaced; where a ring contains both C
=C and C = N bonds, separate references were used for each and the caveat is stated with the result.

4. Results

4.1 The method reproduces measured basicity, with one
systematic flaw

Ten of the computed proton affinities have experimental counterparts in the Hunter and Lias
compilation. Agreement is good: mean absolute error 9.5 kJ/mol, root-mean-square error 13.3 kJ/mol,
and a correlation of r=0.977 across a 106 kJ/mol range of basicity (Fig. 1, Table 1).

Page 6/26



Table 1

Proton affinities of the nucleobases (kJ/mol). max marks the most basic site of each
species; experimental values from the Hunter and Lias compilation where available.

species site class M06-2X B3LYP max experiment error
adenine N1 purine 938.9 951.5 yes 942.8 -3.9
adenine N3 purine 932.8 946.2 — —
adenine N7 purine 903.2 918.3 — —
adenine N6(exo) purine 842.5 851.5 — —
guanine N7 purine 951.4 966.9 yes 959.5 -8.1
guanine 06 purine 933.1 941.0 - -
guanine N3 purine 883.9 895.7 - -
cytosine 02 pyrimidine  956.8 960.6 yes 949.9 +6.9
cytosine N3 pyrimidine  949.3 961.2 - —
thymine 04 pyrimidine  852.2 860.2 yes 880.9 -28.7
thymine 02 pyrimidine  832.4 836.8 - -
uracil 04 pyrimidine  846.1 853.3 yes 872.7 -26.6
uracil 02 pyrimidine  821.7 825.8 — -
ammonia N reference 849.4 855.8  yes 853.6 -4.2
aniline N reference 875.2 882.9 yes 882.5 -7.3
imidazole N reference 940.8 950.9 yes 942.8 -2.0
pyridine N reference 925.4 937.7 yes 930.0 -4.6
pyrimidine N reference 882.9 894.6 yes 885.8 -2.9

The errors are not random. The mean signed error is -8.1 kd/mol: the calculation underestimates proton
affinity almost everywhere. The two largest deviations, thymine (-28.7 kJ/mol) and uracil (-26.6 kJ/mol),
fall on the two 2,4-dioxopyrimidines, and both fall in the same direction.

This matters more than a validation table usually does, because the class whose basicity is least well
reproduced is the class Proposition 1 is about. We therefore test Proposition 1 twice — once on the
computed values and once on the measured values alone — and report both.

4.2 Proposition 1 fails in the direction it was stated

Table 1 and Fig. 2 give the proton affinity of every basic site in the five nucleobases. Taking each base at
its most basic site, the purines lie at 939-951 kJ/mol (adenine N1, guanine N7), and the pyrimidines at

Page 7/26



846-957 kJ/mol (uracil 04, thymine 04, cytosine 02).

The class means are 945 kJ/mol for the purines and 885 kJ/mol for the pyrimidines. The pyrimidines are
the less proton-avid class, by 60 kJ/mol. Proposition 1 predicted the opposite.

Restricting the comparison to measured values removes any suspicion that this is an artefact of the
systematic underestimate in 4.1: experimentally the purines average 951 kJ/mol and the pyrimidines
901 kd/mol, the same direction and a gap of 50 kd/mol. The proposition fails as stated, on experiment
as well as on calculation.

A second qualitative result sits alongside it. In both purines the most basic site is a ring nitrogen; in all
three pyrimidines it is a carbonyl oxygen. The two classes do not merely differ in how strongly they bind
a proton, they bind it at chemically different sites.

4.3 The pyrimidines are, however, the differentiated class

The distribution tells a different story from the mean. The two purines differ from each other by only 12
kJ/mol at their most basic sites. The three pyrimidines span 111 kd/mol — a factor of 8.9. On the
measured values alone the contrast is smaller but survives intact: 17 kJ/mol across the purines against
77 across the pyrimidines, a factor of 4.6 (Fig. 2, right panel).

That spread is not a small effect. The range covered by the pyrimidines is comparable to the difference
in basicity between ammonia and pyridine — two molecules no chemist would describe as similar.

This suggests a reformulation. If a class of molecules is to carry information through proton position,
uniformly high proton affinity is close to the worst property it could have: it would make the members of
the class interchangeable. What is required is that they differ, and differ enough that the difference can
be read. By that criterion the purines are nearly featureless and the pyrimidines are strongly
differentiated.

Proposition 1

(reformulated). The pyrimidines are distinguished from the purines not by how strongly they hold
protons, but by how much they differ among themselves in doing so.

We record plainly that this is a reformulation made after seeing the data and not a prediction that was
tested. It is offered because it is falsifiable in its own right — it predicts that the ordering and spacing of
pyrimidine basicities, not their absolute level, is what correlates with biological substitutability — and
because the original form of the proposition is now closed.

4.4 Proposition 2 survives, and recovers a drug that
already works
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Table 2 gives the minor tautomers of the natural bases. Excluding guanine, they lie 10-76 kJ/mol above
the canonical form (Fig. 3) — separations large enough that the minor forms are thermodynamically
inaccessible, which is the expected and necessary result for a functioning genetic alphabet. Guanine is
the known exception: its N7-H and O6-enol forms lie within 0.4 kdJ/mol of the canonical tautomer.

Table 2

Minor tautomers of the natural bases, gas-
phase free energy relative to the canonical
form (kJ/mol).

tautomer parent base AG (gas)
adenine_7H adenine 354
adenine_imino adenine 51.7
cytosine_imino cytosine 10.4
guanine_7H guanine -0.2
guanine_enol guanine 0.4
thymine_O4enol  thymine 76.5
uracil_O2enol uracil 41.6
uracil_O4enol uracil 447

Table 3 and Fig. 4 give the test. The control, 1-methylcytosine, places its mispairing tautomer 8.7 kd/mol
above the dominant form in the gas phase and 25.9 kJ/mol in water — locked, as a functioning base
must be. Its N4-hydroxy derivative, which is the active base of molnupiravir, places the same tautomer at
-28.9 kJ/mol in the gas phase and - 11.7 kJ/mol in water. A single hydroxylation moves the tautomer
equilibrium by 38 kJ/mol and inverts its sign.
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Table 3

Candidate base analogues ranked by tautomeric ambiguity. AG is the free energy of the mispairing
tautomer relative to the dominant form (kJ/mol); negative means the mispairing form is preferred.
Minor-form fractions are ordinal, not quantitative (Section 6.4).

analogue AG AG minor dipole dipole
(gas) (water) fraction major (D) minor (D)

1-methylcytosine (control) 8.7 25.9 2.9e-05 6.2 4.8

N4-hydroxy-1-methylcytosine -28.9 -11.7 0.991 5.7 3.0

(molnupiravir base)

N4-hydroxy-5-methyl-1- -36.0 -21.1 1.000 6.7 3.1

methylcytosine

9-methyladenine (control) 79.0 47.3 5.1e-09 2.5 5.0

N6-methoxy-9-methyladenine 12.6 -0.9 0.593 3.0 3.6

N2-hydroxy-9-methylguanine 25.6 19.0 4.7e-04 7.1 8.2

The compound was included as a positive control and nothing in the calculation was fitted to it. That the
separation is recovered, at the right magnitude and in the right direction, is the strongest evidence in this
paper that the computational route has predictive content. It is also consistent with the experimentally
established mechanism, in which the mutagenicity of molnupiravir follows from tautomeric ambiguity of
exactly this kind.

The purine control behaves the same way and more strongly: 9-methyladenine holds its imino form 79
kJ/mol above the amino form in the gas phase and 47 kJ/mol in water.

Proposition 2

survives in the form stated.

4.5 Proposition 3 survives

The hydrogenation scheme can be checked against experiment at one point, and it passes. The
computed hydrogenation enthalpy of benzene is -207.2 kJ/mol against a measured - 208.4 kJ/mol, and
the resonance energy that follows is 154 kJ/mol (36.8 kcal/mol) against the classical value of 151
kJ/mol (36 kcal/mol).

On that footing (Table 5, Fig. 5), the pyrimidine ring carries a resonance energy of 111 kJ/mol and the
imidazole ring 130 kJ/mol. The pyrimidine is the less stabilised of the two by 19 kdJ/mol. Normalised per
delocalised double bond the contrast is wider still, 37 against 65 kJ/mol.
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Table 5
Empirical resonance energies from computed hydrogenation enthalpies (kJ/mol unless stated).

ring AH reference resonance kcal/mol nC= per double
hydrogenation sum energy C/C=N  bond
benzene -207.2 -361.1 153.9 36.8 3 51.3
pyridine -162.3 -308.6 146.3 35.0 3 48.8
pyrrole -107.7 -241.2 133.5 31.9 2 66.8
imidazole  -66.7 -196.2 129.5 31.0 2 64.8
pyrimidine  -145.5 -256.0 110.6 26.4 3 36.9
furan -148.3 -241.9 93.6 22.4 2 46.8

Proposition 3

survives in the form stated: the ring the framework nominates as the responsive element is indeed the
one that resists redistribution of charge least.

One caveat belongs with it. The comparison is between free pyrimidine and free imidazole, not between
the two rings of an intact purine, which are fused and cannot be assigned separate resonance energies
without an additional and arbitrary partition.

5. The framework's electron vocabulary, tested separately

The framework expresses its electron currency in the language of orbital hybridisation. That language is
worth testing at the point where it is known to be strained, and sulfur hexafluoride is the standard case.

The optimised geometry is octahedral to the precision of the calculation: six equal S—F bonds of 1.5930
A and cis and trans angles of 90.00° and 180.00°. The textbook account attributes that geometry to
sp3d? hybridisation, which requires two electrons in sulfur 3d.

The computed d population on sulfur is 0.229 electrons — 1.7% of the valence population, not the two
electrons the hybridisation picture requires (Fig. 6). The sulfur carries a formal charge of + 2.45. The six
equivalent bonds arise from three-centre four-electron sets and from ionic character, not from d-orbital
participation, in agreement with the established analysis.

The consequence for the framework is specific and limited. For the second-row sp? and sp?® centres of
carbon, nitrogen and oxygen that carry essentially all of biochemistry, hybridisation language is sound
and the framework's use of it is unaffected. For hypervalent centres it is not sound, and the framework
should not be extended there. This is a constraint on vocabulary rather than a refutation of the electron-
level description — but it is a real one, and it was not anticipated by the framework as written.
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6. Consequences for drug design

The framework's drug-design prediction is that compounds acting on nucleotide chemistry should work
by manipulating proton position rather than by occluding a site. Proposition 2 gives that prediction a
number: the free-energy separation between a base analogue's dominant and mispairing tautomers.
Section 4.4 shows the quantity separates a working drug from its inactive parent. This section uses it
prospectively.

6.1 The design rule

Rank candidate nucleoside analogues by AG(minor - major) in water, computed on the free base. A
natural base sits well above zero and is inert by this mechanism. A compound that works by induced
mispairing sits near or below zero. The quantity is cheap to compute — a few hours per candidate on one
core — and can be applied before synthesis.

6.2 Ranked candidates

Table 3 and Fig. 4 give the ranking for the six compounds computed here. Two results are prospective
rather than confirmatory.

Make first: N4-hydroxy-5-methyl-1-methylcytosine. Adding the 5-methyl group that distinguishes
thymine from uracil to the molnupiravir base shifts AG(minor - major) from - 11.7 to -21.1 kdJ/mol in
water, a further 9.4 kJ/mol in the direction that distinguishes the active compound from its inactive
parent. The modification is synthetically minor and 5-methylpyrimidine nucleosides are metabolically
tractable.

Second: N6-methoxy-9-methyladenine. The purine-side analogue moves from + 12.6 kJ/mol in the gas
phase to -0.9 in water, the only compound in the set whose two tautomers are near-degenerate under
solvation. It is the cleanest available test of ambiguity as against consistent mispairing, because a
genuinely balanced equilibrium should produce both transition types.

6.3 A negative prediction

Do not pursue N2-hydroxy-9-methylguanine by this mechanism. Hydroxylation at N2 leaves the
tautomer separation at 19 kd/mol in water — barely moved from the natural guanine baseline and an
order of magnitude short of what the working compound achieves. The framework's reasoning, applied
naively, would suggest that hydroxylating any exocyclic nitrogen should confer mutagenicity. It does not.
This is the most useful output of the section because it is the easiest to falsify: if N2-hydroxyguanosine
proves mutagenic by induced mispairing, the design rule is wrong.

6.4 What these numbers will and will not support

The absolute minor-form populations in Table 3 should not be read literally. They follow from an
electrostatics-only continuum treatment of solvation (Section 3), and an error of a few kJ/mol moves a
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population fraction by orders of magnitude while leaving a ranking untouched. The robust quantities are
the 38 kd/mol control-to-drug shift and the ordering of the six compounds. The fractions are reported for
completeness and should be treated as ordinal.

The frontier-orbital descriptors in Table 4 are reported for the same reason. They were computed for all
31 species and did not separate the active compounds from the inactive ones; we record that they failed
as a discriminator rather than omitting them.

Table 4

Frontier-orbital descriptors (eV). Reported for completeness; they did not discriminate active from
inactive compounds.

species class HOMO LUMO gap ?Ii)gole hardness electrophilicity
9MeN6MeOA_imino  analogue -6.7 0.1 6.8 3.6 3.4 0.8
TMeNHC_oxime analogue -7.3 -0.2 7.1 3.0 3.5 1.0
9MeA_imino analogue -7.0 0.1 7.1 5.0 3.5 0.8
TMe5MeNHC_oxime  analogue -7.2 0.1 7.3 3.1 3.6 0.9
TMe5MeNHC_amino  analogue -7.6 -0.2 7.3 6.7 3.7 1.1
TMeNHC_amino analogue -7.9 -0.5 7.4 57 3.7 1.2
9MeN6MeOA_amino  analogue -7.5 -0.1 7.5 3.0 3.7 1.0
9MeN20HG_imino analogue -7.0 0.5 7.5 82 3.8 0.7
9MeN20HG_amino analogue -7.2 0.3 7.5 7.1 3.8 0.8
TMeC_imino analogue -7.8 -0.2 7.5 48 3.8 1.1
TMeC_amino analogue -7.7 -0.1 7.6 6.2 3.8 1.0
9MeA_amino analogue -7.4 0.2 7.6 2.5 3.8 0.8
9MeG_amino analogue -7.0 0.7 7.7 7.3 3.9 0.6
adenine base -7.5 0.2 77 24 3.8 0.9
cytosine base -8.0 -0.1 7.8 6.6 3.9 1.1
guanine base -7.1 0.7 7.8 6.9 3.9 0.7

6.5 The experiment that would settle it

Measure the tautomer population of the three cytosine-series compounds — 1-methylcytosine, its N4-
hydroxy derivative and the proposed 5-methyl analogue — in water, by NMR or UV. The prediction is an
ordering, not a set of values: the minor-form population should increase monotonically along that series.
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If the 5-methyl compound does not exceed the N4-hydroxy compound, the design rule has no
prospective value even though it reproduces the retrospective case.

7. Discussion

Three propositions were put to calculation and they did not fare alike.
Proposition 3

survives unchanged: the pyrimidine ring is the less aromatically stabilised of the two nucleobase rings,
by 19 kd/mol, on a scheme validated against the experimental resonance energy of benzene.

Proposition 2

survives and is the strongest result here. The free-energy separation between tautomers distinguishes a
drug in clinical use from its inactive parent by 38 kJ/mol, recovered without fitting. A framework that
predicts a working mechanism it was not built from has done something that mere redescription cannot.

Proposition 1

fails in the form stated, and fails on experimental data as well as on ours: the pyrimidines are the less
proton-avid class, not the more. What the data show instead is that the pyrimidines are the differentiated
class, spanning 111 kJ/mol where the purines span 12. We have set that out as a reformulation and
labelled it as post hoc. If it has value it is because it changes what one would look for: not a class that
binds protons tightly, but a class whose members can be told apart by where their protons sit.

Alongside the three, a fourth calculation tested the framework's electron vocabulary at a hypervalent
centre and contradicted it. The d-orbital participation that the sp3d? picture requires is absent — 1.7% of
valence population. The framework's hybridisation language holds for the centres biochemistry actually
uses and fails outside them.

Two limits should be stated plainly. First, these are calculations on isolated free bases; the biological
question concerns bases in a duplex, in a polymerase active site, hydrogen-bonded to a partner, and
none of that is present here. Tautomer energetics in a base pair are not the tautomer energetics of the
free base, and the literature on proton transfer in Watson—Crick pairs makes clear that the surrounding
structure is not a perturbation. Second, and more importantly: nothing in this paper tests the
framework's clinical content. The propositions examined here are chemical. That two of them survive
says nothing about whether the framework's account of infection, stratification or outcome is correct,
and we make no claim that it does.

What can be said is narrower and, we think, still worth saying. A qualitative framework was reduced to
three quantitative propositions; the propositions were computed rather than argued; one was closed, one
was reformulated under the data, and one was confirmed together with a prospective design and a
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falsifiable negative. That is the form in which such a framework becomes useful, whatever becomes of
the framework itself.

8. Limitations

The calculations are gas-phase optimisations with continuum-solvation single points. They contain no
explicit water, no counter-ion, no stacking partner and no protein environment. A nucleobase in a
polymerase active site is none of those things, and the numbers here should be read as the intrinsic
property of the base, which is what the propositions are about, rather than as a prediction of behaviour in
situ.

Harmonic frequencies without scaling carry a systematic error in zero-point energy of a few kJ/mol,
which cancels substantially in the differences reported but not entirely. Single-conformer treatment is
appropriate for the rigid heterocycles here but not for the hydroxylamino analogues, where rotation about
the N-0O bond gives distinguishable conformers; the lowest found is reported and the search was not
exhaustive.

The resonance energies rest on a choice of reference molecule, and for the rings containing C =N
adjacent to a second nitrogen no ideal reference exists. Those values carry a wider uncertainty than the
benzene value, which is the one that can be checked against experiment.

Most importantly: nothing here tests the framework's clinical propositions. The calculations bear on
three chemical statements. That the chemical statements are partly supported does not transfer to the
framework's account of stratification, which requires clinical data and is not addressed.
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Figure 1
The method reproduces measured basicity. Left: computed against experimental gas-phase proton

affinity at the most basic site, with the line of identity. Right: signed residuals by species. Colour
distinguishes purine, pyrimidine and non-nucleobase reference compounds.
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Figure 2

Site-resolved proton affinities. Left: every basic site in the five nucleobases, with the most basic site of
each filled. Right: the distribution of most-basic-site values by class; bars give the within-class range. The
classes overlap in level and differ in spread.
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Every minor tautomer is far above its canonical form
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Minor tautomers of the natural bases, as gas-phase free energy relative to the canonical form. Guanine

is the exception: its alternative forms are nearly isoenergetic with the canonical one.
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Ranking candidate bases by tautomeric ambiguity
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Figure 4

Candidate bases ranked by tautomeric ambiguity. Free energy of the mispairing tautomer relative to the
dominant form; open markers gas phase, filled markers water. Lower is more ambiguous. The compound
in clinical use is shown in purple, natural-base controls in grey, proposed analogues in orange.
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Candidate bases ranked by tautomeric ambiguity. Free energy of the mispairing tautomer relative to the
dominant form; open markers gas phase, filled markers water. Lower is more ambiguous. The compound
in clinical use is shown in purple, natural-base controls in grey, proposed analogues in orange.

The pyrimidine ring is the less stabilised of the two nucleobase rings
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Figure 5

Empirical resonance energies from computed hydrogenation enthalpies. Benzene carries the
experimental anchor. The pyrimidine ring is the less stabilised of the two nucleobase rings.
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Sulfur hexafluoride.Left: computed valence populations on sulfur against those the sp3d? hybridisation
picture requires. Right: geometric and charge parameters. The octahedral geometry is reproduced
exactly; the d participation the textbook account invokes is absent.
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