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1 Methods — Statistical Mechanics

For 1D-RISM site-specific coordination numbers, n,g, were obtained from radial pair dis-
tribution functions (PDFs), gas(r), as

Tmin

Nag = 4Tpg / gaﬁ(r)TQ dr (S1)
0

where pg is the average number density of solvent sites/atoms of kind 5. Such partial
coordination numbers give the average number of sites/particles of type 3 in a coordination
sphere of radius r,;, around an « site. The integration limit, 7, is defined by the position
of the first minimum of the PDF and corresponds to the radius of the first coordination
shell around reference site a.

In the case of 3D-RISM the spatial distribution functions (SDFs), gg(r), give the spatial
distribution of solvent molecules around a solute molecule, which is commonly represented
by isodensity surfaces at a selected probability level (see Fig. 6 of the main manuscript).
From such SDFs the associated total coordination number of sites 8 within a shell of volume
V5 in contact with the reference molecule can be calculated as

Vi

ny = Pﬁ/gﬂ("“)v (S2)

0

Since Pro is not a spherical molecule, its hydration shell is also not spherical. Thus, for the
calculation of the total water coordination number the previously suggested approximation
for the first hydration shell as a closed surface with arbitrary shape was used.'

The SDFs can also be used to calculate cylindrical distribution functions (CDFs),
Gpyr—a(2) R, originally derived for describing the local atom density adjacent to planar sur-
faces of molecules.? These CDFs give the probability of finding a specific site at a distance,
z, orthogonal to the reference plane xy defined by the central molecule, within a cylinder
of radius R.'® For the present investigation such CDFs are a useful tool to characterize
the distribution of water molecules above and below the plane of the pyrrolidine ring and
to calculate corresponding coordination numbers, see Fig. S1.

2 Methods — Correction for kinetic depolarization

Due to their electric field ions orient surrounding solvent dipoles to some extent. When
moving in an external electric field, E , ions therefore exert a torque on surrounding solvent
dipoles opposing the tendency of the latter to align with E. This purely dynamical effect,
with a finite magnitude at zero frequency, leads to a depolarization of the bulk solvent
in addition to solvation effects and accordingly, the experimentally detected bulk-water
amplitude, Sy, is reduced by the kinetic dielectric decrement, Aeyq, compared to the equi-
librium amplitude, S;%, reached in the absence of ionic motion.* The latter is also reduced
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compared to the pure solvent because of solvent dilution and, mainly, ion solvation.® In
electrolytes of salt concentration ¢ the amplitude relevant for calculating the DRS-detected
concentration of bulk-like solvent, ¢, and thus of the total effective solvation number, Z;,
is therefore given by

SEQ(C) = Sb(C) + Aeiq (83)

The original continuum theory of Hubbard and Onsager? (HO) was derived for van-
ishing salt concentration and thus is problematic when correcting experimental S, values
but recently Sega et al.% published a phenomenological modification valid also at finite salt
concentrations, yielding

w0 =20 ) B explonn ] x (kR +2)/2 (S4)
EW(O) o

where £(0) [= 78.368] is the static permittivity of the pure solvent, €, (0) [= 3.52] is the
infinite-frequency permittivity, 7, (0) [= 8.35 ps| its relaxation time,  is the solution con-
ductivity, £ the electric field constant and kp the reciprocal Debye length.” For the effective
ion size R = (r4 +dy+7r_)/2 = 0.284 nm was chosen, where r, and r_ are the radii of Na*
and C1~, and d,, is the diameter of a water molecule.® For the hydrodynamic parameter the
value for slip boundary conditions, p = 2/3, was chosen as this yielded consistent limiting
ionic hydration numbers when used with HO theory for vanishing electrolyte concentra-
tions.®

AgDD =pX
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Table S1: Site-specific coordination numbers, n,g, and corresponding distances, r,5 (in
brackets), of L-proline in aqueous solutions as a function of Pro concentrations, ¢(Pro),
from 1D-RISM calculations

¢(pro) /M 0¢ 1.0 2.0 3.0 4.0 5.0 6.0
Carboxylate group
NO10w 7.95 7.24 6.49 6.14 5.50 5.06 4.43
(roiow /nm) (0.310) (0.310) (0.310) (0.310) (0.310) (0.310) (0.310)
NO20w 7.10 6.48 5.82 5.56 4.98 4.57 3.94
(rozow /nm) (0.313) (0.313) (0.313) (0.313) (0.313) (0.313) (0.310)
NO1Hw 2.21 2.13 2.05 1.98 1.87 1.77 1.66
(roigw /nm) (0.175) (0.175) (0.175) (0.175) (0.175) (0.175) (0.175)
NO2Hw 1.90 1.82 1.73 1.68 1.61 1.52 1.41
(rogmw /nm) (0.178) (0.178) (0.178) (0.178) (0.178) (0.178) (0.178)
NHéF group
NN10w 4.48 4.23 3.94 3.69 3.40 3.14 2.84
(rniow /nm)  (0.300) (0.298) (0.298) (0.298) (0.298) (0.295) (0.295)
NHIOw 0.90 0.87 0.82 0.78 0.75 0.70 0.65
(rusow /nm)  (0.175) (0.175) (0.175) (0.175) (0.175) (0.175) (0.175)
NHIOW 0.83 0.79 0.75 0.70 0.66 0.62 0.57

(rrgow /nm)  (0.173)  (0.170) (0.170) (0.170) (0.170) (0.170) (0.170)

Ring carbon atoms

nc20w 388 377 349 313 287 264 237
(rcoow /nm)  (0.340)  (0.338) (0.338) (0.338) (0.338) (0.335) (0.335)
NC30w 544 531 494 450 414 384  3.49
(rcsow /nm)  (0.355)  (0.355) (0.355) (0.353) (0.350) (0.350) (0.350)
NC1Ow 668 637 597 564 538 501  4.59
(rcaow /nm)  (0.350)  (0.350) (0.348) (0.348) (0.348) (0.345) (0.345)
nCsow 696 660 615 580 536 497 451

(rcsow /nm)  (0.323) (0.323) (0.323) (0.323) (0.320) (0.320) (0.320)
H,0 sandwiching pyrrolidine ring?

Mpyr—Ow 104 098 093 0.56
Hydrophilic sites: ny, = noi1ow + 7020w + "N10w
ny 19.53 17.95 16.25 15.39 13.88 12.77 11.21
Total number of first-shell HoO molecules, ny (3D-RISM)
Nt 254 24.0 22.4 13.2

 Data for hydrophilic sites taken from Fedotova and Dmitrieva®; ®from CDF
peaks at z = 0.360nm (6M: 0.340 nm) and —0.340 nm, see Fig. S1.



Table 52: 1D-RISM results for site-specific coordination numbers, n,s, and corresponding
distances, 7,5 (in brackets), of L-proline in aqueous Pro+NaCl solutions of ¢(Pro) = 0.6 M,
and ¢(NaCl)

¢(NaCl) /M 0 0.2 0.5 1.0 L5 2.0
Carboxylate group
NO10w 7.43 7.44 7.35 7.27 7.20 7.12
(rotow /nm) (0.310) (0.310) (0.310) (0.310) (0.310) (0.310)
NO20w 6.65 6.67 6.60 6.53 6.49 6.42
(ro2ow /nm) (0.313) (0.313) (0.313) (0.313) (0.313) (0.313)
NO1Hw 2.12 2.11 2.09 2.06 2.04 2.01
(roimw /nm) (0.175) (0.175) (0.175) (0.175) (0.175) (0.175)
NO2Hw 1.83 1.82 1.80 1.77 1.75 1.73
(roomw /nm)  (0.178) (0.178) (0.178) (0.178) (0.178) (0.178)
NHéIr group
NN1Ow 4.31 4.28 4.23 4.16 4.11 4.04
(rNiow /nm)  (0.298)  (0.298) (0.298) (0.298) (0.298) (0.300)
NHSOw 0.87 0.86 0.85 0.84 0.82 0.81
(rgsow /nm)  (0.175) (0.175) (0.175) (0.175) (0.175) (0.175)
NHIOW 0.79 0.79 0.77 0.76 0.74 0.73

(rroow /nm)  (0.170)  (0.170) (0.170) (0.173) (0.173) (0.173)

Ring carbon atoms

NC20w 391 38 38 380 363  3.58
(rcoow /nm)  (0.340)  (0.340) (0.340) (0.340) (0.340) (0.340)
NC3Ow 546 527 539 533 529  5.23
(rcsow /nm)  (0.353)  (0.353)  (0.353) (0.353) (0.353) (0.353)
NC1Ow 6.51 648 642 634 630  6.23
(rcsow /nm)  (0.350)  (0.350) (0.350) (0.350) (0.350) (0.350)
NC50w 672 668 661 651 645  6.36

(rcsow /nm) (0.323)  (0.323) (0.323) (0.323) (0.323) (0.323)

Hydrophilic sites: ny, = noi1ow + n020w + "N10w

ny 18.39 18.39 18.18 17.96 17.80 17.58
Na'-carboxylate interactions

NO1Na 0.04 0.14

(T01Na / M) (0.258) (0.258)
Cl~-NHJ group interactions

NHRCL 0.02 0.08

(rgsci / nm) (0.188) (0.188)

NHSC1 0.02 0.0.08

(rgscy /nm) (0.183) (0.183)




4 Supplementary Figures
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Figure S1: (a) Cylindrical distribution functions, gpy—ow(2)r and gppm—nw(2)r (R =
0.126 nm), for HoO hydrating the pyrrolidine ring of Pro at ¢(Pro) — 0; (b) Concentration
dependence of ¢py—ow(2)r for aqueous L-proline solutions.
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Figure S2: Spectra of (a) relative permittivity, '(v), and (b) dielectric loss, £”(v), of
aqueous L-proline solutions at 25°C and concentrations ¢(Pro) /M = 0 (1), 0.395 (2),
0.981 (3), 1.944 (4), 3.805 (5), 5.569 (6). Symbols show experimental data, the lines give
fits with the D+D-+D model.



150 y T y T " T " T T T

100

50

0 1 1 1 | 1 1 1
0 1 2 3 4 5 6
c(Pro) / M

Figure S3: Relaxation amplitudes of the solute mode, S; (A), of slow water, Sy = S
(¥v), and of bulk-like water, S, (@) of aqueous L-proline solutions at 25°C and solute
concentrations ¢(Pro). Lines are guide to the eye; the open symbol is pure water.
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Figure S4: Relaxation times of the solute mode, 71 (A), of slow water, 7, = 7 (V¥), and
of the cooperative relaxation of bulk-like water, 73 (@) of aqueous L-proline solutions at
25°C and solute concentrations ¢(Pro). Lines are guide to the eye; the open symbol is pure

water.



n: 0 1
u. 120D 12.8D 93D 16.2D 204D

Figure S5: Minimum-energy structures of Pro-nH,O (n = 0...4) complexes and their
associated dipole moments, u, obtained with Gaussian (B3LYP /cc-pVDZ level with C-
PCM solvation model).'®! The arrow indicates the dipole direction.
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Figure S6: Pair distribution functions gniow(7) (solid lines) and gnimyw () (broken lines) of
aqueous L-proline solutions at 25 °C.
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Figure ST: (a) Pair distribution functions goiow(7) (solid lines) and go1mw(7) (broken lines)
of aqueous L-proline solutions at 25°C. (b) Corresponding functions gosow(r) (solid lines)
and goomw(r) (broken lines).

10



20 y T v T ¥ T v !
a
15F s
< 1.0 |
>
05k —— HSOW' c(Pro) > 0
——HgO,,, c(Pro)=1M
— HgOy, c(Pro)=6 M
1 " 1 " 1 " 1
] v ] v ] v ]
20F b 4
15F s
<
5 10
—n— H9- O ¢(Pro) -0
05F s
——Hg- O, c(Pro)=1M
J —Hg- Oy c(Pro)=6M 1
1 " 1 " 1 " 1 "
0.0 0.2 0.4 0.6 0.8 1.0
r/ nm

Figure S8: Pair distribution functions gusow(r) (2) and guoow(r) (b) of aqueous L-proline
solutions at 25°C.
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Figure S9: Spectra of (a) relative permittivity, ¢’(v), and (b) dielectric loss, €”(v), of
solutions of NaCl in 0.6 M aqueous L-proline at 25°C and concentrations ¢(NaCl) /M = 0,
0.205, 0.999, 1.513, 2.023 increasing in arrow direction. Symbols show experimental data
(partly omitted for clarity), the lines give fits with the D+D-+D-+D model.
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Figure S10: Experimental bulk-water amplitude, S}, (@), and corresponding equilibrium
amplitude after correction for kinetic depolarization, S;* (A), of NaCl solutions of concen-
tration ¢(NaCl) in 0.6 M aqueous L-proline at 25°C. Also included is the amplitude, Sy,
expected from the analytical water concentration. The difference Sy, — S;." yields the total
concentration of bound water.
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Figure S11: Cylindrical distribution functions, gpy—ow(2)r (R = 0.126nm), for HyO hy-
drating the pyrrolidine ring of Pro at ¢(Pro) = 0.6 M and ¢(NaCl) = (0, 0.5 and 2.0) M.
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Figure S12: (a) Pair distribution functions goiow(r) (solid lines) and goimw(r) (broken
lines) of NaCl solutions in 0.6 M aqueous L-proline at 25°C. (b) Corresponding functions
gn1ow(r) (solid lines) and gnipw(7) (broken lines).
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Figure S13: (a) Pair distribution functions goina(r) and gosna(r) of 0.5M and 2.0 M NaCl
in 0.6 M aqueous L-proline at 25°C. (b) Corresponding functions gusci(r) and gnoci(r).
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Figure S14: Effective dipole moment, s (@), of L-proline-ion aggregates as a function of
NaCl concentration, ¢(NaCl), in 0.6 M L-proline(aq) at 25°C obtained from the experimen-
tal amplitude S; corrected for ion-cloud relaxation. Also shown are the minimum-energy
structures of pro-Na™, pro-Cl™ and pro-NaCl aggregates and their dipole moments obtained
with Gaussian (B3LYP/ce-pVDZ level with C-PCM solvation model).'®!! The arrow in-
dicates the dipole direction.
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