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ABSTRACT

-

S1-1 Dipole Variation and Absorption Behavior of Kinesin and Tubulin under Hydration
and Damping Effects

Figures S1-1–S1-3 summarize the variation of mode-resolved dipole moments and the corresponding absorption characteristics
for kinesin and tubulin systems under different hydration and damping conditions. Figure S1-1 compares the first ten vibrational
modes of kinesin in the dry (0 Å) and hydrated (3 Å) states, showing that hydration slightly reduces the average dipole
strength while preserving the overall frequency distribution. Each colored dot represents a single mode from one of the 92
molecular models, whereas the larger outlined circles denote the mean dipole values across all models for a given mode.
Extending the analysis to the first thousand modes, Figure S1-2 displays the dipole variation for kinesin and tubulin systems
with a 3 Å hydration shell. The scatter plots reveal a broad spread of dipole magnitudes with frequency, while the overlaid
mode-count curves indicate that tubulin exhibits a higher density of modes in the sub-terahertz region compared with kinesin.
This suggests that tubulin possesses a richer distribution of low-frequency collective motions contributing to its dielectric
response. Finally, Figure S1-3 presents the computed absorption spectra of hydrated kinesin and tubulin for different damping
factors (γ = 10–10,000 GHz). The spectra exhibit a monotonic increase in absorption with both frequency and damping.
Tubulin consistently shows higher absorption coefficients than kinesin, reflecting its larger dipole variability and greater mode
density. Together, these results demonstrate how hydration and molecular damping jointly modulate the protein-level dielectric
and absorptive behavior across the gigahertz-to-terahertz frequency range.



Figure S1-1. Comparison of variation of dipole of kinesin 0 Å and kinesin 3 Å system, showing ρ over frequency for first ten
modes. Each small dot represents the dipole moment and frequency of a given mode from one of the 92 models, while the
larger outlined circles indicate the average values over all models for each mode.

Figure S1-2. Comparison of variation of dipole of kinesin and tubulin systems (with 3 Å water), showing ρ over frequency
for first one thousand modes. Each dot in the figure represent variation of dipole moment and frequency of a particular mode
(averaged over 92 calculations). The green and brown curves indicate the number of modes per frequency bin for kinesin and
tubulin system(bin size = 10 GHz).
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Figure S1-3. Comparison of absorption spectra of kinesin 3 Å and tubulin 3 Å, effect of damping. The concentrations of
kinesin and tubulin are 1.9 mg/mL and 5.0 mg/mL, having matching molar concentration of 50 µM

S1-2 Hydration–sequestered water and its impact on χ and α at 100/200 GHz
To estimate how much water is rendered “bound” (and thus effectively removed from bulk THz absorption) by kinesin at the
concentrations used, we use the explicit count from our model: the 3 Å hydration shell around kinesin contains nb = 1124
water molecules per protein. For comparison, a solvent–accessible surface area (SASA) estimate using Akinesin,SASA = 173 nm2

would yield ∼ 1.73×103 waters.
We work in millimolar (mM) units for clarity. Since 1 mM = 1 molm−3, the protein number density is simply

NV = cmM NA. (S1-1)

With bulk-water number density Nw ≈ 55.5×103 NA ≃ 3.34×1028 m−3, the “removed–water” fraction becomes

frm ≈ nb NV

Nw
=

(
nb NA

Nw

)
cmM ≃ 0.0203cmM, (S1-2)

i.e. frm(%)≃ 2.03cmM.
For the four working concentrations

cmM = {0.0516, 0.155, 0.307, 0.517} mM
(
which correspond to {1.9, 5.7, 11.3, 19} mgmL−1),

Eq. (S1-2) gives

frm ≈


0.105% cmM = 0.0516,
0.315% cmM = 0.155,
0.623% cmM = 0.307,
1.050% cmM = 0.517.

Relation between susceptibility, refractive index, and absorption
Adopting the e− jωt convention, we write

χ(ν) = χ
′(ν)+ j χ

′′(ν), m = n+ jκ =
√

εr, α =
4π f κ

c
. (S1-3)

For water near room temperature we use

εr(100 GHz)≈ 8.9+ j 14.0, εr(200 GHz)≈ 5.6+ j 7.0, (S1-4)

from a double–Debye description of liquid water1, 2. Hence,

χw(100)≈ 7.9+ j 14.0, χw(200)≈ 4.6+ j 7.0,

and

αwater(100 GHz)≈ 8.22×103 m−1, αwater(200 GHz)≈ 1.09×104 m−1.

These values are consistent with broadband model–measurement intercomparisons in the 31–225 GHz range3, 4.
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Bound–water effect as linear mixing
Approximating the “missing–water” effect by dilute linear mixing gives

∆χ
′ ≈− frm χ

′
w, ∆χ

′′ ≈− frm χ
′′
w, ∆α ≈− frm αwater. (S1-5)

The computed reductions (negative values) are summarized in Table S1-1.

Table S1-1. Estimated reductions in χ ′ and χ ′′ and absorption coefficient α due to bound water for kinesin concentrations in
mM (corresponding mg/mL in parentheses).

frm (%) ∆χ ′(100) ∆χ ′′(100) ∆α100 [m−1] ∆χ ′(200) ∆χ ′′(200) ∆α200 [m−1]
c = 0.0516 mM (1.9 mg mL−1) 0.105 -0.0083 -0.0147 −8.63×100 -0.0048 -0.0073 −1.14×101

c = 0.155 mM (5.7 mg mL−1) 0.315 -0.0249 -0.0441 −2.59×101 -0.0145 -0.0221 −3.43×101

c = 0.307 mM (11.3 mg mL−1) 0.623 -0.0491 -0.0870 −5.11×101 -0.0286 -0.0435 −6.73×101

c = 0.517 mM (19 mg mL−1) 1.050 -0.0830 -0.146 −8.59×101 -0.048 -0.073 −1.14×102

These values scale linearly with the assumed shell thickness and nb. Because bound water retains a diminished and shifted
dielectric response5, the numbers above represent upper bounds on the reduction to the bulk–water contribution in χ and α at
100–200 GHz. Permittivity and absorption values are taken from double–Debye fits to liquid water1, 2.

When do 3 Å hydration shells begin to overlap?
Using again nb = 1124 waters per protein and the number density of bulk water N(num)

w ≈ 33.4 nm−3, the shell volume is

Vshell ≈
1124
33.4

≃ 33.6 nm3. (S1-6)

With specific volume v̄ ≈ 0.73 mLg−1 and M = 36.8 kDa, the protein volume is

Vprot ≈ 44.6 nm3. (S1-7)

The combined 3 Å-expanded (core + shell) “exclusion” volume is

V3Å ≈ 78.2 nm3, reff ≈ 2.65 nm. (S1-8)

A touching criterion d ≈ 2reff implies

N(touch)
V ≈ 1

(2reff)3 ≃ 6.7×1024 m−3, c(touch)
overlap ≈ 0.41 gmL−1. (S1-9)

Bracketing by volume fraction φ = NVV3Å, we obtain:

Continuum percolation (overlapping spheres), φc ≈ 0.2896 : c ≈ 0.29
M/NA

V3Å
≃ 2.3×102 mgmL−1, (S1-10)

Random close packing (hard spheres), φ ≈ 0.647 : c ≈ 0.64
M/NA

V3Å
≃ 5.0×102 mgmL−1, (S1-11)

Space filling, φ = 1 : c ≈ M/NA

V3Å
≃ 7.8×102 mgmL−1. (S1-12)

Using the explicit nb = 1124 waters in the 3 Å shell, hydration shells begin to geometrically overlap at concentrations of
order

c ∼ 0.3–0.5 gmL−1, central estimate: coverlap ≈ 0.41 gmL−1.

Our working concentrations 0.051–0.517 mM (i.e. 1.9–19 mg mL−1) are well below this range, so shell–shell overlap should
be rare under those conditions.
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