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ABSTRACT

Blyzniuk Iu. M. Mechanisms of the association of biologically active 

compounds and their complexation with DNA. – Qualification scientific paper, 

manuscript.

Dissertation for a Candidate of Science Degree in Physics and Mathematics 

(PhD) by speciality – biophysics (Physics and mathematics). – O. Ya. Usikov 

Institute for Radiophysics and Electronics, National Academy of Sciences of

Ukraine; V. N. Karazin Kharkiv National University, Ministry of Education and 

Science of Ukraine, Kharkiv, 2017.

The dissertation is devoted to the solution of one of the main problems in 

modern molecular biophysics – clarifying the role of hydrogen bonds (H-bonds) 

and water molecules in the stabilization of self-associates and hetero-associates of 

a number of biologically active compounds (BAC) and their binding to DNA. 

Using the IR spectroscopy method the absorption spectra of flavin-

mononucleotide (FMN) self-associate films grown from neutral and weakly acidic 

solutions were obtained and analyzed. Analysis of the IR spectra of the FMN film 

obtained from a weakly acid solution (pH ~ 6.0) has allowed to determine a high-

frequency shift of the absorption bands of the C4=O and C2=O atom groups. To 

explain the high-frequency shifts of C4=O and C2=O carbonyl vibrations the 

dynamic (resonant) interaction of the dipole moments of these atomic groups 

transitions in the dipole-dipole approximation was considered. The correspondence 

of the calculated shifts of the frequencies of carbonyl vibrations to the 

experimental values was observed for the n-molecular structure of the self-

associate FMN (n  3). The stability of such FMN self-associates is determined by 

interplanar interactions between overlapping isoalloxazine chromophore rings. The 

studies of water sorption by films grown from weakly acidic solutions (pH ~ 6.0) 

showed that only at the first stage of wetting the water practically does not bind to 

the hydrated-active groups of the isoalloxazine ring, but with an increase of its 
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activity (when more than 6 water molecules are bound to the FMN molecule, 

N > 6), hydration significantly increases. Obviously, water molecules can also 

affect the stability of FMN n-molecular self-associates, which are formed in films 

grown from weakly acidic solutions. IR spectroscopic manifestation of the FMN 

isoalloxazine ring protonation was also studied. IR spectra were also analyzed in 

the absorption region of intraring C–C and C–N vibrations of the FMN 

isoalloxazine ring of a dry film (0% RH) grown from a weakly acidic solution. 

This analysis showed that the protonation of the ring occurs by the nitrogen atoms 

N1 and N5. Quantum-chemical calculations of isoalloxazine ring atom charges 

confirmed this conclusion since there are significant negative charges on N1 and N5

atoms.

Neutral solutions of BAC: flavin mononucleotide (FMN), ethidium bromide 

(EB), proflavine (PRF), theophylline (TPH), caffeine (CAF) and their hetero-

complexes were studied by IR spectroscopy and Raman spectroscopy. Also, their 

detailed analysis was performed using computer simulation. 

IR spectroscopic study of neutral solutions of FMN, TPH and their complex 

in the region of carbonyl vibrations 1600-1750 cm-1 was carried out. The 

frequencies of the absorption bands of the FMN and TPH carbonyl groups 

underwent high-frequency shifts, and the intensity of the absorption spectrum of 

the hetero-complex significantly decreased (infrared hypochromism). Such 

changes of the spectral parameters of the FMN-TPH hetero-complex indicate that 

the formation of a stable associate may be accompanied by resonant interactions of 

the transition moments of the FMN and TPH carbonyl groups. To confirm this 

hypothesis and determine the stabilization mechanism of the hetero-associate 

FMN-TPH, the resonance interactions of the vibrations of the FMN and TPH 

carbonyl groups were calculated. This calculation allowed us to conclude that 

FMN and TPH form an n-molecular aggregate (n  3). 

The hetero-association of theophylline and ethidium bromide was 

investigated. Analysis of the vibrational spectra of neutral solutions of TPH, EB 
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and their complex showed the low-frequency shifts of the TPH carbonyl vibrations 

in the IR spectrum and the high-frequency shifts of NH2 deformation vibrations of 

the EB in the Raman spectrum. It indicates the formation of H-bonds between the 

ligands in the hetero-complex. However, the distance between the donor-acceptor 

groups of EB and TPH is too large to form an H-bond according to the literature 

data. It is quite likely that a chain of water molecules with H-bonds of the type 

)()(
||

HNHOHOC n  could cover this distance. This hypothesis can 

be confirmed or refuted by means of computer simulation results of the “TPH-EB – 

water” system. 

Studies of the absorption spectra of the hetero-associates TPH-PRF and 

CAF-EB showed no changes in the spectral parameters of the carbonyl vibrations 

in the mixtures. It may indicate that hetero-complexes did not form under these 

conditions. However, TPH and PRF, CAF and EB form hetero-associates 

according to the literature data. Computer simulation of hetero-associates TPH-

PRF and CAF-EB was carried out to determine the possibility of hetero-complex 

formation and mechanisms of stabilization of these systems in the water 

environment. 

According to Monte Carlo simulation (MC), intermolecular H-bonds are not 

detected in any structure of the FMN-TPH hetero-complex. The analysis of 

instantaneous configurations in water cluster (800 water molecules) and 

instantaneous configurations of F-structures allows us to determine two water 

bridges around TPH-FMN hetero-dimer. However, according to vibrational 

spectroscopy, the most probable form of the hetero-complex is the n-molecular 

aggregate FMN-TPH. It is necessary to perform computer simulation of the FMN-

TPH n-molecular aggregate by the molecular dynamics method in the future. 

According to computer simulation data in the TPH-EB hetero-complex, the 

formation of intermolecular H-bonds between ligands is impossible. The 

performed analysis of instant configurations for the TPH-EB hetero-complex in 
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water cluster (800 water molecules) and of F-structures allowsed us to determine 

the existence of three water bridges formed between donor-acceptor groups of 

ligands.

Intermolecular H-bonds are not formed in any of the structures of the hetero-

dimers TPH-PRF and CAF-EB. The analysis of instant configurations in water 

cluster and of F-structures allowed us to determine two water bridges between the 

monomers in the TPH-PRF hetero-associate and three water bridges around the 

CAF-EB hetero-dimer. 

IR and Raman spectra of neutral FMN, EB solutions, and their mixtures 

were obtained and analyzed to determine the existence of an intermolecular H-

bond in the FMN-EB hetero-complex. The low-frequency shift of the absorption 

bands of the C=O FMN groups and the high-frequency shift of the Raman bands of 

the NH2-groups EB unambiguously indicate the formation of an intermolecular H-

bond in the FMN-EB hetero-associate. 

A similar study was performed for FMN, PRF and their mixtures. Similar to 

the case of the FMN-EB system for FMN-PRF hetero-complex a low-frequency 

shift of the absorption bands of the FMN C=O groups and a high-frequency shift of 

the Raman bands of PRF NH2-groups of were observed. Such spectral changes 

indicate the formation of an intermolecular H-bond in the FMN-PRF hetero-

complex. 

Computer modeling using the Monte Carlo method of systems containing 

hetero-complexes FMN-EB, FMN-PRF and water clusters was performed to 

interpret the experimental results of vibrational spectroscopy and explain 

mechanisms of stabilization of hetero-associates FMN-EB and FMN-PRF, as well 

as to construct their molecular models. 

According to the results of the MC simulation, three intermolecular H-bonds 

are formed in FMN-EB hetero-dimer, whereas one intermolecular H-bond is 

formed in the FMN-PRF hetero-associate. 
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The contribution of the H-bond energy to the stabilization of the stack 

associates was estimated based on the data of vibrational spectroscopy. It was 

found that the energy of the intermolecular H-bond in the FMN-EB hetero-

complex is | | = 8.4 kJ/mol. The same calculations for the hetero-associate FMN-

PRF allowed us to obtain the enthalpy of the H-bond of the type 

C4=O(FMN)··· NH
|

(PRF) equal to | | = 7.3 kJ/mol, and for the H-bond of the 

type C2=O(FMN)··· NH
|

(PRF) – equal to | | = 2.5 kJ/mol. Intermolecular 

hydrogen bonds in the heterocomplexes FMN-EB and FMN-PRF give a 25-30% 

contribution to the overall enthalpy of stabilization of these complexes, and the 

remaining enthalpy is mainly a contribution of interplanar interactions between the 

chromophores of molecules and hydrated water around the complexes. 

Using the example of the biologically active compound of ethidium bromide 

was demonstrated the role of the H-bond in the stabilization of the EB-DNA 

complex. Raman spectroscopic study of EB and its mixtures with DNA was carried 

out. The analysis of Raman spectra allowed to determine that at high P/D values, 

when the concentration of ethidium bromide in the solution is low, stabilization of 

the EB-DNA complex occurs not only due to interplanar interactions of the 

intercalated chromophore, but also by formation of intermolecular H-bonds 

between the amino groups of EB and O4' and O5' deoxyribose. In this case the 

DNA stays in the B-form. At low P/D values, the formation of the EB-DNA 

complex is accompanied by a structural transition of DNA from B- to the A-like 

conformation, and the amino groups of EB interact with the sugar-phosphate 

backbone of the polynucleotide matrix, stabilizing the external "landing" of the 

chromophore on the surface of the DNA molecule. 

Keywords: biologically active compound, hydrogen bond, IR spectroscopy, 

Raman spectroscopy, self-associate, hetero-associate, interplanar interactions, 

stability of self- and hetero-associates, computer modeling. 
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.

, ,

.

1.2

'  – ,

 [8]. 

-

 [3], 

, -

.

 – 

,

 ( , , .) [60], 

 [61]. 

-

,

'

 [9, 14]  [62]. 

,

'  C=C '

- .
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,

-

,

 [2]. 

, ,

,

,

.

1.2.1

 (

) ,

 [11]. 

, ,

, , ,

M  [63, 64]. 

 ( .  [11, 65]). 

,

 [64, 66-68] ,

. , KC

' .

,

, ,

. ,
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 1 -1  = 298  [69]. 

, , ,

,

, ,

,  [68, 69]. 

, ,

- , .

,

 [70], n-

.

-  [71, 72] 

, -

:

,

 EB 

.

. 1.1 -

, .

.  CAF, 

,  11 -1 [9], 

 TPH, ,  7 -1

[88].  (  6100 -1),

,  PRF (  700 -1) [71] ( . 1.1). 

.
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 1.1 

 ( -1)

 CAF DAU TPH FMN  PRF EB NOV NOG 

C
A

F 11,8 
[9]

72±4 
[9]

161±26 
[81] 

264±21 
[9] 160±17 [9] 62±4 [9]

256±30 
[76, 77] 
324 [85] 

180±40 [87]
210 [85] 

D
A

U 720
[73] 

190±30 
[88, 89] 

453±28 
[82,83]

2470±4
40 [33]

1650±120
[33] 

2080 [90]

2700±440
[10, 78] 

3850 [90] 

3333±350
[80] 

15000 [85]

2700±1200
[11] 

3400 [85] 

TP
H

 

7,4±0,4 
[88] 

180±4 
[88] 

157
[79] 

180±20 
[88, 89] 

102±6 [88, 
89] 

100±10 
[88, 89] 

FM
N

   265 [55]  920±80 
[86] 

640±75 
[86] 

33700±100
[84] 

49000 [85]

790±50 [11]
965 [85] 

    
6100
±700
[71] 

    

PR
F

     700 [71] 690±60 
[74,75] 

EB       305 [71]   

N
O

V

       28600 [76]
5200±2500

[11] 
12000 [85]

N
O

G

        7400 [73] 

'

- . ,

 PI (63  6 -1),
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,  EB 

(305  14 -1) '  [72, 91]. 

 ( ,

- )

, -

 – 

, , ,

 D [70, 71, 92, 93]. 

 – 

.

'

 [65]. 

'

,  [94]. 

- ,

 4067  300 

,

-  2, 3, 5  6 .

,  1 .

.

,

, ,

;

 M-1 ( )  M-1

( )

.

,
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-  ( ),

'  ( - ' ),

,

. ,

.

,

:

, .

1.2.2

 CAF, 

 FMN/RBF, 

,

.

, , -

 ( .  [2, 11]), ,

, ,

( - ).

, ,

1- 2,

, 1- 1,

.

:
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1. -

,

,

'  [65]. 

2.

 ( H < 0) 

 ( S < 0) ( -

 [95]). 

3.

.

 ( G, H, S)

,

-

'  [2]. 

4.

. ,

 [65]. 

, -

.

, ,

,

.

,

.
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1.3 - .

- '

1.3.1 -

 – - ,

,  (

) – ,

, .

 – 

-

 [70]. 

,

,  (KC)  ( H, G

S) - , -

-  [96, 97]. 

-  ( )

, '

[98-101]. 

-

 = 260  [102],  – 

 C=N 

=  [103, 104]. 

, - ,
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 [105]. -

,

,

-

 [106, 107]. 

-

, ,

-  [108]. 

, -

, '

.

,

 [109-112]. 

.

,

 [71, 80, 113]. ,

 3,2 - 3,7 Å, ,

180  [76, 114]. 

-

.  (EB  PI) ,
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,

 [92]. 

.

,

-DAU,

,

PF-DAU, - -

, , '  [33]. 

'

,

DAU, ,

 5'-d(TpGpCpA)2. ,

'  ( ) , '

- ,

'  [10]. 

,  [33, 86], 

, . ,

 PRF-DAU 

, ,

' .

-

 [115], 

 H- ' ,  «

» [116]. 
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1.3.2 - '

 H- '  [33, 82, 

84, 86, 115, 116] 

:

H ,

 (

, .  [2, 117-119]). 

,

 [97, 120, 121], 

,

[122],  [123, 124]. ,

' ,

- .

, ,

,

- '  NH2 =

 [86]. 

- ' ,

 ( ,

/ ,

- ' ),  [33, 86]. 

,

 H- ' ,

:  ( )

 ( ). , -
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- '  ( , NH, NH2,

CH)  (C= , – , C–N, C=N) 

,

 [125, 126]. 

 ( , NH2  OH- )

 [127]. 

- ' . -

 « » - '

,  [128]. ,

- - '  N-H···O 

N-H···N . - '

,

 OD, 

 ( ,

= ).

 [129] - '

= -

' . - ' -  « »

 ( , ) ' .

 [107], 

,

 ( ) ,

. - '

.

- '  – -

 – 

: -

- .
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'  [130, 131], 

 [132]  [133], 

. - '

, '  [134, 135], 

- '  [136, 137] 

 AIM (Atoms in 

Molecules) [138]. 

- ,  (

 D) [139] -

- '

.

- ' HB
imG  = -9 / ,

,

- ' HB
imG  = (-6...-18) /

[140] (  -9 /  [141]). 

- '

. . : - ' ,

 3,2 Å,  – 

2,4 Å [142, 143]. 

- ,

 [11]. 

'  H- '

.
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1.4

, ,

.

.

, -

, ,

-  [11, 144]. 

, , , ,

, .

CAF ,

,  –  D, ,

 – , ,

 [145-147]. ,

, – ,

. , ,

-  [9, 33, 148, 149].

, ,

 [150, 151], 

 [9]. ,  CAF 

 [9, 152]. 

,

- , ,

 [9, 76, 108, 146, 153] 

 [9, 96, 154]. 

 CAF ,
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, .

 – « » –  [146, 151]. 

.  [155] ,

 CAF, 

,  D .

,

.  [156] 

,  CAF 

AD32 (N- - -14- ).

, ,

.

-CAF

, , :

 (  CAF ) [145, 146] 

 (

'  CAF ) [9, 153, 157] ( . 1.5). 

 1.5 
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,

, -

, .

,  CAF '

,

'  CAF 

 CAF-  [9]. 

 [158] -

P. leiognathi Sh1,

,

.

 CAF. ,

,

 CAF, 

.

 B2

,

.

 [159]. 

-  ( - ,

, MAO) , -

,  [160, 161]. 

 [162].  RBF 

, 1  N-  [163]. 

'

,
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.

,

'

.

 [164]. 
1 - -

(500 )

 FMN. 

-

' .

 [84], ,

,

, ,

- .

1.5 -

,

 FMN 

.  FMN -

,  (pH = 7) 

 265 -1 [54, 55]. 

 FMN [55, 56], 

-  FMN – .

 [55] 
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 FMN. 

,

-  FMN [165] ( . 1.6). 

 1.6 

 FMN 

 [165] 

,

,  ( ,

-, - .), ,

,

[103, 104] ,

 [65, 103, 166, 167]. 

 FMN  N1

 N5  ( . . 1.4), 

-

 FMN .

 FMN -

 (230-500 )

FMN  N1  N5  [168]. 

 N1  N5

,
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 N1  N5 -  FMN [169, 170]. 

-  [57, 58]. 

 [57] ,

-  (IRMPD) -

 (DFT), 

,  FMN  O2-  N1-

. -

( ) -

 (TRIR) -

DFT ,

 –  N5  [57]. 

 RBF/FMN-

.

FMN  (DAU, NOG,  D  NOV [82, 84]) 

 (EB  PF [86]) 

.

 [82, 84, 86], 

 « », -

.

 FMN  NOG, DAU, NOR  D 

.

 FMN  NOV, EB, PF ,

, ,

.

 FMN , ,
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- ,

' .

, '

- ,

-

. ,

'  ( ),

 ( ), '

.

, -

.

1. -

 FMN ,

, pH 

( ) .

2. '

 FMN 

 1450-1600 -1, '

– , –N1 –N5 .

3. - '

 ( -

- )  (C=O  NH2)

, .

4.

- ' ,

 FMN-EB, FMN-PRF, TPH-EB, 

EB-CAF, FMN-TPH, PRF-TPH .
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5. '  EB 

/ ; '

'  EB 

' ,

.

 1 

1.

, ,

2

.

2.

.

3.

.

.

4. -

- '

. ,

- .

5. ,

- ' .

6. ,

-

.



56

 2 

.

2.1 : - - . - '

-

 [34, 171-173]. 

,

.

. '

, ,

.

- - ,

. - -

.

- , - ,

, ,

.

,  – 

- .

2.1.1 -

,
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,

.

, .

,

. -

,  ( -1).

. ,

n,

 [174]: 

k
2
1

,   (2.1) 

k – ;

 – :

21

21

mm
mm

, (2.2) 

m1 m2 – , .

, k

(2.1) ,

' .

-

 [175]. 

n N

63Nn .
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.

' ,

.

'  ( . 2.1). 

 2.1 

,

- ' . ,

'

.

' , ,

.

- -  [175]: 

lc
I
ID
0

lg ,  (2.3) 

D( ) – ;

I0 I – ,

;

( ) – ;

c – ;
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l – .

:

dB 3,2 .     (2.4) 

, ,

, ' . ,

- - '  (

, NH, NH2 , CH)  (  C= , – , C–N, C=N) 

,

.

 ( , NH2  OH-

)  [125, 176]. 

.

 R–CO–X, 

. ' = ,

, .

'

=  [177]. -

- ' .

,

, , ,

, .

. , ,

 CH, CH2 , CH3 , O–H, N–H, NH2 , C=C, C=O, NO2 .

,

, ,
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'

' . . 2.1 .

 2.1 

 [178] 

*  ( -1)

(O–H) 3650-3000 

(N–H) 3500-3300 

(=C–H) 3100-3000 

(–C–H) 3000-2800 

(C=O) 1820-1650 

(C=C) 1900-1500 

(C=N) 1680-1610 

(N–N),  1580-1550 

(N–N),  1440-1410 

( 2), ( 3) 1470-1400 

( 3) 1380 

( ),  1600, 1580, 1500, 1450, 1000 

*  – ,  – ,  – 
,  – 

-  [107, 179, 180] 

,

-  C=N 

 C=O-  ( ).

,  [181]. 

:

ff AEE 00 ,     (2.5) 
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E0 – ;

 – 

;
f  – f.

, :

)(1
00 AE

h
,      (2.6) 

,  (2.5), :

ff

h
1

0 ,      (2.7) 

h – ,  6,62·10-34 · .

 ( , )

, ,

' ,  C=O  (

). '

 [182], '

,  C=O -

:

H0 ,     (2.8) 

0 – ;

–  – - ' ;

 – .

[183]: 

)cos...2coscos(2 1,1113,1112,11 kk , (2.9) 

k – ;
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11,12 –  C=O 

 11, 12 . .;

 – .

 ( )

-  [107, 183, 

184]. 

 ( . 2.2)  [183]:

G
h
M

Rh
M

3

coscos3cos
,   (2.10) 

G – , ;

2

2

1

1

SS
M  – ,

;

S1 S2 – ;

R – ;

 – .

R 1

1

S2

2

S  2.2 

2.1.2 -

-

 UR-20 (Karl Zeiss, Jena, )

 NaCl. 

 6,0,  – 50 -1/ .
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,

.

 50 ,

,  [185]. 

-

 [186].  4

,

.

,  (CaF2).

,

 (1200-5000 -1)

. .

 92% 

 ( )  D2O

,  [100]. 

 1-2 .

D

.

.

 2%,  – ±1 -1.

-

=  (1600-1800 -1) =N  (1450-1600 -1)

R (

) N

,

 [98]. :



64

,
0D

DR i       (2.11) 

Di D0 – i-

, .

N .

D  [187], D

= 1800 -1.

2.1.3

,

.

- , ,

, - .

, . ,

.

.

, h 0 (h – 

, 0 – ).

.

.

h 0

 ( ). ,

0 , h 0

 ( ) E p ,

, h 0 (

), i , h( 0- i),
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0- i ( ) ( . 2.3). 

 2.3 

Ei ,

, E0 ,

, h( 0+ i),

0+ i ( ).

Ei+h i , ,

,

 ( . 2.3). 

 [174]. 

,

,  – ,

.

,

. :
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,E       (2.12) 

 – ;

 – .

,

, :

,2sin0 tEE      (2.13) 

, :

.2sin0 tEE     (2.14) 

. ,  (2.14) 

.

 ( ,

), ,

. :

,2sin0 t     (2.15) 

0 – ;

 – .

:

,2sin)2sin( 00 tEtE    (2.16) 

)cos()cos(
2
1sinsin BABABA :
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ttEtE )(2cos)(2cos
2
12sin 000 . (2.17) 

 (2.17) , , ,

' ±

( ). ,

- .

,

,  [188]. 

.

, ,

.

.

2.1.4

 DILOR Z-16 ( ) .

 CCl4 [178]. 

 = 488 

514,5 .

 10 .

 20-25 ,

- .

4,5 -1,  30 -1/ .

 ±2 -1.

 (t = 20-22° ).

.
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2.2 '

N,

 ( ), '

 [189, 190]. 

,  ( )

 ~10-5 .

'

f

m,

 [191]: 

An
Kmf

f
2

0 ,     (2.18) 

0f  – ;

 – ;

 – ;

n K – .

K

 1, .

 (2.18) m

f ,

:

m
m

f
f

.      (2.19) 

,

:
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mOH fM
fM

N
2

,     (2.20) 

f = fi – fm;

fi – 

i- ;

fm – , ;

M  – ;

OH2
M  – .

' ,

, ,

 10-3 .

.

70%  0,05 ,

70% – 0,5 .  20 .

N ( 2 /  MH2O/M )  (%). 

2.3

- '

-

 (DFT)  (AIM  [138, 

192]).  AIM, - '

-
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 (0,002  0,035 au) 

 (0,024  0,139 au) [134, 135]. 

 ( , ,

) .

, ,   C–

H···O '  [132, 135, 193]. 

- '

 (  100-150 )

, .

 ( ),

- /

,  [120, 121, 139, 144, 194-197]. 

, -

 ( )

. '

 (N, V, )  298 

[198].  «  + »  800 .

 (Evstigneev M.P., personal communication). 

-

.

.

-

.

- -

-  1-6-12 ( -

- ) [97, 143, 199]: 
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ji
ijijijij

ij

ji
ij rArB

r
qq

U
,

612 ,    (2.21) 

qi , qj – ;

rij – i j .

Aij , Bij - '

 ( , CAF), 

.

-

 1-6-exp [199, 200]: 

ji
ijijijijij

ij

ji
ij rArCB

r
qq

U
,

6)exp( ,    (2.22) 

qi , qj – ;

rij – i j .

Aij , Bij Cij ,

- ' . i j.

 [200, 201], 

,

, .

-

, - - .

[202, 203]. 

,

. N

.
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. ,

,

 (  298  1 ).

« » ,

, ,

, « » .

, ,  5-7 106

.

 4-6 106

. ,

,

.  0,005. 

- ' ,

/ - ,

 (1-2 103 )  5  («

– frozen»  F- ). - '  F-

 [204]. 

 DFT/B3LYP/6-31G(d) 

GAMESS [205]  CAF (  0), THP (  0), PRF 

(  +1), EB (  +1)  Orca [206]  FMN 

(  -2).  Merz-

Kollman-Singh .  CAF, THP, PRF, 

FMN, ,

, , . .1- .5, . .1- .5.
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2.4

 "Fluka", ,  "Sigma", 

. 1.2, 1.3  1.4, 

 ("Serva", ). 

.

:  FMN 445 = 12500 -1 -1 [207], 

PRF 444 = 41000 -1 -1 [208],  EB 480 = 5860 -1 -1

260 = 6400 -1 -1 [209],  CAF 270 = 10000 -1 -1 [210]. 

 TPH  (  = 180,16 / ).

-  ( 2 )

- `  N–H···O  N–H···N .

- '

(D2O),

 OD, 

 ( ,

= ).

-  D2O (99,8% 

),  p  (p  = 6,9÷7,1) 

 NaOD.  FMN, EB, CAF  TPH 

 = 1,3 10-2 M,  PRF 

 = 7,7 10-3 .

 FMN-PRF,  FMN 

 = 7,7 10-3 .

.

OD-  1200 -1,

-
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 1600-1750 -1

.

-  FMN 

0,01 .  pH = 6,0÷6,4 

 HCl,  (pH = 6,8÷7,1) 

 NaO  (  FMN  D2O

DCl  NaOD, ).

-115 (Antex, , )  ±0,05. 

2=

4=  [211]. 

,

 [107]. 

-

 (2,5 10-2  KH2PO4, 2,5 10-2

Na2HPO4)  pH = 6,86. 

 = 1,5 10-5 M.  1:1. 

 10 .

 EB-

 P/D (

),

( EB = 1,1 10-4 ).

 (2,5 10-2  KH2PO4, 2,5 10-2  Na2HPO4)  pH = 6,86. 

 t = 4°

 = 10-3 . - -

:

NaCl – 76%  K2SO4 – 96% - - ,  [212-
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214].  EB ,

 (10 ) .

 2 

1.  ( )

 ( )

.

2.

- .

3.

.

4. '

.

5. ,

.

6. .
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 3 

 (

)

.

2 ( ), ,

,

- . ,

,

-

2 .

 B2

- ,

 [54, 55, 59, 84], 

 [55, 56, 84]. 

.

-  FMN 

,

 FMN .
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3.1 -  FMN 

-  FMN 

1600-1800 -1.

(pH = 7)  (pH = 6,2) .

. 3.1 -  FMN 

 D2O ( . 3.1 )  ( . 3.1 ).

 10 , .

,  1600-1800 -1 .

,  [215-217], 

1 = 1704 -1 (±1 -1)

 C4=O ,

2 = 1653-1655 -1 (±1 -1) –  C2=O FMN 

( . . 1.4). ,  FMN 

2= 4=

 (±1 -1) .

 ( ) -

- '  C4=O  C2=O

1710 -1  1685 -1,  [218]. 

 FMN ( . 3.1) 

, '

 FMN. 

 FMN [219], 

 [98, 103, 104]  [105]. 

,

,

 C2=O  C4=O .
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 [56], 

 C2=O  C4=O  ( . ).

1600 1650 1700 1750

0,0

0,1

0,2

C2=OD

, -1

1655

1704
C4=O

( )

1600 1650 1700 1750
0,00

0,05

0,10

0,15

D

, -1

1653

1704

1

2

C2=O

C4=O

( )
 3.1 -  FMN  D2O  = 7,0 

(±0,05) ( )  ( ),  = 6,9 (±0,05), 

 32 % (1)  86 % (2) 

, ,

, -  FMN ,

, ,
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.  [56] 

 FMN, 

.

( )  FMN. 

,  [56] 

FMN,

,

 [219]. 

, ,

 N5  pK = 5,2 [169] 

. , ,

 [55, 56], 

, ,

-  FMN. 

 FMN 

.

-  FMN. - ,

 FMN , ,

 1600-1800 -1 [219]. 

. 3.2  FMN  D2  pH = 6,4 

,  pH = 6,2. 

 10 , .

 FMN,  ( . 3.2 ),

 FMN  ( . . 3.1) 

 = 6,4 ( . 3.2 ). 

 C2=O ( 2 = 1656 -1 (±1 -1)) ,

 C4=O ( 1 = 1704 -1 (±1 -1))
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 1729 -1 (±1 -1), ,

.

1600 1650 1700 1750
0,0

0,1

0,2

0,3

D

, -1

1651

1702

C2=O

C4=O

( )

1600 1650 1700 1750
0,0

0,1

0,2

0,3

D

, -1

1656

1729

1

2

C2=O

C4=O

( )
 3.2  -  FMN  D2O  = 6,4 

(±0,05) ( )  ( ),  = 6,2 (±0,05), 

 32% (1)  80% (2) 

 C4=O,

 [103, 104], 
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 C4=O,

. ,

 C2=O  C4=O  ( . 3.2 ).

,

FMN, -

, .

4=  ( 1 = 25 -1 (± 1 -1)) 2=  ( 2  3-4 -1

(± 1 -1)), ,

, ,

,  ( )

.

3.2  FMN. 

n-  FMN 

 ( )

 [181]. 

 2.1.1. 

 FMN 

 (D2O)  ( . . 3.1 ),

. ,

,  ±1 -1,

 10%. 

. 3.1 

 (C2=O  C4=O) FMN, 

 FMN .
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 3.1 

 FMN: 

0 1/2 ,

0, B  ( )

0, -1
1/2, -1 0·10-3,

· -1· -1
B·10-4,

· -1· -2 ,

C2=O
C4=O

1655
1704

58,7
45,4

9,3
5,9

12,8
6,4

0,56
0,39

,

 (~ 0,4-0,6 ), ,

 FMN 

.

 [219] 

2= 4=  FMN, 

 [55, 56], . 3.1, 

 (  = 0 -1).

-  ( . . 3.1  3.2). 

,  FMN ,

,  (2.10), 

–  4,5 Å, 

.

- -  FMN. 

 (2.10) M/h  –  ( ,

 = 1), -  FMN ,

:

 (C2–C8)  (x),  (N10–N5)  (y)

 (z), ;  – 

Z, ; 1, 2 –  (

) 2= 4=
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' . R

, ,  – 

, ' ' .

, '

,  – 

 – 

 ( .  [103, 104]). 

 « » :

(1) -

 (

); (2)  

' ; (3) .

: x –  2,45 Å (

), y – 

0,6 Å ( , -  FMN 

 [55, 56]), z –  3,4 

3,7 Å ( ,

 [65, 103]),  –  30º, 1 2

–  10º. 

C2=O  C4=O x = 2,45 Å, y = 0,6 Å, z = 3,44 Å,  = 4º, 1 = 0,6º, 

2 = 9,9º. R, , , . 3.2. 

. 3.3 

 FMN n- .

 3.2 

2= 4=

R, Å , ° , ° , ° 

C2=O
C4=O

4,27
4,16

4,0
4,0

123,3
91,5

124,3
89,1
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2,7

2,8

2,9

3

3,1

0 20 40 60 80 100

,
¹

( )

20

21

22

23

24

25

26

0 20 40 60 80 100

,
¹

( )
 3.3  FMN 

 (2, 4, 6, ... n)

 C2=O ( )  C4=O ( )

,

,  FMN .

,
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 ( 1 = 25 -1 (± 1 -1)) n = 2 

(  FMN)  FMN, 

, ,

, , . ,

 FMN .

 (2.9) ,

 ( 2  3 -1 (± 1 -1) 1  25 -1 (± 1 -1)),

n-  (n  3). 

. 3.4  FMN. 

.

 3.4 

n-

FMN.

2= 4=

, n-

 FMN, ?

 [219] 

 ( .

. 3.2 )  FMN. , -

FMN

C2=O

C4=O
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. n-

 FMN  I-II  II-III  ( . 3.4) ,

,

- .

,  ( .,

, [65]). ,

 FMN [219], 

' -

 ( .  3.4, . 3.9), 

 ( '  6  FMN, N > 6) 

. ,

n-  FMN, 

, .

3.3  FMN - -

'

3.3.1 -

 FMN 

. 3.5 -  1450-1600 -1

 FMN (0% ),  (  = 7,0). 

 10 ,

. ,

, .

 [220] 

 [170] 1 = 1541 -1 (± 1 -1),
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2 = 1501 -1 (± 1 -1)

3 = 1575 -1 (± 1 -1).

1450 1500 1550

0,0

0,2

0,4

0,6

D

, -1

1541

1501 1575

 3.5 -

– –N 

 FMN: 

 (—) ,

(---).  FMN 

 = 7,0 (±0,05) 

 [170] ' –

–N  FMN ( . . 1.4). . 3.3 

.

 3.3 

-

 FMN  [170] 

 ( ), -1

1501 ( 2)  IV, (C6=C7); (C9–C9a); (C10a=N1)

1541 ( 1)  III, (C5a=C6); (C8–C9); (C5a=N5)

1575 ( 3)  II, (C4a=N5); (C4–C4a); (C10a=N1)

. 3.3, 1 2

 « »  N1  N5.

3  N1  N5.
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' 1, 2 3

 FMN,  (  = 6,0) 

. ,

 N1  N5 [168]. . 3.6 

-  FMN (  = 6,0) 

,

.

1450 1500 1550

0,0

0,1

0,2

0,3

D

1517

1554
1583

, -1

 3.6 -

–

–N

 FMN: 

 (—) ,

 (---). 

 FMN 

 = 6,0 (±0,05) 

 3.4 

 FMN, 

FMN (pH = 7,0), -1 FMN (pH = 6,0), -1
, -1

1 1541 (±1) 1555 (±1) +14 (±1) 
2 1501 (±1) 1517 (±1) +16 (±1) 
3 1575 (±1) 1583 (±1) +8 (±1) 
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,

,  ( .

. 3.5 . 3.4). 

, . 3.4, ,
+

1 2  – 3.  [175] 

, '

, , , ,

.

 N1  N5. -

 ( )

' :

 N1  N5.

3.3.2 -

'  FMN 

-

 Orca 2.9 

[221].  [222]. 

. 3.5 

 N1  N5 (FMN N1H+N5H+)  FMN 

FMN N1H+N5H+ - FMN N1N5.

,  N1  N5

 -0,612  -0,545, . '

 ( ), , .



90

 3.5 

 FMN  ( , .u.) 

FMN N1H+N5H+ FMN N1N5
FMN N1H+N5H+ – 

FMN N1N5

N1 -0,447 -0,612 0,165 
C2 0,725 0,927 -0,202 
O -0,405 -0,623 0,218 
N3 -0,575 -0,756 0,181 
C4 0,643 0,742 -0,099 
O -0,420 -0,581 0,161 
C4a -0,054 0,236 -0,290 
N5 -0,122 -0,545 0,423 
C5a 0,258 0,570 -0,311 
C6 -0,379 -0,473 0,094 
C7 0,259 0,203 0,056 
C -0,421 -0,416 -0,005 
C8 0,237 0,185 0,053 
C -0,434 -0,468 0,034 
C9 -0,272 -0,289 0,017 
C9a 0,035 -0,283 0,318 
N10 0,153 0,349 -0,196 
C10a 0,307 0,179 0,128 
C(R) -0,416 -0,528 0,112 

. 3.5 ,  N1  N5

 ( ): (i) 
5 , 6 , 8 9  N5 ( . . 3.3), 

 III ( 1); (ii) 6 , 7 , 9 , 9 10  N1,
 IV ( 2); (iii) 4 , N5 , 4 , 10  N1 ,
 II ( 3).
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'

 FMN 

 ( . 3.6). 

 3.6 

'

 FMN 

'  FMN N1H+N5H+ FMN N1N5 FMN N1H+N5H+ - 
FMN N1N5

N1–C2 0,9762 1,1138 -0,1376 
N1– 10a 1,3301 1,5857 -0,2556 
N1–H 0,7721 – – 
C2–O 2,2159 2,1143 0,1016 
C2–N3 1,0538 1,0307 0,0231 
N3–C4 1,1522 1,1293 0,0229 
N3–H 0,8759 0,8921 -0,162 
C4–O 2,1831 2,2582 -0,0751 
C4–C4a 0,8850 0,8828 0,0022 
C4a–N5 1,4361 1,7284 -0,2653 
C4a–C10a 1,1588 1,0737 0,0851 
N5–C5a 1,2734 1,3684 -0,095 
N5–H 0,8422 – – 
C5a–C6 1,2325 1,2560 -0,0235 
C5a–C9a 1,1772 1,2714 -0,0942 
C6–C7 1,4499 1,4007 0,0492 
C6–H 0,9953 1,0022 -0,0069 
C7–C8 1,1800 1,2868 -0,1068 
C8–C9 1,3610 1,3827 -0,0217 
C9–C9a 1,3307 1,2826 0,0481 
C9a–N10 1,1259 1,1170 0,0089 
N10–C10a 1,2681 1,1968 0,0713 
N10–C 0,8998 0,9436 -0,0438 
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, . 3.6, , 1

( . . 3.3) ' 5 – 6, 8– 9 5 –N5

(  0,022  0,095); 2 ' 6– 7, 9– 9

 (  0,049), 10 –N1  (  0,256); 

3 ' 4– 4 ,

' 4 –N5 10 –N1  0,265  0,256, .

'

1 , 2 3 ( . . 3.5), 

' ,

 N1  N5.

'

 (k): k. k,

,  [175], 

' ,

-

 FMN. ' k

, , '

.

3.4  FMN 

,

 [101], 

-

. , -

 FMN ,

-

 [98, 103, 104]. 

 ( R, .
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 (2.11)) 2= , 4=

=N =

N  FMN. N

( . 3.7). 

0 20 40 60 80
0

3

6

9

12

15

, %

N
, M

H
2O

/M
FM

N

1

2

 3.7 

 FMN, 

 = 7,0 (±0,05) (1) 

 = 6,2 

(±0,05) (2) 

. 3.7 ,  FMN, 

 = 6,2, ,

(  = 7,0) .

 = 6,2 ,  FMN 

,

.

( .  3.1) ,

 FMN, .

. 3.8 R N

2= , 4= =N =

 (  = 7,0). ,

(N) , R(N) .

R(N) (N)

0 N  12  FMN '

' .
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 C2=O, C4=O

 N5

 « » -  FMN 

, , -

 FMN. 

0 2 4 6 8 10 12

1,0

1,2

1,4

1,6

1536

1540

1544

1548

R

N, MH2O/MFMN

, -1

( )

0 2 4 6 8 10 12

1,0

1,2

1,4

1,6

1644

1648

1652

1656

R , -1

N, MH2O/MFMN

( )

0 2 4 6 8 10 12

1,0

1,2

1,4

1696

1700

1704

1708

N, MH2O/MFMN

R , -1

( )
 3.8  ( )  (R)

 (N)

 C=N5 , C=C ( ) 2=  ( ) 4=  ( )

 FMN (  = 7,0 (±0,05))

 FMN 

,  [219]. . 3.9 

R N
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1 = 1729 -1
2 = 1656 -1 ( 4= 2= ),

3 = 1552 -1 (  C=N, C=C). 

0 2 4 6 8

1,0

1,2

1,4

1648

1652

1656

n, MH2O/MFMN

R , -1

( )

0 2 4 6 8

1,0

1,2

1,4

1724

1728

1732

R

N, MH2O/MFMN

, -1

( )

0 2 4 6 8

1,0

1,2

1,4

1548

1552

1556

R

N, MH2O/MFMN

, -1

( )
 3.9  ( )  (R)

 (N)

2=  ( ), 4=  ( )  C=N5 , C=C ( )

 FMN (  = 6,2 (±0,05)) 

, 2=  ( . 3.9 )

 0 N  6  = 4 -1

(±1 -1). - '

2= . , 4=

N  ( . 3.9 ), '
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 FMN 

.

 FMN ( . . 3.8 )

3 (  C=N5

= )  ( . 3.9 ).

 6 N  8 

2= , 4=  ( . 3.9) 

,  FMN. ,

'  « » -

 FMN. 

 « »

n-  FMN. 

 3 

1. - – , –N

2= , 4=  FMN 

,  FMN 

(  ~ 7,0) 

.

 FMN , ,

,  FMN 

.

 FMN, 

, .

2.

4= 2=  FMN, 

 (  ~ 6,0). 

4= 2= -
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n-  FMN. 

 FMN 

,

.

3. -

– –N

FMN  (0% ), ,

,  N1  N5.

-

,  N1  N5

.

4.  FMN ,

 « » -

. ,

 FMN  « »

(0 N  12), n-  FMN 

 ( ~6,0)  « »

 (6 N  8). 

: [219], [222]. 
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 4 

 FMN-TPH, TPH-EB, TPH-PRF  EB-CAF 

- ,

.

- ,

. ,

.

-

,

' - ,

.

' .

- -

, ,

, -

, -

' , '

 [223, 224]. 

4.1  FMN, TPH 

, , ,
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 –  – 

- .

 (K  = 180 M-1)

 (KFMN = 265 M-1 KTPH = 7,4 M-1) [11]. 

- '

CTPHFMN

C
C KKK

K
f  [91, 116]. fC  35% 

.  FMN  TPH 

fC = 39,7, 

- ' .  FMN-TPH, 

 [88], ,

, -

. ,

- ' .

.

' -

 D2O  FMN, TPH 

 (1600-1750 -1) [223]. 

. 4.1 -

(D2O)  FMN  TPH .

 10 ,

.

, .

 ( .  3.1)  FMN 

 1704 -1 (±1 -1) ( . 4.1,  1) 
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4= ,  1653 -1 (±1 -1)

' 2=  ( . . 1.4). 

1600 1650 1700
0,00

0,05

0,10

0,15

0,20

C4=O(FMN)

C2=O(TPH)

, -1

1654
1702

1658
1704

1653

1704
1

2

3

D
C6=O(TPH)

C2=O(FMN)

 4.1 -

 FMN 

(1), TPH (2) 

 FMN-TPH 

(3).

 = 6,9÷7,0 (±0,05)

, -

 [151, 

225]. ,  TPH  1702 -1 (±1 -1)

( . 4.1,  2) '

2= ,

1654 -1 (±1 -1)

6= -  ( . . 1.3 ).

1600 1650 1700
0,00

0,05

0,10

0,15

0,20

, -1

1658
1704

1654

1702

D

1

2

 4.2 -

 FMN-TPH 

(1)

FMN+TPH (2). 

 = 6,9÷7,0 

(±0,05)
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. 4.2 -  FMN-TPH 

 FMN  TPH. ,

2= 6=

= 4-5 -1 (±1 -1),

 (

). , 4=

(FMN) 2=  (TPH) .

, -  FMN-TPH 

 FMN,  TPH. 

-

 [103, 104], 

. ,

 FMN-

TPH ,

 FMN  TPH. 

'  FMN-TPH 

 FMN  TPH. 

4.2

FMN-TPH 

4.2.1  FMN  TPH 

 D2O

,

.



102

 ( . 4.1), ,

, .

,  [211]. 

 [220] 
2

1
)()(

n

i
ii DD , D( i) D( i)  – 

i- .

 [226]: 

))1(
2ln

(
2
)(

)(3,2 2/10
GG ffdB ,   (4.1) 

1/2 – ;

fG – , ,

;

( 0) – , ' D( )

- - :

,)()( lkD      (4.2) 

k – ;

l – .

:

2
3

10

3
8105,0

ch
BA ,    (4.3) 

 –  ( 2· -1· -1);
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 – ;

h – .

, ,

 ±1 -1,

 10%. 

 ( )

 ( )

 ( 2= , 6= )

( 2= , 4= ). . 4.1. 

 4.1 

 FMN 

 TPH 

0,
-1

,
· -1· -1

1/2,
-1

fG B·10-4,
· -1· -2

,
D

FMN C2=O
C4=O

1653
1704

1,09·105

3,85·104
50
32

0,1
0,69

10,9
3,9

0,514
0,301

TPH C2=O
C6=O

1702
1654

4,98·104

6,45·104
46
34

0
0,57

5,0
6,4

0,342
0,395

, . 4.1 ,

,

, :

(1) 2=  (FMN) 6=  (TPH)   (2) 4=  (FMN) 2=  (TPH). 

4.2.2

 FMN-TPH 

,

 [107] 
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= - . ,

 FMN-TPH, .

 FMN ( .  3.3), 

 FMN-

TPH  [181]. 

 2.1.1. 

,  FMN  TPH n-

 ( ),

,  [227] 

 (

)  (

).

 ( )

' ,

= - .

'  [182], - '

« » ,

= - , , :

HA 0 ,     (4.4) 

H0 ,    (4.5) 

0 – ;

 – ;

-  – - ' .

 [183]: 
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,)(2 1,1113,1112,11 k    (4.6) 

,)cos2coscos(2 1,1113,1112,11 kk  (4.7) 

k – ;

11,12 – =

 11  12 . .;

 – .

 ( )

-

 [107, 184, 228]. 

:

mn
f
p

f
a LL

h ,0
1

,   (4.8) 

h – ;
f
aL f

pL  – f;

0 – ;

m n – ,

( );

mn ,  – -

, .

 ( . . 2.2)  [229]: 

213

21
)coscos3(cos1 SS

R

SS
V ,  (4.9) 
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 – ;

1S  –  (D1Å); 

S1 S2 – ;

R –  (Å). 

 (4.8)  (4.9) 

:

G
h
M

Rh
M

3
coscos3cos ,   (4.10) 

2

2

1

1

SS
M ,

:

3

2

8
2Ach

,     (4.11) 

– ;

 – ;

 – ;

h – .

 [88] 

 FMN-TPH. 

G  (4.10), ,

, '

= . , R  (4.10) ' 2=

TPH 4=  FMN  7 Å, 

. ' 2=  FMN 6=  TPH 
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 (R  5 Å) 

, .

. 4.1 

G ,

' 2=  FMN 6=  TPH, ,  = 3,5 -1.

,

= - '  20° [107, 

184]. ,  FMN-TPH n-

(n  3), 

,

 5,5 -1 (±1 -1),

.  –  7 -1

(±1 -1).

.

, ,  FMN  TPH n-

 (n  3). 

4.3  TPH-EB 

,

 102 -1,

 (KEB = 305 M-1, TPH = 7,4 -1) [88]. 

' - '

 TPH  EB -

-  TPH  EB [223]. 

. 4.3 -

(D2O)  TPH, EB , -
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TPH+EB.  10 

, .

1600 1650 1700
0,0

0,1

0,2

1654
1702

, -1

1698

1650

2

1

D

1637

C2=O(TPH)
1654

1702

C6=O(TPH)

3

4

( )
1600 1620 1640

1600 1620 1640 1660

, -1

1613

1628

1644

1
1620

1602 1639

1652

2

( )
 4.3 ( ) -  (1), 

 (2),  TPH-EB (3) 

TPH+EB (4); ( )  (1) 

 TPH-EB (2).  = 6,9÷7,0 (±0,05) 

 ( = 4 -1

(±1 c -1))  TPH 2= 6=  ( . 4.3 ,  3), 

- ' .

. 4.3 -  EB  TPH-EB, 

 10 ,

.  [230, 231] -

= 1628  1644 -1 (±2 -1)

 NH2-  ( . . 1.2 ). ,
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 EB  1639  1652 -1

(±2 c -1), .

 TPH -

 NH2- -

- ' .

 [88].  TPH-EB, 

, -

EB  TPH , - ' . ,

- '

)()(
||

HNHOHOC n .

'

 «TPH-EB – » ( .  4.5.2). 

4.4  TPH-PRF  CAF-EB 

,

 [9, 

88]. 

 (KTPH = 7,4 M-1,

PRF = 698 M-1, KTPH-PRF = 180 M-1 [88] CAF = 11,8 M-1, KEB = 305 M-1,

KCAF-EB =62 M-1 [9]), - '

.

, - ' .

- '  [223]. 

. 4.4  4.5 -  TPH-PRF  CAF-EB, 

 10 ,
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,

.

1600 1650 1700
0,00

0,05

0,10

0,15

0,20

1654
1702

, -1

1654 1702

1

2

D
 4.4 -

TPH-PRF (1) 

 TPH+PRF (2). 

 = 6,9÷7,0 

(±0,05)

1600 1650 1700
0,00

0,05

0,10

0,15

0,20

1651

1652

1700

1702

, -1

D

1

2

 4.5 -

CAF-EB (1) 

 CAF+EB (2). 

 = 6,9÷7,0 

(±0,05)

,  TPH ( . 4.4) 

CAF ( . 4.5) 

.  ( )

 NH2-  PRF  EB 

( ). 

- ' .

 [9, 88]. 
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 TPH-PRF  CAF-EB ,

. ,  [9, 88, 232], TPH 

PRF, CAF  EB . '

 TPH-PRF  CAF-EB 

'

 [224]. 

4.5 '

, - '

'  ( )

 (800 ),

 2.3. 

'

. 4.2 [224]. 

,

.

( / ): Etotal – ; EMEAN – 

; EWW-MEAN – 

-  ( ); EW-BAC-MEAN

– - ; EL1-L2 – 

1- 2 ; N, H2O – -

' ,  F-

(1-2 103  5 ).
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 4.2 
 «  + 800 2 »

 F- ; /

 800  F-

EMEAN Etotal
EWW-

MEAN
EWBAC-MEAN

N,
H2O

EW-BAC, EL1-L2

FMN-TPH -9,2821
0,0043 -7383,85 -8,06

EW-T  = -69,24 
EW-FMN = -894,22 
EFMN-T  = -11,13

113
EW-FMN = -811,48 
EW-T  = -72,27 

EFMN-T  = -10,08

TPH-EB -8,6897
0,0049 -6951,76 -8,36

EW-TPH = -107,52 
EW-EB = -160,26 
ETPH-EB = -4,24

14

98

EW-EB = -38,52 
EW-TPH = -57,00 
EEB-TPH = -2,78 

EW-EB = -174,30 
EW-TPH = -113,18 
EEB-TPH = -2,74

TPH-PRF -8,6968
0,005 -7046,94 -8,36

EW-TPH = -108,51 
EW-PRF = -137,17 
ETPH-PRF = -8,56

13

46

EW-TPH = -53,76 
EW-PRF = -59,81 
ETPH-PRF = -7,73 

EW-TPH = -92,62 
EW-PRF = -113,34 
ETPH-PRF = -7,73

EB-CAF -8,7007
0,0059 -6979,32 -8,39

W-CAF = -91,23 
W-EB = -144,88 

ECAF-EB = -10,95

13

79

EW-CAF = -46,11 
W-EB = -40,73 

ECAF-EB = -10,41 

W-CAF = -91,45 
W-EB = -138,38 

ECAF-EB = -10,43

FMN-EB -9,4182
0,0048 -7534,56 -7,97

EW-FMN = -988,92 
EW-EB = -113,72 
EFMN-EB = -91,59

106
EW-FMN = -903,72 

EW-EB = -97,83 
EFMN-EB = -85,75

FMN-PRF -9,1704
0,0036 -7336,32 -8,24

EW-FMN = -604,77 
EW-PRF = -108,42 
E FMN-PRF = -75,78

84
EW-FMN = -553,48 
EW-PRF = -96,53 

EFMN-PRF = -73,09

. 4.2,  «  + 800 2 »

 (  EMEAN   Etotal , . 4.2). 

 (  EWW-MEAN , . 4.2), 
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 « »

- - ,

,

-8,50  -8,60 / . -

 -9,90 /  [233]. 

- ,

 (EL1-L2 , . 4.2)  Eel-st

- -  Evdw ,

 [234-236]. 

 Eel-st + Evdw  FMN-EB 

 FMN-PRF   -39,8 /   -28,9 / , .

 Eel-st + Evdw . 4.2 (EL1-L2)

, ,

.

:

FMN-EB > FMN-PRF. 

 TPH-EB, FMN-TPH, TPH-PRF 

, - -

.

 EL1-L2

,

 [11, 88].  102 M-1, 180 M-1

180 M-1,  -5,98 / , -8,01 /

-8,21 /  TPH-EB, FMN-TPH  TPH-PRF, .

:  TPH 

 FMN  PRF ,  EB, 

 [88] 

 [224]. 
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 4.3 
 + 2

;
 ( ); «MC, » ,

 800 H2O;
«MC, F- » ,

 F- ; S SA  Ehyd,
 [240] 

S SA, Å2 Ehyd, /
FMN-TPH ( ) 224,92 -11,3 
FMN-TPH (MC, ) 205,79 -10,3 
FMN-TPH (MC, F- ) 190,14 -9,5 
TPH-EB (MC, )* 217,16 -10,9 
TPH-EB (MC, ) 161,77 -8,1 
TPH-EB (MC, F- ) 132,23 -6,6 
TPH-PRF ( ) 199,39 -9,9 
TPH-PRF (MC, ) 182,18 -9,1 
TPH-PRF (F- ) 183,27 -9,2 
EB-CAF ( ) 237,06 -11,9 
EB-CAF (MC, ) 245,39 -12,3 
EB-CAF (MC, F- ) 246,4 (258) -12,3 (-12,9) 
FMN-EB ( ) 353,44 -17,7 
FMN-EB (MC, ) 282,45 -14,1 
FMN-EB (MC, F- ) 313,5 (308) -15,7 (-15,4) 
FMN-PRF ( ) 244,88 -12,2 
FMN- PRF (MC, ) 230,52 -11,5 
FMN- PRF (MC, F- ) 251,94 (252) -12,6 (-12,6) 

* – 

,

, ,

,

 (Solvent ccessible Surface rea, SASA): hyd = SASA [237, 
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238].  SASA  1 Å2

 ~ 50 /  [239]. SASA  « »

 1,4 Å.  SASA 

SASA = (SASAL1 + SASAL2) – SASAh,

SASAL1  SASAL2 –  SASA , SASAh –  SASA ,

. SASA (Å2)  Ehyd ( / ) . 4.3. 

.

 FMN-EB, FMN-PRF  CAF-EB [240]. 

,

- , ,

, ,

.

 FMN-TPH, TPH-EB, TPH-PRF 

CAF-EB. - -

 FMN-EB  FMN-PRF  5. 

4.5.1  FMN-TPH 

 FMN-TPH 

,

 ( . 4.6): 

- '  FMN-TPH. 
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(a) ( ) ( )
 4.6  FMN-TPH: (a) 

 ( ), EFMN-TPH = -17,1 / ; ( )
, EFMN-TPH = -12,8 / ; ( )

 (800 H2O): EFMN-TPH = -10,2 /

 FMN-TPH. 

 ( .  4.2.2), 

G R  (4.10) 

' 2=  (FMN) 6=  (TPH) '

4=  (FMN) 2=  (TPH). R

( )  9 Å. 

,

FMN-TPH, ,

.

,

, - '  FMN /

TPH  (113 ).
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 FMN-TPH + 113 2

 F- .

 FMN-TPH . 4.7  4.8. 

 4.7 

 FMN-

TPH  (F-

): FMN-TPH + 113 H2O,

EFMN-T  = -10,08 / ; -

'

(a) ( )
 4.8  F-  FMN-

TPH; : (a) PO  FMN  C9=O12 
 TPH; ( ) C24=O25  « » FMN  N1H21  TPH. 

- '

 800 

,  F- ,

 FMN-TPH. 

 PO  FMN 9= 12

( 6= )  TPH (6 ,

. 4.8 ),  – 24=O25  « » FMN 

N1H21 (  N7–H )  TPH (3 
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, . 4.8 ).

, . .1 .2, . .1 .2.

, , ,

 FMN-TPH n-

 FMN-TPH - .

,

FMN  TPH  (  EFMN-TPH = -12,8 /

 EFMN-TPH = -10,20 / ),

[224].

-  [223], -

-

, '

- . '

n-  FMN-TPH 

.

4.5.2  TPH-EB 

 TPH-EB 

 « » ( . 4.9 ):  TPH-EB 

,

 ( . 4.9 ). -  (C=O 

NH2) , -

' .
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(a) ( )
 4.9  TPH-EB: ( ) ,

, ETPH-EB = -11,62 / ; ( )  TPH-

EB  98 H2O, ETPH-EB = -2,74 / . - '

, - '

 TPH-EB .

TPH-EB (102 -1)

EB  TPH ( -  = 305 M-1, -  = 7,4 M-1) [11, 88]. 

[223]  TPH -

 NH2-  EB -

- ' . , -

 TPH-EB -

.

,  (800 

)  F- ,

-  ( . 4.10). 
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(a) ( ) ( )
 4.10  F-  TPH-EB ,

: ( ) TPH N4···H2N24 EB (5 H2O); ( ) TPH N4···H2N23 EB 

(4 H2O); ( ) TPH C9=O12···H2N23 EB (3 H2O). - '

-  N4 TPH (  N9

)  N24 2 EB  5 

( . 4.10 ,

,

. .2 .3, . .2 .3).  4 ,

 TPH  N23H2

EB ( . 4.10 ).

 C9=O12 TPH (C6=O- )

 N23H2 EB ( . 4.10 ).  « »

 TPH-EB ,

- .

4.5.3  TPH-PRF 

- '

 TPH-PRF. 

, ,
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- '  PRF /  TPH 

 (56 ).

 TPH-PRF + 56 2

 F-  [224].  TPH-PRF 

. 4.11. 

(a) ( )
 4.11  TPH-PRF: ( )

, ETPH-PRF = -9,92 / ; ( )

: TPH-PRF + 56 H2O, ETPH-PRF = -7,73 / . - '

 F-

 11 , - '  PRF /

TPH  TPH-PRF (

, . .2

.4, . .2 .4).  (6 , . 4.12 )

 N15H2  PRF  N1H21  TPH (  N7–

H ).  (1 , . 4.12 )  N16H2
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 PRF 7= 10  TPH ( 2= -

).

(a) ( )

 4.12  F-  TPH-PRF; 

 N15H2  PRF  N1-H21  TPH (a);  N16H2

 PRF  C7=O10  TPH ( ). - '

 TPH-PRF 

, -

.

4.5.4  CAF-EB 

 CAF-EB 

,

: - '

 CAF-EB. 

,

, - '  EB /

CAF  (79 

).  F-

CAF-EB + 79 H2O  [224]. 

 800 

 F-

 CAF-EB. 
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N9  CAF  N23H2  EB (9 , . 4.13 ),

 –  C2=O11  CAF  N24H2  EB 

(2 , . 4.13 ),  – 6= 13  CAF 

N23H2  EB (5 , . 4.13 ).

(a) ( )

( )

 4.13  CAF-EB; 

 3  CAF-EB:

(a) CAF N9...H2N23 EB; ( ) CAF C2=O11···H2N24 EB; 

( ) CAF C6=O13···H2N23 EB. - '

,

.

,

. .3 .5, . .3 .5.

. 4.14  4.15  CAF-EB. 
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( )

( ) ( )
 4.14  CAF-EB: ( )

 ( ), ECAF-EB = -9,53 / ; ( )

, ECAF-EB = -12,66 / ; ( )

(800 H2O), ECAF-EB = -10,95 / . - '

 4.15

 CAF-

EB  (F-

): CAF-EB + 79 H2O,

ECAF-EB = -10,43 / . -

'

,  TPH-EB, TPH-PRF  CAF-EB 
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- ' .

[11, 86, 88, 223],  TPH-EB [223]. 

 TPH-EB, TPH-PRF  CAF-EB 

,

,

-

.  « »

, - ,

.

 4 

1. -

- '  FMN-TPH, 

TPH-PRF  CAF-EB,  TPH-EB, 

- ' . ,

FMN  TPH n- .

2.  FMN-TPH, TPH-EB, TPH-

PRF  CAF-EB 

-

.  « »

, - ,

.

: [223], [224]. 
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 5 

'

'

- - '  FMN-

EB  FMN-PRF [223, 241], , -

, -

' ,  [242]. 

5.1

 [86] ,  (  = 7,1  0,1 

Na- ) -

C = 640 -1  ( ) HC = -7,9 / ,  2,0-2,5 

,  ( FMN = 265 M-1,

KEB = 305 M-1). ,

'  H- ' ,

C2=O(FMN) ·· NH
|

(EB), ,

 1:1  [86]. 

,

.

' - '

 FMN-EB -  (D2O) 

 FMN, EB 

( . 5.1 ). -  EB 

 NH2  ( . 5.1 ) [223, 241]. 
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 10 ,

.

1600 1650 1700
0,00

0,05

0,10

0,15

1

, -1

1704

1644

1623

1653

1704

1637
2

3

D

C2=O(FMN)

C4=O(FMN)

( )
1600 1620 1640

1600 1620 1640 1660

, -1

1

2

1613

1628

1644

1608

1631

1651

( )
 5.1 ( ) -  FMN (1), EB (2) 

 FMN-EB (3); ( ) -  EB (1), 

FMN-EB (2).  = 6,9÷7,0 (±0,05) 

 3.1, 

 = 1704 -1 (±1 c -1) '

4= -  FMN, '

2=  ( . . 1.4) [215-217]. 

 4.3 ,

= 1628  1644 -1 (±2 -1)

NH2-  ( . . 1.2 ) [230, 231]. 

. 5.2 -  FMN-EB 

 FMN  EB. ,
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, 2=

= 9 -1 (±1 c -1) ( . 5.1 ). 

4=  1704 -1 (±1 c -1)

-  FMN  EB. 

 ( . 5.1 )  FMN-EB 

 1644 -1 (±2 -1)

 = 7 -1 (±2 -1). 

1600 1650 1700
0,00

0,05

0,10

0,15

1704

1644

1652

1704

, -1

1623

D

1

2

 5.2 -

FMN-EB (1) 

FMN  EB (2). 

 = 6,9÷7,0 

(±0,05)

- -

- '

C2=O(FMN) ·· NH
|

(EB)  FMN  EB  1:1 - .

- '

 FMN-EB,  [86] 

,

[115]  [116]. 

 ( .  4.1),  [91, 116] 

fC ,
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.  [91, 116], fC  35% 

 H- ' .

fC  FMN-EB (KFMN = 265 M-1,

KEB = 305 M-1, KC = 640 M-1 [86]) fC = 52,9%, 

 35%  H- ' .

5.2

, ,

,  (KC = 920 M-1)

 (  = -9,8 / ) ,

(KFMN = 265 M-1, KPRF = 700 M-1) [86]. ,

- '

-  FMN  PRF. 

-  FMN, 

PRF ,  FMN-EB [223, 241]. 

. 5.3 -  FMN-PRF  FMN 

PRF ,  10 

, .

. 5.3 ,

,  1650 -1

(±1 c -1) ( 2= -  FMN) 

(  = 2 -1 (±1 c -1)). 4= -

FMN  = 6 -1 (±1 c -1)

. -  ( . 5.3 )
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1600 1650 1700
0,0

0,1

0,2 1698

1650

1652

1704

, c -1

1622

D

1

2

( )
1600 1625 1650

1600 1625 1650

1

2

1607

1628

1650

1619

1635
1663

, -1

( )
 5.3 ( ) -  FMN-PRF (1) 

 FMN  PRF (2); ( ) -

 PRF (1)  FMN-PRF (2).  = 6,9÷7,0 (±0,05) 

 = 1628  1650 -1 (±2 c -1), '

 NH2-  ( . . 1.2 ) [230], 

 = 1635  1663 -1 (±2 c -1), =7  13 -1.

- '  C4=O(FMN)··· NH
|

(PRF)

- '  C2=O(FMN)··· NH
|

(PRF)  FMN-PRF. 

- '  FMN-PRF, 

- ,  [115] 

 [116]. fC

FMN-PRF (KFMN = 265 M-1, KPRF = 700 M-1, KC = 920 M-1 [11]) 
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fC = 48,8%,  35%. ,

 FMN-EB,  H-

' . ,  [86] 

C2=O (FMN)  H- ' .

' ,

, ,

 [86], - ' 4= -  FMN, 

.

 [86] - ,

 FMN-PRF: 

 1  3,6-NH2-  PRF, 

 FMN,  2  3,6-NH2-  PRF, 

.

 1 - ' 2=

(FMN) - ' 4= ,

- . ,  2

 NH2-  PRF 2= , 4=

 FMN. 

NOE -  [86] ,

 FMN ( . . 1.4), 

.  FMN 

PRF -  NOE ,

 2.

 (  [86]). 

. 5.4. 
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 5.4 

 FMN-PRF, 

.  NOE 

.

- '

 2,

 [86], 

.  FMN  PRF  15º, ,

, - '

4=O (FMN)  NH2-  PRF.  ( . 5.4) 

, .

,

 FMN-PRF. 

 ( )

,  1:2 .

' KC,

 [33, 86] -

 [108]. - '

 FMN ( 4= 2= ) ,

 1:2 PRF:FMN:PRF, -

PRF:FMN - '

 FMN. ,  1:1  1:2 
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 [223, 241] , ,  PRF-

FMN

.

5.3 ' -

 FMN-EB  FMN-PRF 

 FMN-EB 

FMN-PRF, ,

' ,

 FMN-EB, FMN-PRF  [224]. 

 2.3. 

5.3.1  FMN-EB 

 FMN-EB - '

( . 5.5 )  C2=O3  FMN  N24H2  EB (R = 3,17 Å; 

N24H EB···C2O3 FMN = 138°), C5=O6  FMN  C16H  EB 

(R = 3,21 Å;  C16H EB···C5O6 FMN = 127°), C20=O21  FMN 

C20H  EB (R = 3,20 Å;  C20H EB···C20O21 FMN = 111°). 

( . .1 .3, . .1 .3).

4=  FMN -  FMN-EB, 

 C5=O6 ,

' = ··· – ,

 [128]. 
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(a) ( )
 5.5  FMN-EB :

( )  FMN- , EFMN-EB = -91,59 / ;

(b) F- : : C5=O6 FMN  N24H2 EB (3 H2O, );

C2=O3 FMN  N24H2 EB (1 H2O, );

 FMN (11 H2O, , ). - '

 F- ,

 FMN-EB  106 .

- ' :

-

.

- '  FMN /  EB. '

' ,  « ».

 FMN-EB  (F-

) . 5.6. 

 FMN-EB 

 (800 2 ),  F- .

,  C5=O6 

FMN ( 4= )  N24H2  EB. 

,  C2=O3  FMN ( 2=

)  N24H2  EB ( . 5.5 ).
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 5.6 

FMN-EB  (F-

): FMN- +106 H2O,

EFMN-EB = -85,75 / .

- '

 11 .

« »  FMN-EB 

,

- ,  FMN. 

5.3.2  FMN-PRF 

 FMN-PRF -

' 2= 3  FMN  N16H2  PRF (R = 3,12 Å;  N16H2

PRF···C2O3 FMN = 143°), ,

 FMN-PRF  ( . 5.7). 

 ( . .1 .4, . .1 .4).

(800 H2O), , -

'  FMN /  PRF 

 (84 ) [224].  FMN-

PRF + 84 H2O  ( . 5.8). 
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(a) ( ) ( )
 5.7  FMN-PRF: (a) ; ( )

, EFMN-PRF = -78,75 / ; ( )

,

EFMN-PRF = -74,94 / . - '

 5.8 

 FMN-PRF 

(F- ): FMN-PRF + 84 H2O,

EFMN-PRF = -73,09 / . - '

 (800 ),  F- ,

, -

: C5=O6  FMN  N16H2  PRF ( . 5.9), 

.

, -

 FMN ( . 5.9). 
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 5.9 

 F-  FMN-PRF, 

FMN-PRF: 7 H2O  C5=O6 FMN 

N16H2 PRF ( , );

 FMN: 6 H2O  6 H2O

( , ). H- '

 « »  FMN-

PRF,  FMN-EB, ,

- ,

 FMN. 

5.4 - '

 FMN  EB  PRF 

- ' .

,

.

- '

 10-30 -1 [126]. ,

 ( ) :

= 0 ,     (5.1) 

0 – = -  ( );
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-  – - ' .

 5.1  5.2 

- '  FMN-EB/PRF 

,

- .

 H- ' .

 H- ' .

- ' ,

0  ( .  (5.1)). 

0

,

.  [218] ,

2= -

0=1685 -1, 4=  – 0=1710 -1.

 5.1 2=

 FMN-EB OC2= = 1644 -1, , -

' -  = 41 ± 10 -1.

- '

-  ( )

 [129, 243]: 

,= 2050 ,    (5.2) 

, - '  FMN-EB 

 | | = 8,4 /  [223, 241],  25% 

 [86]. 

 FMN-PRF (

5.2), - '  C4=O(FMN)··· NH
|

(PRF),

 | | = 7,3 / , - '  C2=O(FMN)··· NH
|

(PRF)
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– | | = 2,5 /  [223, 241]. ,

'  FMN-EB  FMN-PRF  ~ 25-30% -

,

[234]  [101]. 

,  « »

.

 ( G ) [234] , - ' G

G , , G

. - '

- '

, - '

,

.

5.5 '  EB 

,

, '

.

- '

EB-  [242]. 

,

 [244]. 

 EB 

.

. 5.1 

 EB  EB 
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EB  10-2  CEB  10-4÷10-5 .

 [230, 231, 245, 246].  = 1372-1377 -1 (±2 c -1)

'  C–C  C–N 

 [246],  = 1411-1417 -1 (±2 c -1) – 

 ( . . 1.2 ) [245]. 

 5.1 

 (EB)  ( )

. EB,
-1

EB (C 10-2 M), 
-1

EB (C 10-4 M),
-1

1354±2 1350±2 1351±2 .
(C–C, C–N) 1375±2 1372±2 1377±2 

(CH3) 1389±2 1394±2 1389±2 
. . 1412±2 1417±2 1411±2 

(CH2) — 1442±2 1434±2 
(CH3) 1454±2 1462±2 1452±2 

 1605±2 1605±2 1602±2 
(NH2) 1626±2 1627±2 1626±2 

. 5.1 ,

 ( 10-2 ),

 [113], 

 C–C-, C–N-

= 1372 -1 (±2 c -1).

( 10-4 ÷ 10-5 ,  EB [113]) 

=1377 -1 (±2 c -1).

= 1372 -1 (±2 c -1) '

.
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. 5.10  EB 

, . 5.2 –  EB 

.  10 

, .

,

'

. -  EB-  P/D = 20 ( . 5.10), 

 = 1377 -1

 5 -1 (±2 -1)

.

EB,  EB 

.

1 3 5 0 1 3 8 0 1 4 1 0 1 4 4 0 1 4 7 0

3

1

2

1 4 5 21 4 3 4

1 4 1 11 3 7 7

1 4 2 8
1 4 1 5

1 3 5 1

1 3 8 9

1 4 4 6
1 4 0 3

1 3 6 0 1 4 6 2

1 4 2 4
1 4 1 2

1 3 9 5

1 3 7 21 3 5 6

1 3 5 0 1 3 8 0 1 4 1 0 1 4 4 0 1 4 7 0
, -1

 5.10 

 (1) 

 EB-

P/D = 3 (2)  P/D = 20 (3) 

 1340-1470 -1;

EB = 1,1×10-4 ,  = 6,86 
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 5.2 

 (EB) 

 1350-1465 -1

EB-EB (C 1,1×10-4 M),
-1 P/D = 3, -1 P/D = 20, -1

1351±2 1360±2 1356±2 .  (C-C, 
C-N) 1377±2 1377±2 1372±2 
(CH3) 1389±2 1388±2 1395±2 

.
. 1411±2 1415±2 1412±2 

(CH2) 1434±2 1446±2 1447±2 
(CH3) 1452±2 1462±2 1462±2 

 EB .

 [247]. 

 P/D = 3 ( . 5.10) ,

= 1377 -1 (±2 c -1)

 EB. ' ,  P/D 

 EB-

' ,

- .

2- 3-  EB 

 ( . 5.10, 

. 5.2). . 5.1 , -

.

.

 1411 -1 (±2 c -1) ( . 5.10), 

,  P/D = 3 

 1415 -1 (±2 c -1).

 [245] 

N2H2-  EB  2- -4- -6- .  P/D = 20 
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.

,

 P/D. 

, 2- 3- .

. 5.11  EB-

P/D,  EB. 

 10 , .

 NH2-  [230, 231]  EB [231, 245]. 

. 5.3. 

 2  3 ( . 5.11), ,

. 5.3,  EB-  (P/D = 3  P/D = 20) 

 = 5 -1 (±2 c -1)

 NH2-  [245]. 

1605 1620 1635 1650

1605 1620 1635 1650

1613

1617

16481631

1615
1642

1626
1602

, -1

3

2

1  5.11 

 (1) 

 EB-  P/D = 3 (2) 

P/D = 20 (3) 

1600-1660 -1; EB = 1,1×10-4 ,

 = 6,86 
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 5.3 

 1600-1660 -1

EB-
EB (C 1,1×10-4 M), 

-1 P/D = 3, 
-1

P/D = 20, 
-1

1602±2 1603±2 1602±2 

(C=C) 1615±2 1617±2 1613±2 

(NH2) 1626±2 1631±2 1631±2 

'  NH2-

EB .  [246] 

 EB, 

 N1  N9

.

 [248] 

- '  NH2-  EB, 

GC- , 4'  O5'

. -

 EB  d(CpG), - '

 NH2  EB 5'  [249]. 

,  P/D 

 NH2-

, '

 EB, 

' . '

 EB 

 ( )  EB- ,

 [250]. 
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,

 EB  P/D, 

-  [212, 251-253]. 

. 5.12 = 750-850 -1

 EB,  EB-  P/D 

- - .

 10 , .

-  EB 

 EB- .

750 775 800 825

750 775 800 825

766

5

4

, -1

1

2

3

816
796

810 825

834

780

781

807

788

798

816 832782 803

 5.12 

 (1), 

EB-  P/D = 3 (2)  P/D = 20 (3) 

: 96%  – -

 (4)  76%  – -  (5); 

EB = 1,1×10-4 ,  = 6,86 

. 5.12, 

 (P/D = 3) 

= 780  807 -1 (±2 c -1).  [212, 251-253], 
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- .

,

- -  [231, 

254, 255].  P/D = 20  = 834, 796 

781 -1 ( . 5.12), -  [212, 251-253]. ,

 P/D (  20)  EB -

.

 P/D (  3) 

- ,

,

' .

 5 

1. - -

- '

 (FMN-EB, FMN-PRF). 

 FMN-EB  FMN-PRF 

- '

.

2.

,

 FMN, EB, PRF , ,

 FMN-EB, FMN-PRF - '

-

(C=O  NH2), .
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 « »

.

3. - '  FMN-EB  FMN-PRF. 

- '  ~25-30% 

. , - '

.

4.

,

 P/D, ,

,

- '  EB 4' 5' .

- .  P/D 

 EB-

- - ,  EB 

,

 « »

.

: [223], [241], [242]
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 – ' '

' .  ( )

'

- ' .

.

, , :

1. - -

- '  (NH2)  ( = )

 (FMN-EB, FMN-PRF, TPH-EB). ,

- '

.

 FMN-EB  FMN-PRF - '

 30% .

2. , ,

(  ~ 6,0)  FMN, 

'

 N1  N5, -

.

3. 4=

2=  FMN 

- ,

n- .
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4. ,  FMN-TPH, TPH-PRF  CAF-EB 

' ,

.

 FMN-TPH 

, n-

, .

5. ' , -

'  FMN-EB  FMN-PRF 

.  FMN-TPH, TPH-EB, TPH-PRF  CAF-EB 

-

. ,

' ,  FMN, CAF  TPH 

,  EB  PRF. 

6. ,  P/D  20 

 EB-  ( - )

, -

'  NH2- -

.  P/D  3  EB-

- -

,  EB - '

,  « »

.
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.1

;  ESP1 (

 – ESP, -

);  – DFT/B3LYP/6-31G(d, p) 

N  N  N 
1 N -0,2433 18 C 0,4271 35 HC12 0,1220 
2 C 1,0571 19 C 0,1976 36 HC12 0,1250 
3 O -0,4071 20 C 0,1592 37 HC14 0,1192 
4 N -0,8240 21 O -0,5366 38 HC14 0,1262 
5 C 0,6737 22 C -0,0326 39 HC14 0,1375 
6 O -0,4697 23 O -0,5880 40 HC15 0,2076 
7 C 0,2990 24 C  0,2320 41 HC19 0,0428 
8 N -0,5852 25 O -0,6110 42 HC19 0,0251 
9 C 0,8448 26 C -0,1177 43 HC20 0,0426 
10 C -0,5577 27 O -0,3547 44 HO21 0,3876 
11 C 0,5833 28 P 1,0708 45 HC22 0,1388 
12 C -0,3898 29 O -0,6089 46 HO23 0,4085 
13 C 0,1411 30 O -0,6012 47 HC24 0,0681 
14 C -0,4001 31 O -0,6256 48 HO25 0,4110 
15 C -0,2258 32 HN4 0,3871 49 HC26 0,1356 
16 C 0,0504 33 HC10 0,2156 50 HC26 0,1370 
17 N 0,1745 34 HC12 0,1247    

.2

; ESP , DFT/B3LYP/6-31G(d,p) 

N  N 
1 N -0,2613 12 O -0,3865 
2 C 0,5509 13 C  -0,3265 
3  -0,3892 14 HC11 0,1988 
4 N -0,1882 15 HC11 0,2015 
5 C 0,2605 16 HC11 0,1991 
6 N -0,1241 17 HC13 0,2046 
7 C 0,1186 18 HC13 0,1811 
8 N -0,1484 19 HC13 0,1997 
9 C -0,2383 20 HC5 0,2273 

10 O -0,3594 21 HN1 0,3366 
11 C -0,2571    
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.3

;  ESP1, DFT/B3LYP/6-31G(d,p) 

N  N 
1 C -0,4631 23 N -0,8538 
2 C 0,7864 24 N -0,8070 
3 C -0,3911 25 HC4 0,2322 
4 C -0,1059 26 HC2 0,1865 
5 N 0,1183 27 HC1 0,1745 
6 C -0,1535 28 HC10 0,1793 
7 C -0,0483 29 HC9 0,1845 
8 C -0,5074 30 HC7 0,2036 
9 C 0,1516 31 HC16 0,1989 

10 C 0,0165 32 HC17 0,1604 
11 C 0,1161 33 HC18 0,1556 
12 C 0,2426 34 HC19 0,1490 
13 C -0,2542 35 HC20 0,1994 
14 C -0,1705 36 HC21 0,0216 
15 C 0,3924 37 HC21 0,0032 
16 C -0,4332 38 HC22 0,1068 
17 C -0,4404 39 HC22 0,0877 
18 C 0,4363 40 HC22 0,1089 
19 C -0,2253 41 HN23 0,4007 
20 C -0,1950 42 HN23 0,3953 
21 C 0,2026 43 HN24 0,3718 
22 C -0,3194 44 HN24 0,3855 
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.4
;  ESP1, DFT/B3LYP/6-31G(d,p) 

N  N 
1 C -0,5402 15 N -0,9596 
2 C 0,3144 16 N -0,9588 
3 C 0,0250 17 H 5 0,2048 
4 C -0,1440 18 H 7 0,1666 
5 C -0,3342 19 H 4 0,1835 
6 C 0,6357 20 H 11 0,1854 
7 C -0,1349 21 H 12 0,2030 
8 C 0,0468 22 H 1 0,2215 
9 C 0,3007 23 H 14 0,2202 
10 N -0,3857 24 HN16 0,4487 
11 C -0,1578 25 HN16 0,4404 
12 C -0,3299 26 HN15 0,4501 
13 C 0,6344 27 HN15 0,4413 
14 C -0,5348 28 HN10 0,3574 

.5

; ESP , DFT/B3LYP/6-31G(d,p) 

N  N 
1 N -0,388 13 O -0,532 
2 C 0,671 14 C -0,294 
3 N -0,343 15 HC8 0,155 
4 C 0,555 16 HC10 0,089 
5 C -0,498 17 HC10 0,094 
6 C 0,723 18 HC10 0,101 
7 N 0,193 19 HC12 0,077 
8 C 0,065 20 HC12 0,083 
9 N -0,531 21 HC12 0,095 

10 C -0,113 22 HC14 0,127 
11 O -0,519 23 HC14 0,160 
12 C -0,076 24 HC14 0,103 
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