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S1. Computational details of descriptor calculations 

Computational protocol for condensed linear response kernel and delocalization tensor 

analysis, which require the information about virtual orbitals, was as follows. The single point 

Firefly QC
1
 computations were carried out for PES stationary point structures, obtained by 

QM/MM method. The protein and solute surrounding were treated by effective fragment 

potential scheme,
2,3

 i.e. the environmental effects on the cephalosporins and L1 MβL active site 

were included explicitly. The Molden program package
4
 was used to convert obtained files to 

Multiwfn program format. To reduce computational costs the integration of linear response 

kernel was carried out using Becke’s numerical integration scheme.
5
 We used atomic radii 

deduced from the Cambridge Structural Database data
6
 modified by Lu.

7
 Also the results are 

based on the computations of cephalosporin and active cite systems without protein and solute 

surrounding. The accuracy of integration was evaluated as deviation of atomic overlap matrix 

sum (for all atoms) to identity matrix, divided by number of atoms. Obtained errors do not 

exceed few per thousand. Note that calculations  with the explicitly included effects of protein 

and solute surrounding gave lower integration accuracy. However, the character of computed 

dependencies of condensed linear response kernel elements on the number of atoms of the C4-

C3-R2 fragment (see Section 3.3) consists with that obtained for the cephalosporin and active cite 

complexes without account for protein and solute surrounding. 
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Fig. S1 QM subsystem of TS complex for CFR hydrolyzed by L1 MβL. The red, blue, yellow, 

gray and white spheres represent oxygen, sulfur, nitrogen, carbon and hydrogen atoms, 

respectively, while magenta spheres represent Zn
2+

 ions. 
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S2. Short Review of Bonding Descriptors 

There are several approaches for chemical bonding analysis making use of some real-

space distributed descriptors.
8–23

 Some of them provide information about the electron-density 

features in nearest region around of some spatial point in the molecular system. It is, for 

example, the bond ellipticity of electron density, 𝜀 =
𝜆1

𝜆2
− 1,

24
 which is a measure of the 

deviation of electron density along the bond path from axial symmetry (𝜆1 and 𝜆2 are negative 

eigenvalues of Hesse matrix of electron density (|𝜆2| <  |𝜆1|); it indicates existence of the π 

character of chemical bonds.
24–29

 The other carries information about mutual influence of 

electrons in spatially remote regions and reveal the electron exchange and Coulomb correlation 

effects. The non-local descriptors used in this study are the source function,
8,30

 Fermi hole,
9,31

 

electron delocalization indices,
32

 delocalization tensor
10

 and condensed linear response kernel.
33

 

They are briefly characterized below.  

Source (or influence) function reveals the distant self-influence encoded in electron 

density. For the electron density at a reference point r, it is given by contributions of a local 

density sources 𝐺(𝒓, 𝒓′) = −
1

4𝜋
 
∇2𝜌(𝒓′)

|𝒓−𝒓′|
 , operating at all other points 𝒓′:

8,30
 

𝜌(𝒓) =  ∫ 𝐺(𝒓, 𝒓′)𝑑𝒓′ ,                                                          (1) 

𝐺(𝒓, 𝒓′) represents the influence of 𝜌 curvature in point 𝒓′ on electron density at the point r. 

Decomposing (1) in atomic contributions  

𝜌(𝒓) =  −
1

4𝜋
∑ ∫

∇2𝜌(𝒓′)

|𝒓 − 𝒓′|

 

Ω𝑖

𝑁

𝑖

𝑑𝒓′ =  ∑ 𝑆𝐹(𝒓,  𝛺𝑖)                                    (2)

𝑵

𝒊

 

we arrive at atomic source function, 𝑆𝐹(𝒓,  𝛺𝑖), where  𝛺𝑖 is QTAIM zero-flux atomic basin in 

the molecular system. SF expresses the influence of i atom on the electron density at reference 

point r. Atom yielding the positive contribution acts like a “source” of the density field, while 

negative contribution means that atom acts like a “sink”. The percentage form of SF is
34

 

𝑆𝐹(𝒓,  𝛺𝑖), % =  
𝑆𝐹(𝒓,  𝛺𝑖)

𝜌(𝒓)
∙ 100 %                                                         (3) 

Source function allows to examine a mutual influence of any atoms connected or not by 

the bond paths. It is widely applied to examine multicenter atomic interactions,
35

 chemical 

transferability of the atomic groups in a molecule,
30,36

 hydrogen bonding
37,38,39 

and features of 

non-covalent bonding in the prototypes of bioactive molecules.
39,40

 

 The electron pair density, 𝜌2(𝒓, 𝒓′),
41

 describes probability of simultaneous finding of 

two electrons in points 𝒓 and 𝒓′. The difference between correlated pair density 𝜌2(𝒓, 𝒓′) and 
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formally uncorrelated distribution of electrons 𝜌(𝒓)𝜌(𝒓′) is caused by the electron exchange and 

correlation effects. They are described by the exchange-correlation hole 

ℎ𝑥𝑐(𝒓, 𝒓′) =  
𝜌2(𝒓, 𝒓′)

𝜌(𝒓)
−

𝜌(𝒓)𝜌(𝒓′)

𝜌(𝒓)
= 𝑃(𝒓′|𝒓) − 𝜌(𝒓′),                           (4)  

where 𝑃(𝒓′|𝒓) is the conditional probability density, i.e. the probability of finding one electron at 

a point 𝒓′ while the reference electron is fixed in a position 𝒓. In the non-interacting electron 

system, Coulomb correlation is ignored, and expression (4) is called the Fermi (or exchange) 

hole, ℎ𝑥(𝒓, 𝒓′).
42,43

 It expresses the decrease in probability of finding electron with spin 𝜎 at a 

point 𝒓′ while the reference electron of the same spin is fixed in a position 𝒓. It is a direct 

consequence of the Pauli Exclusion Principle caused by requirement for the manyelectron wave 

function to be antisymmetric.
31

 An electron moving in space carries its Fermi hole, and if the 

Fermi hole is localized in some region of space, so the electron does.
9
 In case of closed-shell 

system it also can be interpreted as a measure of electron pair localization. 

The information about localization of electrons contained in the Fermi hole can be 

compactly represented via localization and delocalization indices, scalar atomic characteristics 

integrated over atomic basins. The integration over a single atomic basin A, gives localization 

index:
32,44

 

𝜆𝐴 = − ∫ 𝑑𝒓 ∫ 𝑑𝒓′𝜌(𝒓)ℎ𝑥(𝒓, 𝒓′)

 

Ω𝐴

 

Ω𝐴

                                              (5) 

It describes the number of electrons which are removed from the basin A due to the Pauli 

principle. Hence it also indicates the number of electron pairs which are remained in this basin, 

i.e. describe the localization of electrons.  

The electron delocalization index shows the number of electron pairs spreading out 

between basins of A and B atoms:
32,45

 

𝛿𝐴𝐵 = −
1

2
∫ 𝑑𝒓 ∫ 𝑑𝒓′𝜌(𝒓)ℎ𝑥(𝒓, 𝒓′)

 

Ω𝐵

 

Ω𝐴

                                         (6) 

The sum of localization indices of all atoms and delocalization indices between all pairs of atoms 

gives total number of electrons in a system and these indices are used to characterize the type of 

chemical bonding or reaction activity of compounds. 

The Fermi hole and the localization and delocalization indices evaluate average spreading 

of electrons in all possible directions. The delocalization tensor
10

 characterizes the spatial 

spreading of electrons in molecular system along any chosen direction:
10,46,47,48

 

𝑫 =  ⟨Ψ0| Δ𝑹 ̂⨂ Δ𝑹 ̂|Ψ0⟩,                                                      (7) 
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Here Ψ0 is ground-state manyelectron wave function of the system and Δ𝑹 ̂ =  𝑹 ̂ −  〈𝑹〉 is the 

fluctuations of the total electron position operator, �̂� =  ∑ �̂�𝑖
𝑁
𝑖  , relative to its mean value 〈𝑹〉. 

Delocalization tensor can be interpreted as a quantitative measure of uncertainty in electrons’ 

positions and reflects various physical effects: from quantum uncertainty in position of each 

particle to mutual correlations in electron motion.  

The local analog of �̂� is called the local electron position operator �̂�(𝒓);
10

  �̂� =  ∫ 𝑑𝒓�̂�(𝒓) ; at 

that  𝜌(𝒓) = ∇ ∙ �̂�(𝒓). Replacing �̂� in eq. (7) by �̂�(𝒓), we arrive at a correlation function: 

𝑫(𝒓, 𝒓′) =  
1

2
⟨Ψ0| {Δ�̂�(𝒓) ⨂ Δ�̂�(𝒓′)}|Ψ0⟩,                                     (8) 

where {Δ�̂�(𝒓) ⨂ Δ�̂�(𝒓′)} is a dyadic tensor. 𝑫(𝒓, 𝒓′), characterizes mutual influence of electron 

fluctuations at points r and r’. Important that according to the fluctuation-dissipation 

theorem,
49,50

 local electron position fluctuations manifest themselves in the response to the 

applied inhomogeneous electric field. In other words, Δ�̂�(𝒓) manifest itself in the real physical 

effect. 

𝑫(𝒓, 𝒓′) is reduced by integrating eq. (8) by r’ to delocalization tensor density (DTD). 

𝑫(𝒓) =  ∫ 𝑫(𝒓, 𝒓′)𝑑𝒓′ =  
1

2
⟨Ψ0| {Δ�̂�(𝒓) ⨂ Δ�̂�}|Ψ0⟩                            (9) 

It evaluates the contribution of spatial fluctuations of Q(r) at the point r to the total fluctuations 

of the center of masses R of electron subsystem. Therefore, DTD expresses the contribution of 

space region near r to the total electron delocalization. The picture may be visualized with help 

of three scalar fields describing DTD eigenvalues, which could be partly associated with 

elements of chemical structure. The most important is the major delocalization eigenvalue, 

λ1(r), which expresses local delocalization magnitude along the direction of maximum electron 

delocalization in the system.  

 Linear response kernel is an example of two-point descriptors.
9,17,30,33

 It reveals the 

linear response of electron density at point r to variation of external potential at point r’:
51

 

𝜒(𝒓, 𝒓′) =  
𝛿𝜌(𝒓)

𝛿𝑣(𝒓′)
                                                                  (10) 

The condensed (domain-averaged) linear response kernel (CLRK)
33

 

 

𝜒𝐴,𝐵 = ∫ 𝑑𝒓 ∫ 𝑑𝒓′𝜒(𝒓, 𝒓′)

 

Ω𝐵

 

Ω𝐴

                                                     (11) 

measures propensity of electron density in the A atomic basin, Ω𝐴, to flow towards B atomic 

basin, Ω𝐵, induced by the difference in the electric potential between these basins
52

 (atom-atom 

charge flow polarizabilities
53

). Thus, CLRK reflects distant influence of the changes of the nuclei 
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configuration to changes in electron density in molecular systems. It was shown that CLRK 

reveals the difference between the mesomeric and inductive effects in simple organic 

molecules.
33,54,55

 For small molecular systems CLRK clearly indicates delocalization.
52

 

Therefore we used is as a marker of electron conjugation character.  

 

 

Fig. S2 Mechanism of rate-limiting step of the cephalosporin hydrolysis induced by L1 metallo-

β-lactamase. The intermediate, transition state and product are marked as INT, TS and EP 

correspondingly. 

 

 

Table S1 The atomic source contributions, SF(Ri)%, at the 𝜌(𝒓𝑏)N∙∙∙H in the TS complexes from 

the atoms of the substituting groups in cephalosporins. 

Substituting group Cephalosporin Ri SF(Ri)% 

 

CFX R2 3.7 

CFU R2 4.5 

 

CFL R2 3.8 

CFT R2 4.3 

 

NCF R1 8.5 

CFR R1 8.9 
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S3. Topological analysis of electron density in the cephalosporin-enzyme complexes along 

the reaction path 

 The QTAIM analysis of electron density in INT, TS and EP complexes allowed us to 

reveal all chemical interactions in the studied systems. The main interactions between 

cephalosporins and L1 MβL active cite are: interactions with Zn
2+

 ions (Table S2); interactions 

with Asp120 residue; and interactions with Ser221 residue (Table S3, S4). The numerous weak 

contacts such as C-H∙∙∙O, O∙∙∙O, N∙∙∙C are also present. It is worth to note that few intermolecular 

interactions with substituting groups in cephalosporin core are mostly of that weak nature. These 

contacts are beyond the scope of our study and are not discussed here. For all considered 

interactions electron density and its laplacian values at BCPs show good agreement with 

interatomic distances between two interacting atoms. 

 The QTAIM analysis shed light on the change in the number of Zn
2+

− chephalosporin 

interactions along the rate-limiting step of the reaction (Table S5). In INT structure both Zn
2+ 

ions involved in 5 interactions with surrounding (i.e. with cephalosporin molecule and amino 

acid residues). This is caused by the two interactions between Zn1 and the carboxylate group of 

substrate molecule, formed by the nucleophilic addiction of hydroxyl group (Table S2). We 

should note that for CFX complex number of intermolecular interactions with Zn1 ion equals 6. 

However, the Zn1∙∙∙O2 interaction is long (Table S2) and the electron density value at Zn1∙∙∙O2 

BCP equals to 0.007 a.u., which is extremely low value for Zn∙∙∙O coordinate bond.
56,57

 The 

number of interactions formed by the Zn ion with adequate ρ values at BCPs in INT structure of 

CFX is 5. The pentacoordinated Zn1 is observed in crystal structure of L1 metallo-β-lactamase 

with moxalactam (oxacephem antibiotic),
58,59

 which was established through geometric 

criterium. Therefore, dispite of the fact that Zn
2+

 usually has coordination number equal to 4 or 

6, QTAIM analysis allowed us to expect that pentacoordinated Zn1 is a typical feature of 

intermediate complexes with L1 metallo-β-lactamase. 

 We also analyzed main inter- and intramolecular H-bonds that occur in INT, TS and EP 

complexes (Tables S3, S4 and S6). The interatomic distances, ρ and ∇2
ρ values at BCPs indicate 

that these interactions pertain to moderate (ρ < 0.006 a.u., ∇2
ρ > 0) and strong H-bonds ( 0.06 < ρ 

< 0.12 a.u. ∇2
ρ > 0).

60
 The positive values of ∇2

ρ at BCPs indicate the absence of covalent nature 

for these H-bonds, therefore, these interactions are driven by electrostatics.
61
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Table S2 The interatomic distances, R, and electron density values, ρ, at BCPs for interactions between chephalosporin molecules and Zn
2+

 ions in the 

active site of L1 metallo-β-lactamase. Atomic labels are given at Fig. S2. The distance elongation marked by color (shortest and longest ones are 

marked by light- and dark-blue, correspondingly).  
 CFX CFS CF0 CFP NCF CFR CF3 CFL CFT CFU 

 R, Å ρ, a.u. R, Å ρ, a.u. R, Å ρ, a.u. R, Å ρ, a.u. R, Å ρ, a.u. R, Å ρ, a.u. R, Å ρ, a.u. R, Å ρ, a.u. R, Å ρ, a.u. R, Å ρ, a.u. 

Zn1∙∙∙Ow  

INTa) 2.002 0.082 2.344 0.035 2.117 0.061 2.099 0.064 2.237 0.045 2.221 0.047 2.227 0.047 2.384 0.032 2.240 0.045 2.168 0.054 

TS 2.089 0.062 2.035 0.073 2.017 0.076 2.041 0.071 2.073 0.065 2.210 0.046 2.058 0.068 2.244 0.043 2.245 0.042 2.251 0.042 

EP 1.912 0.100 1.921 0.100 1.910 0.101 1.927 0.098 1.941 0.094 1.944 0.094 1.928 0.098 1.953 0.090 2.340 0.089 1.947 0.092 

Zn1∙∙∙O1  

INT 2.511 0.025 2.027 0.078 2.186 0.053 2.278 0.042 2.140 0.059 2.134 0.060 2.132 0.060 2.032 0.077 2.121 0.062 2.174 0.054 

TS 3.142 -b) 2.836 - 2.847 - 2.927 - 3.004 - 2.980 - 2.758 - 2.881 - 2.971 - 2.996 - 

EP 3.156 - 2.852 - 3.233 - 2.974 - 3.027 - 2.943 - 2.894 - 2.988 - 4.048 - 3.177 - 

Zn1∙∙∙O2  

INT 3.111 0.007 3.596 - 3.932 - 3.713 - 3.522 - 3.566 - 3.589 - 3.496 - 3.480 - 3.633 - 

TS 2.144 0.052 3.461 - 3.893 - 3.403 - 2.765 0.013 2.071 0.064 3.177 - 2.019 0.074 2.017 0.073 2.002 0.077 

EP 2.776 0.012 3.301 - 3.914 - 3.420 - 2.987 - 2.808 0.012 3.312 - 2.379 0.030 1.960 0.032 2.355 0.032 

Zn2∙∙∙N  

INT 1.968 0.100 1.923 0.111 1.924 0.112 1.984 0.097 2.019 0.088 1.965 0.100 1.953 0.104 1.923 0.111 1.947 0.104 1.948 0.105 

TS 1.967 0.100 1.928 0.110 1.960 0.102 1.985 0.096 2.189 0.058 1.947 0.105 1.946 0.106 1.918 0.112 1.931 0.109 1.933 0.108 

EP 2.069 0.080 2.001 0.094 2.018 0.090 2.065 0.081 2.861 - 2.035 0.086 2.024 0.089 2.009 0.092 2.031 0.088 2.022 0.090 

Zn2∙∙∙O2  

INT 2.089 0.066 2.073 0.069 2.000 0.083 2.093 0.066 2.033 0.062 2.052 0.073 2.074 0.069 2.083 0.068 2.081 0.068 2.062 0.071 

TS 3.061 - 2.615 0.020 2.224 0.048 2.655 0.019 2.096 0.065 2.958 - 2.718 0.017 3.087 - 2.960 - 2.920 - 

EP 3.207 - 3.282 - 2.563 0.023 3.097 - 1.956 0.090 3.007 - 3.028 - 3.230 - 3.132 - 3.124 - 

Zn2∙∙∙O3 

INT 3.904 - 3.997 - 3.945 - 3.965 - 3.954 - 3.974 - 3.960 - 3.993 - 3.992 - 3.952 - 

TS 4.042 - 4.493 - 3.968 - 4.566 - 3.907 - 3.726 - 4.314 - 3.597 - 3.671 - 3.602 - 

EP 4.254 - 4.744 - 4.436 - 4.581 - 3.936 - 4.528 - 4.644 - 4.546 - 4.415 - 4.439 - 

a)
 INT, TS, EP are intermediates, transition states and product complexes at rate-limiting step (see Fig. S2); 

b)
 absence of ρ value means absence of BCP between two considered atoms.



S10 
 

Table S3 Metric and topological characteristics of intermolecular interactions between Asp120 

residue and cephalosporins in INT, TS and EP complexes (see Fig. S2). The R is a distance 

between two atoms involved in intermolecular interaction, the ρ and ∇2
ρ are electron density and 

its laplacian at BCP for corresponding intermolecular interaction.  

Cephalo-

sporin 

INT (Ow∙∙∙H-OAsp120) TS (Ow-H∙∙∙OAsp120) EP (Ow∙∙∙OAsp120) 

R, Å ρ,  

a.u. 

∇2
ρ, 

a.u. 

R, Å ρ,  

a.u. 

∇2
ρ, 

a.u. 

R, Å ρ,  

a.u. 

∇2
ρ, 

a.u. 

CFX 2.728 0.040 0.113 3.218 0.008 0.029 3.541 - - 

CFS 2.520 0.074 0.156 3.006 0.011 0.039 3.458 - - 

CF0 2.546 0.068 0.157 2.974 0.013 0.042 3.589 0.002
a)

 0.012 

CFP 2.548 0.070 0.155 3.096 0.010 0.034 3.511 0.003 0.013 

NCF 2.502 0.082 0.148 3.115 0.009 0.033 3.486 0.003 0.014 

CFR 2.511 0.078 0.152 3.167 0.008 0.031 3.508 0.003 0.013 

CF3 2.508 0.080 0.146 3.058 0.012 0.038 3.500 0.003 0.014 

CFL 2.492 0.084 0.146 3.014 0.013 0.041 3.438 0.003 0.015 

CFT 2.518 0.076 0.153 3.196 0.010 0.032 3.771 -  

CFU 2.558 0.067 0.152 3.158 0.011 0.035 3.722 -  

a) the ρ values less than 0.003 a.u. are too small to be determined with certainty by existing 

theoretical and experimental methods.
62,63
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Table S4 Metric and topological characteristics of intermolecular interactions between Ser221 

residue and cephalosporins (Oi ∙∙∙HOSer221) in INT, TS and EP complexes. The number of 

cephalosporin oxygen atom involved in interaction is given in the columns with i values. The R 

is interatomic distance between two atoms participate in intermolecular interaction, the ρ and ∇2
ρ 

are electron density and its laplacian at BCP of corresponding intermolecular interaction.  

Cephalo- 

sporin 

INT  TS  EP 

i
 a)

 R, Å ρ,  

a.u. 

∇2
ρ, 

a.u. 

i R, Å ρ,  

a.u. 

∇2
ρ, 

a.u. 

i R, Å ρ,  

a.u. 

∇2
ρ, 

a.u. 

CFX  3 1.738 0.043 0.123 3 1.644 0.053 0.154 3 1.671 0.050 0.146 

CFS 2 1.705 0.045 0.131 2 1.697 0.046 0.132 2 1.706 0.045 0.130 

CF0  2 1.705 0.044 0.133 2 1.846 0.033 0.091 2 1.830 0.034 0.946 

CFP  2 1.702 0.045 0.133 2 1.766 0.039 0.110 2 1.770 0.039 0.111 

NCF  2 1.754 0.040 0.117 3 1.637 0.053 0.153 3 1.622 0.049 0.145 

CFR  3 1.701 0.046 0.133 3 1.633 0.052 0.158 3 1.614 0.053 0.151 

CF3  2 1.693 0.046 0.136 2 1.776 0.039 0.108 2 1.745 0.041 0.118 

CFL  2 1.858 0.032 0.088 3 1.554 0.063 0.174 3 1.529 0.069 0.176 

CFT  2 1.769 0.039 0.111 3 1.683 0.047 0.141 3 1.660 0.051 0.150 

CFU  2 1.681 0.048 0.135 3 1.612 0.057 0.159 3 1.599 0.066 0.169 

a)
 see Fig. S2 

 

Table S5 The number of zinc ion interactions in the L1 metallo-β-lactamase active cite of INT, 

TS and EP complexes localized by the QTAIM analysis (QTAIM coordination number). 

Cephalosporin Zn1
a)

 Zn2 

INT TS EP INT TS EP 

CFX 6
b)

 5 5 5 4 4 

CFS 5 4 4 5 5 4 

CF0 5 4 4 5 5 5 

CFP 5 4 4 5 5 4 

NCF 5 5 4 5 5 4 

CFR 5 5 5 5 4 4 

CF3 5 4 4 5 5 4 

CFL 5 5 5 5 4 4 

CFT 5 5 5 5 4 4 

CFU 5 5 5 5 4 4 

a) 
ion numbers are given at Fig. S2; 

b)
 the number of interactions formed by the Zn ion with 

adequate interatomic distances and ρ values at BCPs is 5. 
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Table S6 Metric and topological characteristics of intramolecular N∙∙∙H-Ow and N-H∙∙∙Ow 

hydrogen bonds in the cephalosporin-L1 metallo-β-lactamase complexes (see Fig. S2). The ρ and 

∇2
ρ are electron density and its laplacian at BCP of corresponding intermolecular interaction. 

Cephalosporin TS (N∙∙∙H-Ow) EP (N-H∙∙∙Ow) 

 R(N∙∙∙H), Å ρ, a.u. ∇2
ρ, a.u. R(Ow∙∙∙H), Å ρ, a.u. ∇2

ρ, a.u. 

CFX 1.913 0.037 0.093 1.754 0.042 0.133 

CFS 1.858 0.040 0.103 1.829 0.038 0.120 

CF0 1.903 0.038 0.096 1.725 0.047 0.145 

CFP 1.924 0.036 0.095 1.728 0.046 0.145 

NCF 1.995 0.035 0.093 1.723 0.046 0.146 

CFR 1.969 0.033 0.082 1.673 0.051 0.152 

CF3 1.992 0.032 0.089 1.634 0.057 0.172 

CFL 1.993 0.032 0.081 1.736 0.045 0.135 

CFT 2.068 0.028 0.079 1.723 0.046 0.139 

CFU 2.071 0.028 0.083 1.742 0.044 0.136 
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Fig. S3 Distribution of the Fermi holes pairwise laid one on another in the plane of the N∙∙∙H-Ow 

bond for substrates with different kcat values. In each case the reference electron is placed at 

N∙∙∙H bcp (bcp positions are marked by stars). Isolines are in interval -0.4÷0.0 a.u. with a 0.005 

a.u. step. Bold dashed isolines correspond to the -0.015 a.u. 
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Fig. S4 The bond ellipticity profiles along the C4-C3 bond path for INT, TS and EP structures in 

case of CF0 (kcat = 8.5 s
-1

), CFP (kcat = 15 s
-1

) and CF3 (kcat = 38 s
-1

). 
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