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Figure S1. Time-averaged distribution () of H-bond between water hydrogen (Hy) and zwitterionic oxygen (Oy).
The center of the hotspot in each plot is taken as the equilibrium bond distance and angle for TMAO and CBAAs.
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Table S1. Comparison of pG(r) and g(r) peak heights

pG(r) peak height g(r) peak height
TMAO 2.85 2.64
CBAALI 1.66 1.25
CBAA2 1.74 1.61
CBAA3 2.18 1.8

Note: The data were taken from Figure 2.
Geometric criteria for an H-bond (HB)

In the present work, we only consider the HB between zwitterionic oxygen(s) and a water molecule. The distance
(rup) between the zwitterionic oxygen and water-hydrogen and the angle (6};5) between zwitterionic oxygen, water-

hydrogen, and water-oxygen (fyg = 20 ) (see Figure S1) are used as geometric criteria for an HB to

zwltterlon water water.

be counted. As the extent of ryp for a weaker H-bond can be more than 3.0 A (1), we choose a stricter criterion for it,

rug < 2.7 A, as the stronger HBs are critical to stronger hydration, with 100° < Gyp < 180°. ryp < 2.7 A corresponds to
the position of pG(r) peaks (maximum hydration strength for a zwitterion) in Figure 2a. Based on these criteria, we
obtained the time-averaged distribution of HB (normalized by the total number of configurations used for the analyses
over 120 ps (200 ps) for TMAO (CBAAs). In the case of CBAAs, if the same water hydrogen makes an HB with
both oxygens of CBAAs, only one H-bond is counted.
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Origin of CBAA’s high-configuration entropy (5)

Figure S2a illustrates the root-mean-square-displacements (RMSDs) of TMAO and CBAAs. It is evident from the
figure that the RMSDs for finite-spacing CBAAs can be very high (compared to the zero-spacing TMAO), giving rise
to their high S. As shown in Figure S2b, the high-RMSD of each CBAA arises from the rotation of either the tail or
head or both, with respect to a reference configuration (e.g., the orange structures in Figure S2b). The RMSDs and
overlaps between the reference and transition structures are generated using VMD (3). In the case of CBAAL, the
high-RMSD values originate primarily either by the rotation of the tail or head. For convenience, we consider the
rotation of the heads (O1 and O2) only, as the overlapping between the reference and transitioning structures provides
the best fit with the tails. While comparing with the low-RMSD reference structure (orange-CBAA1), only the head
rotates, undergoing a full 180° swing (see the alternating transition in snapshots from 1-4 for CBAALI in Fig. S4b). As
a result, its S (0.227 kJ/K-mole) is lower than other CBAAs. In contrast, both the tail and head of CBAA2 rotate,
resulting in a higher value of S (0.378 kJ/K-mole), although, unlike CBAAI, its head (O1 and O2) does not undergo
a full swing. In the case of CBAA3, both the tail and head rotate with the full swing (see snapshots 1 and 2 for CBAA3
in Figure S2b). As such, the S is the highest for CBAA3.
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Figure S2. Structural fluctuations of TMAO and CBAAs. (a) The root-mean-square-displacement (RMSD) and the
configurational entropy (S; calculated via Schlitter formula (2) see Methods). (b) Four overlapped conﬁguratlons of

each CBAA (green) with the respective reference structure (orange) taken at 80th ps. Blue-01 (01) and red-02 (02)
are the oxygen atoms in the reference (transition) structures of CBAAs.

Table S2. Bader charges (4,5) of C in the COO- of solvated-CBAAs.

CBAAI CBAA2 CBAA3
C (CO0O) 2.93+0.18 2.88+0.07 2.75+0.12
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Estimation of partial charges of TMAO and CBAAs for MD simulations

The initial configurations of TMAO and CBAAs were pre-relaxed with MD simulations. The partial charges needed
for carrying out MD simulations were obtained following the protocols outlined in our previous work (6) within the
restrained ESP or RESP-AMBER fitting procedure (7). The Hartree-Fock ab initio method with a 6-31* basis set, as
suggested in the AMBER protocol, was employed to estimate the electrostatic potentials (ESP) of the gas-phase
zwitterions. Those ESP data were then fed into RESP-AMBER fitting procedure to calculate the partial charges.
Before calculating the ESPs of all zwitterions, their geometries were optimized within the DFT framework. The
B3YLP functional with 6-311G (2d, p) basis set and D3 version of Grimme's dispersion with Becke-Johnson damping
(GD3BJ) (8) were used. Gaussian16 package (9) was utilized for both optimization and ESP calculation.
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