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ABSTRACT

Phosphorus nuclear spins are candidates for quantum information processing in biological matter because 31P is a spin-1/2

nucleus without an electric quadrupole moment, although coherence remains environment-dependent. Recent work ranges

from theoretical proposals based on phosphate ions and Posner molecules to experimental demonstrations of room-temperature

quantum logic in adenosine diphosphate. Scaling such approaches in liquid-state molecular systems is difficult because

slower rotational dynamics in larger phosphate-containing structures weaken motional averaging, restore anisotropic couplings,

broaden spectra, and can reduce transverse coherence. We therefore propose investigating a transition to oriented, immobilized

biomolecular architectures. Filamentous actin and microtubules provide ordered lattices containing bound ADP and GDP/GTP,

respectively, at periodic nucleotide-binding sites and offer geometries suitable for orientation-dependent NMR studies. Using

structural models based on PDB entries 7BT7 and 5SYF, we estimate static intranucleotide 31P–31P dipolar contributions

and corresponding conditional two-spin interaction intervals in aligned lattices. The resulting sub-millisecond interaction

timescales motivate direct measurements of relaxation, linewidths, orientation dependence, and selective control. Cytoskeletal

nucleotide-spin lattices therefore merit investigation as candidate platforms for solid-state nuclear magnetic resonance quantum

information processing in biological matter.

Keywords: quantum information processing, phosphorus-31, nuclear magnetic resonance, cytoskeletal filaments, microtubules,
filamentous actin

Introduction

A classical bit occupies one of two states, whereas a qubit is a two-level quantum system that can occupy a coherent superposition
of its basis states and can be manipulated and measured using suitable control fields. Biological qubits such as enhanced yellow
fluorescent protein (EYFP) [1] and the magneto-sensitive fluorescent flavoprotein MagLOV [2], which can be interrogated
and externally controlled in living systems, may enable ultrasensitive measurements for fundamental research and medical
diagnostics. They may also be integrated into scalable, biocompatible architectures for quantum sensing, information processing,
and, ultimately, biological quantum computation.

Among the principal elements of biological matter (carbon, hydrogen, nitrogen, oxygen, phosphorus, and sulfur; CHNOPS),
phosphorus has been proposed as a particularly promising host for natural nuclear-spin qubits. Its sole stable isotope,
phosphorus-31 (31P), has nuclear spin 1/2 and therefore no electric quadrupole moment, which reduces decoherence from direct
coupling to local electric-field gradients. Its 100% natural abundance and widespread occurrence in biological phosphates
further support its suitability. Moreover, 31P nuclear spins can be addressed, manipulated, and detected using magnetic and
radiofrequency fields, although their coherence depends on the surrounding molecular environment. These properties have
motivated several proposals for phosphorus-based quantum information processing in biological systems.

Fisher proposed that solvated phosphate ions could act as entangled qubits in biology with long coherence times and
identified calcium phosphate clusters known as Posner molecules as potential structures for retaining quantum information [3]
(Fig. 1). In this proposal, phosphorus nuclear spins may first become entangled through biochemical reactions involving
phosphate groups from adenosine triphosphate (ATP) or polyphosphate chains (Fig. 1A). Rapid tumbling of solvated Posner
molecules was proposed to average time-dependent magnetic interactions, thereby extending coherence and entanglement
lifetimes (Fig. 1D). Halpern and Crosson [4] rigorously analyzed this model, validating some aspects while refining the



conditions required for the proposed processes. More recent studies have examined the assumed molecular symmetry [5] and
the robustness of coherence and entanglement in Posner molecules [6], but the available work remains primarily theoretical.

Figure 1. Fisher’s spin-based model of quantum cognition. (A) ATP (black) releases pyrophosphate, comprising two linked
phosphate groups (orange). (B) The nuclear spins of the two phosphorus atoms become entangled (blue lines). (C) Direct
environmental exposure causes rapid decoherence and loss of this entanglement. (D) Incorporation of phosphate into Posner
molecules, Ca9(PO4)6 (pink), may protect the nuclear-spin states from decoherence. (E) Entanglement may persist between
phosphate groups within the same Posner molecule or between separate Posner molecules, potentially enabling quantum
correlations over biologically relevant distances.

Smolin proposed another biologically inspired architecture for 31P quantum information processing based on the phospho-
lipid cell membrane [7]. Phospholipids are major components of cell membranes and contain a phosphate head group and
two hydrophobic tails (Fig. 2A). Smolin’s proposal assumes electron spins associated with selected phospholipids (Fig. 2B).
However, phosphatidylcholine is a closed-shell zwitterion under physiological conditions, so its charged phosphate and choline
groups do not themselves imply an unpaired electron. An electron-spin control qubit would require a separately generated,
sufficiently long-lived radical state, for example through photoexcitation or redox chemistry. Conditional on the generation
of such radical states, the proposed lipid-bilayer architecture resembles the Kane quantum-computer design [8] (Fig. 2C).
Potential advantages include tunable control-qubit density through the proportion of modified phospholipids and a simpler
fabrication process in which an electric field positions the polar lipids in the fluid phase before cooling immobilizes them below
the membrane transition temperature.

More recently, Davino experimentally demonstrated quantum information processing on a two-qubit system of phosphorus
nuclear spins in adenosine diphosphate (ADP) [9]. Remarkably, the T2 decoherence time of the nuclear spins was measured to
be 207(6) ms, and the CNOT, Hadamard, and T quantum logic gates were implemented with fidelities of 0.970(53), 0.991(55),
and 0.918(70), respectively. These gates, together with standard rotation gates, form a universal gate set. In the same ADP
study, effective Bell-state preparation and a proof-of-principle implementation of the Deutsch algorithm were demonstrated [9];
Refs. [10–13] provide background on ensemble-NMR effective-pure-state methods, and Ref. [14] introduced the Deutsch
algorithm.

Although these results establish room-temperature quantum control in a biologically relevant molecule, scaling remains
difficult. ATP would constitute a three-qubit system described by an 8× 8 density matrix. This size is tractable, but state
preparation, spectral resolution, pulse design, and tomography become progressively more demanding.

Still, running complex quantum algorithms (such as the Deutsch–Jozsa algorithm [15]) would require many more qubits,
and a possible solution has been suggested in [9]: using long-chain polyphosphates, which are present in living systems [16].
However, beyond the practical challenge of spectral overcrowding, a fundamental physical constraint arises from the scaling
of molecular dynamics. The high-field secular approximation is distinct from motional averaging: rapid molecular tumbling
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Figure 2. Smolin’s proposed phospholipid implementation of a Kane-type quantum computer. (A) Schematic phospholipid
comprising a phosphorus (orange)-containing polar headgroup (red) and two hydrophobic acyl chains (yellow). (B)
Organization of phospholipids into a bilayer, producing a two-dimensional array of 31P nuclear spins that may serve as memory
qubits. (C) Conceptual Kane-type architecture in which unpaired electron spins (e−; black) associated with selected
phospholipids act as control qubits. Local A gates tune the coupling between an electron spin and a neighboring 31P nuclear
spin, whereas the intervening J gate controls the interaction between adjacent electron spins.

averages orientation-dependent anisotropic interactions in solution, whereas the secular approximation removes terms that
oscillate rapidly relative to the Zeeman dynamics.

For polyphosphate chains containing hundreds of phosphorus atoms, the rotational correlation time (τc), defined as
the characteristic timescale of molecular tumbling, would increase substantially. In the Bloembergen-Purcell-Pound (BPP)
framework, τc scales approximately with the cube of the hydrodynamic radius (a3). Slower tumbling weakens motional
averaging and restores anisotropic coupling contributions, causing line broadening and potentially reducing the transverse
coherence time T2.

Increasing the qubit count may require an oriented, immobilized solid-state regime, and cytoskeletal filaments provide
candidate biomolecular lattices for investigating this possibility. Actin filaments are one of the three major types of cytoskeletal
filaments, and actin is among the most abundant proteins in eukaryotic cells [17]. F-actin consists of two intertwined strands,
with approximately 13 globular actin monomers repeating over six turns and an axial repeat of 35.9 nm [18]. Using PyMOL
and the Protein Data Bank (PDB) structure 7BT7 of the F-actin-ADP complex [19], we measured approximately 4.0 nm
between adjacent ADP sites. This estimate is consistent with the deposited 7BT7 helical symmetry, which has an axial rise of
2.75 nm and a rotation of −166.6◦ per subunit. These lattices provide candidate solid-state structures beyond solution-state
ADP, where filamentous actin sterically constrains bound nucleotides within its subunits, allowing static, orientation-dependent
dipole-dipole coupling between phosphorus nuclear spins.

Microtubules are another central component of the cytoskeleton and are composed of alpha and beta tubulin heterodimers
in which alpha-tubulin binds guanosine triphosphate (GTP) at a non-exchangeable, non-hydrolyzable N-site while beta-tubulin
binds GTP at an exchangeable E-site, where the bound GTP is hydrolyzed to guanosine diphosphate (GDP) shortly after tubulin
incorporation into the growing microtubule polymer. They are assembled from these tubulin subunits into long hollow polymers
that are 25 nm wide and range in length from 1 to 100 micrometers. Microtubule structure is most straightforwardly described
as comprising approximately 13 linear protofilaments that are associated laterally and closed into a hollow tube.

Along with microtubule-associated proteins, they form the mitotic spindle, essential in separating the chromosomes
during mitosis, a central process in cell biology [20]. Microtubules also play major roles in cellular organization and in
intracellular transport, crucial for processes associated with long axons of neurons, such as neurotransmitter release and synaptic
plasticity [21].

Cytoskeletal filaments are attractive candidate hosts because they form ordered lattices of regularly spaced molecules over
micrometre length scales, a potentially useful feature for solid-state nuclear magnetic resonance (NMR) quantum-information
devices. In microtubules, proposed advantages include their geometry, hydrophobic pockets, high density of aromatic amino
acids, and ordered internal water, although any resulting protection from environmental noise or enhancement of coherence must
be demonstrated experimentally [22–25]. Filamentous actin may partly shield bound nucleotide phosphates from bulk solvent,
but its effect on 31P relaxation and coherence must also be measured directly. Beyond the present 31P nuclear-spin proposal,
microtubules have been proposed to support room-temperature exciton formation and transport [26] and strongly superradiant
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states [27–30]. These theoretical quantum-optical proposals, together with the established biological functions of cytoskeletal
filaments, motivate further investigation. Microtubules contribute to neuronal organization and plasticity [31, 32], whereas actin
contributes to cell motility [33], muscle contraction [34], cell division [35], phagocytosis [36], antigen presentation [37], and
the immunological synapse [38].

We propose investigating phosphorus nuclear spins in nucleotides periodically embedded in F-actin and microtubule
lattices as candidate solid-state NMR qubits. Quantum biology has commonly encompassed two broad areas: (i) the study of
nontrivial quantum effects in biological systems and (ii) the use of quantum-enabled techniques, such as quantum dots [39],
nitrogen-vacancy centers in diamond [40, 41], and fluorescence lifetime imaging microscopy [42], to investigate biological
processes with high spatial and temporal resolution.

It might also be worth considering a third area: the use of biomolecular architectures as hardware for quantum information
processing devices. Biology may offer useful design principles for operation in noisy environments, and noise-assisted effects
can enhance specific transport or computational processes [43–45]; however, such effects are not equivalent to fault-tolerant
quantum computation, which requires explicit error-detection and correction mechanisms.

Biomolecular self-assembly may reduce some lattice-fabrication burdens, although purification, isotope engineering,
alignment, stabilization, control, and readout remain substantial challenges. Because these lattices are built from repeated
subunits and extend over micrometre length scales, they also offer a possible route to dense spin networks without atom-by-atom
placement. In principle, such structures could support richer coupling geometries than isolated small molecules, although useful
qubit number and connectivity would still depend on spectral distinguishability and selective control.

If the required control and scalability conditions can be met, biomolecular quantum hardware could eventually contribute
to algorithms relevant to bioinformatics [46], molecular biology [47], genomics [48], oncology [49–53], drug design and
discovery [54–56], drug-response prediction [57], cell-based therapeutics [58], and precision medicine [59, 60]. These
applications remain long-term motivations rather than demonstrated capabilities of the present architecture.

Results

For the intranucleotide Pα –Pβ pair considered here, define the effective coupling in Hz as Jeff
12 /(2π) = J12 +D12/(2π). The

characteristic two-spin interaction interval is tint = 1/[2|Jeff
12 /(2π)|]. We use J12 = 22.7 Hz from solution-state ADP [9] only

as a provisional approximation; direct measurement or electronic-structure calculation is required for nucleotide phosphates
bound in actin and tubulin because the local environment and Mg2+ coordination may change J12.

Because 7BT7 and 5SYF are cryo-EM coordinate models reported at resolutions of 3.80 Å and 3.50 Å, respectively, the
nucleotide P–P distances, orientation angles, and derived dipolar couplings reported below should be interpreted as deterministic
estimates from the deposited/refined coordinate models. The displayed numerical digits reflect the coordinate calculations and
should not be interpreted as experimental coordinate precision.

With the convention of equations (2), (4), and (5), D12 = [µ0γ2h̄/(4πr3)](1 − 3cos2 θ) is in rad s−1; equivalently,
D12/(2π) = [µ0γ2h̄/(8π2r3)](1− 3cos2 θ) is in Hz. For F-actin, the coordinate-based inputs are r = 2.7737 Å and θ =
99.5377◦. Using one global B0 axis gives D12/(2π) = 846.39 Hz. Therefore, Jeff

12 /(2π) = 22.7 Hz +846.39 Hz = 869.09 Hz.
The corresponding interaction interval is 1/[2(869.09 Hz)] = 0.5753 ms, about 38.3 times shorter than the liquid-state value.
This is an interaction timescale, not a demonstrated gate time.

As a coordinate-model variability check, we also evaluated the five ADP molecules directly present in the deposited 7BT7
model. Their modeled Pα –Pβ distances range from 2.7659 to 2.7779 Å, whereas the modeled angle between the P–P vector
and the global filament axis ranges from 99.5377◦ to 142.4920◦. Applied directly, these deposited coordinates yield D12/(2π)
values ranging from −825.87 to 846.39 Hz and corresponding interaction intervals of 0.5753–0.6400 ms. These differences
are treated as variability among deposited/refined ligand coordinates rather than as experimentally resolved conformational
heterogeneity. The main model instead uses the Chain A ADP geometry repeated according to the ideal 7BT7 helical symmetry
described above.

For the microtubule model, the coordinate-based inputs are r = 2.8352 Å and θ = 104.5867◦. Across the 26 symmetry-
generated GDP copies, the P–P distance and the angle to the global microtubule axis are invariant under the rigid-body
biological-assembly transformations apart from floating-point roundoff; this numerical invariance does not represent sub-Å
or sub-degree experimental precision. Using one global B0 axis gives D12/(2π) = 699.33 Hz and Jeff

12 /(2π) = 699.33 Hz
+22.7 Hz = 722.03 Hz. The corresponding interaction interval is 1/[2(722.03 Hz)] = 0.6925 ms, about 31.8 times shorter than
the liquid-state value. This estimate remains conditional on the structural orientation and weak-coupling assumptions.

Cytoskeletal nucleotide pockets may have relaxation properties distinct from those of conventional rigid solids because of
local dynamics, partial solvent shielding, proton density, and Mg2+ coordination [70–72]. These features do not by themselves
establish longer coherence or protection analogous to that proposed for doped Posner molecules [3, 4,73–75]. Instead, they
motivate direct measurements of T1, T2, linewidths, and orientation dependence in aligned F-actin and microtubule samples. If
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(a)

(b)

Figure 3. F-actin phosphorus-spin geometry. (a) Idealized F-actin segment generated from the Chain A protomer of PDB
7BT7 using the helical symmetry of the deposited reconstruction (27.5 Å axial rise and −166.6◦ rotation per subunit). The
reference protomer is shown in light blue, the symmetry-generated protomers in gray, and the repeated ADP Pα/Pβ sites as
orange spheres. The gold arrow indicates the global magnetic-field direction B0, aligned with the global filament axis obtained
from the deposited 7BT7 coordinates. (b) Close-up of the reference ADP showing the Pα –Pβ geometry and the angle
θ = 99.54◦ relative to B0.
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(a)

(b)

Figure 4. Microtubule phosphorus-spin geometry. (a) Representative 3×3 microtubule wall patch comprising three
neighboring protofilaments and three axial tubulin-dimer repeats. The reference α/β -tubulin heterodimer is shown in light
blue, the remaining dimers in gray, and the repeated GDP Pα/Pβ sites as orange spheres. The gold arrow indicates B0, aligned
with the microtubule axis. The displayed patch is for visualization; coordinate validation used all 26 symmetry operations of
the 5SYF biological assembly. (b) Close-up of the reference GDP showing the Pα –Pβ geometry and the angle θ = 104.59◦

relative to B0.
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direct measurements reveal favorable relaxation behavior in these pockets, local shielding and coordination could become a
practical coherence advantage of the biomolecular host; at present this remains a testable hypothesis.

Discussion

Building on these ideas, in his dissertation under the supervision of Vesna Mitrovic, Donovan Davino modeled ADP as a
two-qubit 31P nuclear spin system linked by J-coupling.

Davino developed an NMR framework for qubit control, effective Bell-state preparation, quantum-gate operations, and
a proof-of-principle Deutsch-algorithm implementation in ADP. The reported 31P transverse coherence time was 207 ± 6
ms, with room-temperature gate fidelities of approximately 97% for a CNOT gate, 99% for a Hadamard gate, and 92% for
T gate [9, 73, 76]. These results establish control in solution-state ADP but do not demonstrate operation at physiological
temperature or scalability to a cytoskeletal lattice.

Directly scaling the liquid-state proposals becomes increasingly difficult because of spectral crowding, anisotropic couplings,
and reduced coherence in large molecules. Larger architectures may therefore require structured phosphorus lattices with fixed
qubit geometries.

As such, we propose cytoskeletal filaments as candidate ordered hosts for solid-state quantum-computing architectures
based on 31P nuclear spins in GDP/GTP and ADP/ATP. The choice of microtubules and actin as structural hosts was primarily
motivated by their regularly spaced lattices of GDP/GTP and ADP/ATP, respectively, and by their critical roles in biological
functions, ranging from subcellular activities—such as intracellular transport, establishing cell polarity, and cell division—
to organism-level processes, including tissue-level dynamics underlying morphogenesis and neuronal connectivity, which
contribute to sensorimotor integration, cognition, and adaptive interactions between organisms and their environments.

We applied the high-field NMR secular approximation [61, 62] and introduced the BPP theory as a phenomenological
framework for exploring relaxation as a function of local correlation time [77].

Using the coordinate-based structural orientations gives characteristic two-spin interaction intervals of 0.6925 ms for
microtubules and 0.5753 ms for F-actin. These are conditional Hamiltonian timescales, not experimentally demonstrated gate
times; pulse, relaxation, orientation-disorder, and readout simulations are still required.

The current architecture employs ensemble readout, consistent with established nuclear magnetic resonance (NMR)
methodologies. Consequently, the detected signal represents a population average. Population averaging does not itself provide
spectral resolution; the alpha- and beta-phosphate resonances may be separated by their distinct chemical shifts.

In its simplest ensemble-NMR form, this architecture is not scalable in the conventional sense of individually addressable
qubits. It is limited to two addressable qubits for ADP/GDP or three for ATP/GTP, which is sufficient only for elementary
quantum algorithms. Increasing the qubit count would require additional spectrally distinguishable spin environments and
selective control.

A particularly appealing approach would be to “barcode” different classes of GDP molecules by separating their resonances
in the frequency domain so that they could be addressed (i.e., initialized, manipulated, and read out) individually. As a rough
estimate, the frequency separation would need to be significantly greater than the coupling magnitude (which in our case is
722.03 Hz).

If the alpha- and beta-phosphate resonances remain sufficiently separated in the cytoskeletal environment, their distinct
chemical shifts could permit separate control. Modifying the local electronic environment of the phosphorus nuclei may
therefore provide a route toward increasing qubit addressability.

Reference [31] proposed a model in which CaMKII-mediated tubulin phosphorylation could contribute to microtubule-based
information storage and processing. Building on that hypothesis, we consider whether phosphorylation near the nucleotide-
binding region could alter the local 31P magnetic environment. One candidate site discussed in [31] is threonine 312, located in
the cleft between the alpha- and beta-tubulin monomers; however, the exact CaMKII phosphorylation site or sites on tubulin
remain uncertain. If T312 or another nearby residue is phosphorylated, the resulting electrostatic perturbation could affect
nucleotide 31P chemical shifts. Determining whether this occurs will require structural modeling and 31P NMR chemical-shift
calculations.

Another PTM that could significantly affect the resonance frequency is polyamination of beta-tubulin at glutamine 15,
a primary polyamination site located close to the hydrolysable GTP-binding pocket [78]. Its effect could be comparable to
that of a divalent cation such as Mg2+, which produces a shift of about 2 ppm according to [79]. At 11.75 T, a 2 ppm 31P
chemical-shift change corresponds to approximately 405 Hz [79]. This is smaller than the coordinate-based 722.03 Hz effective
coupling and therefore does not by itself establish selective addressability.

Actin also undergoes post-translational modifications including phosphorylation and redox-dependent oxidation that regulate
its structure and dynamics [80–82]. Although the best-characterized redox-sensitive residues (e.g., Cys374 and Met44) are not
located within the nucleotide-binding cleft, PTMs occurring at or structurally coupled to this region could plausibly alter local
electrostatics and conformational dynamics surrounding the bound ATP or ADP molecule. Such perturbations may modify the
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electronic shielding of the nucleotide 31P nuclei and, if accompanied by small structural rearrangements, influence effective
spin–spin couplings. While this mechanism remains hypothetical, it provides a biologically plausible route by which naturally
occurring PTMs could modulate the local magnetic environment of nucleotide-associated nuclear spins.

Kane-type donor-spin architectures require precise host-crystal engineering through methods such as isotopic purification
of silicon, donor placement, and atomic-scale lithography; these requirements should not be generalized to every solid-state
NMR architecture.

Fabricating donor-spin devices can be challenging because atomic-scale donor placement and defect suppression are not
perfectly deterministic. Multiple cycles of lithography, ion implantation, annealing, and post-fabrication characterization may
therefore reduce yield and increase resource requirements. These constraints apply most directly to donor-based semiconductor
architectures and should not be generalized to all solid-state NMR platforms.

A potential advantage of biomolecular hosts is bottom-up self-assembly, which may reduce some lattice-fabrication
requirements but does not remove the costs of purification, isotope engineering, alignment, stabilization, control, and readout.

For example, microtubules self-assemble from alpha- and beta-tubulin subunits at physiological temperature. Tubulin,
GTP, magnesium, and buffer components are widely available, and microtubule polymerization can be performed in molecular
biology and biophysics laboratories using established protocols [83]. Similarly, globular actin can be assembled into filament
gels that can be aligned [63]. Microtubules can also be aligned along a preferred direction [65], providing the macroscopic
order needed to orient nuclear spins relative to the external magnetic field in solid-state NMR experiments.

Although biomolecular self-assembly may offer manufacturing advantages, sample preparation remains nontrivial. Robust
protocols must ensure filament alignment and stability, accurate characterization of nucleotide occupancy and isotopic
composition, and reproducible sample preparation. Relative to donor-placement architectures, the lattice itself is generated in
parallel by biological self-assembly, potentially allowing large numbers of periodically positioned nucleotide sites to be produced
without atom-by-atom fabrication. This structural scaling would still need to be converted into spectrally distinguishable,
controllable qubits.

Among the many future directions, experimentally testing the feasibility of these systems is crucial. For coherence times
to be long enough to support quantum information processing in biological environments, the experimental setup requires
careful design, including isotopic purification and geometric optimization of the lattices, as well as appropriate quantum-control
interventions. Among these, dynamical decoupling techniques, such as robust multi-axis XY-family sequences [84] and
concatenated dynamical decoupling sequences [85], might provide a robust framework to suppress the effects of low-frequency
environmental noise, significantly prolonging the transverse coherence time T2 [86–88].

Another possible direction is to interface nitrogen-vacancy (NV) centers in diamond with cytoskeletal architectures. NV
centers have applications in quantum information processing [89–92], quantum error correction [93], quantum communication
[94], and quantum metrology [95–97]. Near-surface NV centers could potentially sense local magnetic fields from nearby 31P
ensembles. However, single-site initialization, manipulation, and readout throughout a cytoskeletal filament have not been
demonstrated. The required sensing depth, sensitivity, spectral resolution, field gradients, and effects of coupling to the sample
must be quantified.

Such an approach would directly address the recent calls for a bidirectional exchange between quantum biology and
quantum technologies [73,76]. The proposed framework combines a self-assembled nuclear-spin host with a possible NV-based
sensing interface. It does not directly replace silicon-based architectures or remove the requirements for selective control,
initialization, decoupling, and scalable readout. If sufficiently sensitive and selective, such an interface could provide a route
toward external readout of increasingly complex spin networks while retaining the self-assembled biomolecular host.

The periodicity and self-assembly of cytoskeletal filaments may reduce some lattice-fabrication burdens but introduce
distinct challenges in biomolecular preparation, stability, orientation, coherence, and device integration. These requirements
must be demonstrated experimentally before cytoskeletal nucleotide-spin lattices can be considered viable platforms for scalable
quantum information processing.

Methods

Reference [9] demonstrated high-fidelity quantum information processing using nucleotide phosphates. Given the similarities
between the 31P NMR spectra of ATP and GTP, we use a common formalism to model both cytoskeletal systems.

Spin Hamiltonian and Decoherence Model for Nucleoside Phosphates in Cytoskeletal Lattices

We express Hamiltonians in angular-frequency units (H/h̄): ω and ∆ω are in rad s−1, whereas J is in Hz. For ADP in solution,
the effective two-spin Hamiltonian is obtained by (i) starting from the Zeeman, scalar J-coupling, and dipole-dipole terms; (ii)
removing the anisotropic dipolar interaction through motional averaging in an isotropic liquid; and (iii) applying the secular
approximation with respect to the Zeeman term. This gives the effective Hamiltonian:
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ĤDavino =
2

∑
i=1

∆ωi Î
z
i +2πJ12 Îz

1 Îz
2. (1)

For ADP/ATP and GDP/GTP bound in the nucleotide-binding site of actin and the E-site of tubulin, we consider the aligned,
effectively immobilized lattice limit in which whole-nucleotide isotropic tumbling does not average the static dipolar interaction
to zero. Residual field fluctuations may arise from local motions in the binding pocket, including librations, side-chain motions,
water exchange, and actin or microtubule dynamics.

We retain the structure of equation (1) while (i) including the static dipolar interaction in the Hamiltonian and (ii)
reinterpreting the BPP correlation time τc as a local correlation time within the nucleotide-binding pocket.

Spin Hamiltonian and secular approximation

We consider N relevant spin-1/2 nuclei (e.g., the phosphorus spins of ADP/ATP or GDP/GTP) with Zeeman frequencies ωi in
a magnetic field B0. After applying the high-field secular approximation to the dipolar interaction, but before the additional
weak-coupling truncation that removes off-resonant flip-flop terms, the Hamiltonian is:

Ĥ =
N

∑
i=1

ωiÎ
z
i +2π ∑

i< j

Ji j Îi·Î j +∑
i< j

di j

(

3Îz
i Îz

j − Îi·Î j

)

. (2)

where Ji j is the scalar coupling in Hz and di j = (µ0/8π)(γiγ jh̄/r3
i j)(1− 3cos2 θi j) is the secular dipolar coefficient in

rad s−1. In contrast to the solution case, we do not invoke motional averaging to set di j → 0.
We now split H = Hz +V , with Hz = ∑i ωi Î

z
i , and treat V as a perturbation. In the interaction picture with respect to Hz, the

operator components relevant to the high-field and weak-coupling truncations pick up phases:

Îz
i Îz

j → Îz
i Îz

j , (Ω = 0), (3a)

Î+i Î−j → Î+i Î−j exp[+i(ωi −ω j)t] , (3b)

Î+i Î+j → Î+i Î+j exp[+i(ωi +ω j)t] , (3c)
⃓

⃓ωi −ω j

⃓

⃓≫
⃓

⃓2πJi j

⃓

⃓ ,
⃓

⃓di j

⃓

⃓ . (3d)

Equations (3a) and (3b) show the interaction-picture phase evolution of terms retained in equation (2). Equation (3c) is
included only to display the double-quantum phase removed by the preceding high-field secular approximation; such terms
are not present in equation (2). The Hermitian-conjugate terms transform analogously. For the additional weak-coupling
approximation, we require equation (3d).

Under equation (3d), zero-quantum flip-flop terms oscillate much faster than the coupling timescales and may be discarded.
The high-field approximation separately removes double-quantum terms oscillating at frequencies near ωi +ω j. As a result, all
zz-terms (Îz

i Îz
j) are kept, since they commute with Hz and do not oscillate, and double-quantum terms are dropped at high field,

whereas flip-flop terms are dropped only when equation (3d) is satisfied.
These are the high-field and additional weak-coupling approximations; see, e.g., Abragam [61] or Slichter [62]. Whether

this weak-coupling condition is satisfied for nucleotide phosphates bound in F-actin and microtubules remains to be established
experimentally or by chemical-shift calculations; the Ising-only interaction times reported below are therefore conditional on
this regime.

After both approximations, the resulting effective Hamiltonian can be written as:

ĤMT =
N

∑
i=1

∆ωiÎ
z
i +∑

i< j

Jeff
i j Îz

i Îz
j , (4)

with

Jeff
i j = 2πJi j +Di j. (5)

Here Di j is the Ising dipolar coefficient in angular-frequency units (rad s−1), related to equation (2) by Di j = 2di j and
determined by the fixed internuclear distance and angle between the P–P vector and B0.
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Comparing equations (1) and (4), the structure is the same (Zeeman plus an Ising-type Îz
i Îz

j coupling), but in our case the

effective coupling Jeff
i j explicitly includes the static dipolar contribution Di j that is absent in the liquid-state Hamiltonian as in

the ADP solution experiments [9].
To calculate the secular static dipolar coupling D12, we used the 7BT7 PDB structure of the F-actin–ADP complex and

performed a coordinate-based helical-axis calculation. The global actin-filament axis was obtained by determining the screw axis
of the rigid-body transformations relating the deposited actin subunits A–E. The axial translation and rotation were evaluated
for the successive subunit transformations, and their mean and standard deviation are reported below. This single fitted screw
axis was then aligned with the laboratory z axis and with B0, as can be achieved experimentally [63]. The coordinate-based fit
to the deposited chains A–E gave an axial rise of 27.490±0.022 Å and a rotation of −166.690±0.069◦ per subunit, consistent
with the helical symmetry of the deposited 7BT7 reconstruction (27.5 Å axial rise and −166.6◦ rotation per subunit). The
distance between the alpha- and beta-phosphorus atoms and the angle between the P–P vector and this single global B0 direction
were then calculated from the coordinates. For the ideal symmetry model used for the main comparison, Chain A ADP 402 was
taken as the reference and symmetry-related copies were generated using the deposited 7BT7 helical-symmetry parameters of
27.5 Å axial rise and −166.6◦ rotation per subunit.

We next examined whether phosphorus nuclear spins in GDP molecules embedded in a microtubule lattice could be
modeled for quantum information processing in the same way as those in filamentous actin. To calculate D12, we used the
5SYF Protein Data Bank structure, a cryo-EM reconstruction of a taxol-stabilized microtubule [64], together with the deposited
biological-assembly symmetry operations. All reported P–P distances and angles were evaluated from Cartesian phosphorus
coordinates after application of the deposited biological-assembly transformations; the same laboratory z axis was used as
the global B0 direction for every symmetry-generated copy. A single global microtubule axis, common to all 26 assembly
operations, was aligned with B0, consistent with demonstrated electric-field [65] and bundling-based [66] alignment methods.
The 5SYF helical assembly has a 9.48 Å rise and a −27.7◦ rotation per symmetry step. The distance between the alpha- and
beta-phosphorus atoms and the angle between the P–P vector and the same global B0 direction were calculated directly from
the coordinates.

Phenomenological decoherence in the BPP picture

For decoherence we retain the BPP functional form but change the interpretation of the correlation time. We model local field
fluctuations phenomenologically; equation (6) displays the longitudinal system–bath coupling schematically as

ĤSB(t) =−∑
i

γi δBi(t)Î
z
i . (6)

with two-time correlations

⟨δBi(t)δBi(0)⟩=Ci(0)e−|t|/τc . (7)

The corresponding spectral density is the usual Lorentzian

J (ω) =
2C(0)τc

1+ω2τ2
c

. (8)

The full BPP model, including transverse fluctuations not written explicitly in equation (6), expresses the longitudinal and
transverse relaxation rates as linear combinations of J (ω) evaluated at ω = 0, ω0, and 2ω0, schematically:

1
T1

∼ J (ω0)+4J (2ω0), (9a)

1
T2

∼
1
2
[3J (0)+5J (ω0)+2J (2ω0)] . (9b)

In the liquid-state setting [9], τc is identified with the rotational correlation time of ADP tumbling in a liquid. In our
cytoskeletal case we keep the same functional dependence but interpret τc as the effective correlation time of local field
fluctuations at the P sites in the actin/tubulin pocket.

This effective correlation time represents local librations, side-chain motion, water exchange, and lattice vibrations rather
than whole-molecule tumbling. The resulting T2(τc) should be regarded as a phenomenological estimate of the coherence limit
imposed by these local fluctuations and can be evaluated over a plausible range of τc.
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After both the high-field and weak-coupling approximations have been justified, the static Ising interaction is diagonal in
the Zeeman basis, and the Hamiltonian can be transformed to the rotating frame. If we restrict ourselves to this Ising-type form
(no flip-flop terms Î+1 Î−2 + Î−1 Î+2 ), the eigenstates in the rotating frame are still the computational basis {|↑↑⟩, |↑↓⟩, |↓↑⟩, |↓↓⟩}.
Consequently, the eigenvalues of our effective Hamiltonian can be directly evaluated using the modified ∆ωi and effective
coupling Jeff

12 as follows:

Ĥ|00⟩=
[

∆ω1 +∆ω2

2
+

Jeff
12

4

]

|00⟩, (10a)

Ĥ|01⟩=
[

∆ω1 −∆ω2

2
−

Jeff
12

4

]

|01⟩, (10b)

Ĥ|10⟩=
[

−∆ω1 +∆ω2

2
−

Jeff
12

4

]

|10⟩, (10c)

Ĥ|11⟩=
[

−∆ω1 −∆ω2

2
+

Jeff
12

4

]

|11⟩. (10d)

After establishing the Hamiltonian, eigenstates, and eigenvalues, one can construct the thermal-equilibrium density matrix;
calculate the effects of radiofrequency pulses; prepare effective pure and effective Bell states; and apply the Peres-Horodecki
criterion to identify entanglement [67]. These steps require pulse design, relaxation dynamics, orientation disorder, and readout
mechanisms to be incorporated explicitly into the model. Metrics such as projection, attenuated correlation, and fidelity [68]
could then be used to assess quantum-gate implementations and compare theoretical density matrices with experimental
measurements.

Pulse sequences related to those described in [9] could be investigated for implementing CNOT, Hadamard, and T gates
in cytoskeletal samples. Their feasibility cannot be inferred from the static Hamiltonian alone and requires explicit pulse
optimization together with relaxation, orientation-disorder, coupling-network, and readout simulations. Scaling to more
complex algorithms, such as Grover search [69], would require larger spectrally distinguishable and selectively addressable
spin registers.

Data Availability

The structural coordinates analyzed in this study are publicly available from the RCSB Protein Data Bank under accession
codes 7BT7 and 5SYF. No new experimental datasets were generated in this study.
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