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Abstract: The structure-activity relationship of various molecular moieties of cefpodoxime

proxetil is described by measuring Chemical shift anisotropy (CSA) tensor, spin-lattice
relaxation time and molecular correlation time at twenty one crystallographically different
carbon nuclei sites. Cefpodoxime proxetil molecule is associated with three rings, the
aminothiazole ring, f-lactam ring, and the dihydrothiazine ring, which provide stability to the
drug molecule towards [-lactamases and increase the affinity of the drug to PBPs receptors.
A large variation of CSA parameters and motional degrees of freedom are observed among
carbon nuclei reside on these three rings, which implies that the electronic environment,
molecular conformation, and molecular dynamics are altered substantially within the ring.
The substitution at the C7 position of the [-lactam ring (like acyl side chain, oxime group,
and aminothiazole ring) is responsible for semi-synthetic incorporation. It also influences the
antibacterial activity and the binding affinity of the drug with B-lactamase. A huge variation
of the spin-lattice relaxation time and molecular correlation time is observed in this region.
These types of description of the structure-activity relationship of the antibacterial drug
cefpodoxime proxetil will be beneficial for developing the advanced antibacterial drugs, and

it will also be useful in NMR crystallography.



1. Introduction:

The [-lactam antibiotics exhibit antibacterial activity by inhibiting the cell membrane
synthesis in microorganisms. The basic action method of the f-lactam antibiotics is to
interrupt the transpeptidation process that combines the individual peptidoglycan components
of the bacterial cell wall.! These types of antibiotics are bind with the inner surface of the
bacterial cell membrane, the penicillin-binding proteins (PBPs). The PBPs enzymes are
necessary to assemble the bacterial cell wall and to reshape the cell wall during the growth
and the division of the bacterial cell. The biochemical modification of the basic structure of
the f-lactam (a four-membered f-lactam ring fused to a second ring) is incorporated to
increase bacterial cell wall penetration and binding to PBPs. In penicillins (the f-lactam
antibiotics), the [-lactam ring is fused to a five-membered thiazolidine ring, whereas in
cephalosporins, the f-lactam ring is attached to a six-membered dihydrothiazine ring. The
cephalosporin is more active against 3-lactamase-producing bacteria compared to penicillin.!
It also offer more sites for biochemical modifications. Therapeutically important
modifications have been made at the acyl group attached to the -lactam ring and the moiety
attached with the dihydrothiazine ring. Modifications in the acyl side chain change the
antibacterial activity, while modifications of the dihydrothiazine ring side chain alter the
pharmacokinetics and metabolic parameters of the antibiotics. Cefpodoxime proxetil is a
third-generation cephalosporin antibacterial drug. It is used for the treatment of infections due
to Gram-positive and Gram-negative bacteria. It showed great efficacy to treat skin and soft
tissue infections, acute otitis media, pharyngitis, bronchitis, pneumonia, respiratory and
urinary tracts infection, and primarily gastrointestinal tract disturbances of pediatric patients.’
The current work is targeted to determine the structure-activity relationship of cefpodoxime
proxetil by solid sate NMR spectroscopic measurements. High-resolution solid state NMR

spectroscopy is an indispensable tool to determine the information about local electronic



structure and symmetries encoded in chemical shift anisotropy (CSA) interactions. The
detailed structure and molecular dynamics at various molecular moieties of cefpodoxime
proxetil is portrayed by measuring principal components of CSA tensor at
carystallographically different carbon nuclei sites by two-dimensional phase adjusted
spinning sideband (2DPASS) cross-polarization (CP) magic angle spinning (MAS) solid-state
NMR experiment.’>** The dynamics at crystallographically different carbon nuclei sites are
determined by site-specific spin-lattice relaxation time measurements by the Torchia CP

method.*” The molecular correlation time at various carbon nuclei sites is also calculated.

3-8 Tt has none components. It can be diagonalized in the principal axis system
(PAS) and the diagonal components are called principal components of chemical shift
anisotropy tensor. Each element of the CSA tensor is composed of two components § =
5% + &P. The first component is the diamagnetic contribution arises when the electrons are
in the ground state and the circulating current generates an induced magnetic field opposite to

the direction of the external magnetic field. These components can be expressed as'®
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The second component is the paramagnetic contribution arises due the presence of the

electrons in the excited state'®

|<llJo| Zl Lia |1le) <¢k Zl lIJO> + C. C}
Bap = 47'[ 2me 2l E. — Eq (2)

Where «, 5,y denote the Cartesian coordinates. The s are the electronic wavefunctions; s,

and Y are the ground state and the excited state electronic wavefunction respectively. a;, B;

are the coordinates of the ith electron along the a and 8 directions respectively. [, EE are



the components of the electronic orbital angular momentum operator along the a and f8
directions respectively. Ey, E, are the energy of the electron in the excited state and the

ground state respectively.'”

The detailed picture of the correlation between the structure and dynamics of charge
transferred cocrystal, biopolymer, drug molecules, and glass, were given by 2DPASS CP-
MAS SSNMR experiment and Torchia CP experiment.***67% The structure-activity
relationship of cefpodoxime proxetil are investigated by 2DPASS CP-MAS SSNMR
experiment’>3? and Torchia-CP experiment,*’ which will enlighten the path of developing the

advanced antibacterial drug, and will be useful in NMR crystallography.
2. Experimental:
2.1 NMR Measurements

Active pharmaceutical ingredient of cefpodoxime proxetil was purchased from Sigma
Aldrich. >C CP-MAS SSNMR, !3C spin-lattice relaxation (by Torchia CP method*’), and
2DPASS CP-MAS SSNMR experiments were performed on a JEOL ECX 500 NMR
spectrometer, associated with 3.2 mm JEOL double-resonance MAS probe. *C CP-MAS and
Torchia CP experiments*’ were performed at MAS speed 10 kHz at room temperature. For
the CP-MAS experiment, the contact time was 2 ms with SPINAL-64 'H decoupling. The
number of scans for '*C CP MAS experiment scan was 32 768 and for '*C 2DPASS CP-MAS
experiment number of scans was 4030. For measuring '*C relaxation by the Torchia CP
method, the number of scans was 2048. All the experiments were performed at room

temperature. The referencing for the '*C spectrum is done by using tetramethylsilane.

2.2 CSA Measurements



The resonances lines in liquid state NMR spectra are very narrow because the anisotropic
parts of the chemical shift, dipole-dipole, and the quadrupolar interactions are averaged out
due to the rapid tumbling motions of the molecules. On the contrary, the resonance lines in
the solid-state NMR spectra are considerably broadened due to the presence of all the
anisotropic interactions. The broadening due to chemical shift anisotropy interaction can be
removed when the magic angle spinning (MAS) frequency exceeds the span of the chemical
shift anisotropy. But the information about the electronic distribution and molecular
conformation is lost as those informations are encoded in CSA interaction. One option to
retrieve the CSA information is to reduce the MAS frequency less than the span of the
chemical shift anisotropy. In this condition, the solid-state NMR spectrum is flanked on both
sides of the isotropic chemical shift by sidebands equally spaced at the MAS frequency. The
intensities of these spinning sidebands are correlated with the CSA. Herzfeld and Berger had
derived graphical and numerical methods for evaluating the principal components of the CSA

tensor from the intensities of the sidebands.’®

The 2DPASS CP-MAS SSNMR experiment is a useful technique to simplify the solid-
state MAS NMR spectrum containing complicated spinning sideband manifolds. The pulse
sequence consists of five m-pulses, separates spinning sidebands by their order. The duration
of five m-pulses remains unchanged throughout the experiment. The time interval among five
m-pulses is followed by PASS-equation and it was reported by Antzutkin et al.*® This
experiment correlates the isotropic dimension with the anisotropic dimension. The 2D
spectrum yields an infinite spinning speed spectrum with no sideband. The 2DPASS CP-
MAS SSNMR experiment works at lower MAS frequencies. For cefpodoxime proxetil, the
2DPASS CP-MAS SSNMR experiments were performed at MAS frequencies 600 Hz and
2kHz. 90° pulse length for the *C nucleus was 3.3 us. The Relaxation delay was 10 s. The

number of scans for the 2D PASS CP-MAS SSNMR experiments were 4030 (integral



multiple of 13). The coherence transfer pathway for the 2D PASS NMR experiment was
reported by Ghosh et al.** Thirteen steps cogwheel phase cycling was used. Sixteen data
points were acquired in the indirect dimension as the numbers of sidebands were less than
sixteen. The anisotropic part of the chemical shift interaction in natural abundance '*C spin-
1/2 nuclei (for those nuclei where the homonuclear dipole-dipole coupling is much less than
the rotor frequency) evolves during the PASS sequence under the rotor pitch evolution in t1

dimension.

3. Result and Discussion

3.1 Solid State NMR Spectral Analysis:

Cefpodoxime proxetil is an ester modified prodrug of cefpodoxime. It is composed of
aminothiazole ring, oxime group, acyl side chain, beta-lactam ring, dihydrothiazine ring, and
ester group side chain. The beta-lactam ring is the core structure of antibiotics like
cephalosporins, penicillins, carbapenems, and monobactams, which are also known as (-
lactam antibiotics. The f-lactam antibiotics are worked by inhibiting the cross-linking of the
peptidoglycan layer, which is an important component for preserving cell wall structural
integrity of Gram-positive bacteria. The f-lactam ring is merged with the dihydrothiazine
ring.!”?! Cephalosporins resemble penicillin as they both have a B-lactam ring, but the five-
member thiazolidine ring of penicillin is replaced by a six-member dihydrothiazine ring in
cephalosporins. Cephalosporin is familiar as 7-aminocephalosporanic acid. The group

substitution occurs at both sides of the 7-aminocephalosporanic acid.

Figure 1(a) shows the *C CP-MAS SSNMR spectrum of cefpodoxime proxetil.
Isotropic chemical shift is large for those carbon atoms bonded with electronegative oxygen
and nitrogen atoms. The electronegative atom attracts the electron cloud surrounding the

nucleus. As a consequence, the effective magnetic field experienced by the nucleus is



enhanced due to the lowering of the nuclear shielding effect, and the Larmor precession
frequency of the corresponding nucleus is shifted towards the higher frequency region. The
electronegative atoms give acid stability to the drug molecule. The polar group extends the
spectrum of antibacterial activity. The isotropic, as well as the anisotropic chemical shift of

the polar group carbon nuclei C15, is very high.
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Figure 1: (a) The chemical structure of cefpodoxime proxetil, (b) '*C CP-MAS SSNMR

spectrum of cefpodoxime proxetil.



3.2 CSA Measurements:

The values of the principal components of the chemical shift anisotropy tensor depend on the
distribution of electron density around nuclei. The electron density distribution is correlated
with the geometry of chemical bonds, i.e. with the structure of the molecular moiety. The
chemical shift anisotropy tensor can be represented by an ellipsoid centred on the nucleus it
applies to. The axes of the ellipsoid coincide with the axes of the PAS of the CSA tensor. The
length of each principal axis of the ellipsoid is proportional to the principal components of
the CSA tensor associated with that principal axis. Hence, the orientation of the CSA tensor
changes with the orientation of the molecule.!”” The CSA tensor at a nuclear site is axially
symmetric in PAS if the principal axis coincides with the symmetry axis and the principal
components of the CSA tensor is such that §;; = 6,,. Table 1 shows that the spinning CSA

sideband pattern of C4, C5, and C6 nuclei is axially symmetric. Isotropic
. . 611+ 522+ 633 . . . . .

chemical shift (Siso = T) is defined as the center of gravity of the spinning CSA

sideband pattern.”* According to the Haeberlen convention anisotropy parameter is defined

as(A6 = 033 — @) , and the asymmetry parameter is defined as (77 = gzzﬁ). The

33 _81'50

chemical shift frequency can be expressed as
w(0,®) = — wy(6115In?0c0s?D + §,,5in?0sin?d + §35c0520) 3)

Where 6, and @ are the polar and azimuthal angles with respect to the direction of the applied
magnetic field(Bg) in the principal axis system (PAS). All values of the angle 6,and @ are
possible in a powder sample. Each different molecular orientation implies a different
orientation of PAS with respect to the external magnetic field as the PAS is fixed in the
molecule. A different chemical shift is associated with each orientation of the molecule.

Therefore, the spectrum takes the shape of a powder pattern with lines from the different



molecular orientations. The intensity at a particular frequency is proportional to the number

of molecular orientations with a particular chemical shift. The shape of the powder pattern

depends on the symmetry of the CSA tensor i.e. on the symmetry surrounding the nucleus.
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Figure 2: 2DPASS CP-MAS NMR spectrum of cefpodoxime proxetil. The direction

dimension represents the pure isotropic spectrum of cefpodoxime proxetil with zero sideband.
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Figure 3: Spinning CSA sideband pattern of cefpodoxime proxetil.
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Figure 4: Spinning CSA sideband pattern of cefpodoxime proxetil.



Table

The chemical

shift

crystallographically different sites.

anisotropy parameters

of cefpodoxime proxetil at

CSA parameters of Cefpodoxim proxetil

Carbon 611 822 033 diso | Anisotropy Asymmetry
from | (ppm) (ppm) (ppm) (ppm) | (ppm) n

differe AS _ 03— 01y
nt = 033 633 - 61’50
chemic (811 + 832)

al B 2

environ

ment

Cl18 2409+4 |157.4+25|112.7+3.2|170.3 105.8 + 6.1 0.6 + 0.07
C8, 224+41 |(201.5+27| 67.8+3.1 | 1644 | —1449+4.7 | 0.2+0.05
Cl15

C6 207.7+3.1| 207.7 £ 2 669+ 23 [160.8 | —140.94+ 3.5 0

C4 1956+18|1956+1.2| 699+1.4 | 1537 | —125.7+ 2.1 0

Cl 2269+6.9 | 1959+4.7 | 251+5.1 1493 | —186.3+7.7 | 0.2+ 0.07
C2 1999+29|1554+18| 75+23 |1434 | —102.7+3.5 | 0.6+ 0.06
Cl11,C1|195.6+7.2 | 161.6 +48| 189+54 |1254 | —159.7+8.1 | 0.3 +0.08
2

C3 1558+ 3.6 | 1198+ 21| 61.6+29 | 1124 —-76.1+ 4.4 0.7 + 0.09
Cl6 1155+ 0.7 | 94.24+04 | 67.4+0.5 | 924 —37.4+ 0.8 0.8 £ 0.04
Cl13, 109.6 £ 0.7 | 61.1+04 | 478+ 05 | 72.8 55.2+1 0.4+ 0.02
C19

C5 113.3+1.4 | 39.1+0.9 374+1 |63.3 75+ 2.1 0.03
C7,C9,| 919+15 53.7+1 31.2+0.1 | 589 494 + 2.2 0.7 + 0.05
Cl4

C10 35.7+0.1 | 25+0.06 | 17.9+ 0.08 | 26.2 14.2 £+ 0.1 0.7
C20, 36.5+0.2 | 182+0.1 | 10.7+0.2 |21.8 22+0.3 0.5+ 0.01
C21

Huge variations of the CSA parameters are observed for the carbon nuclei reside on -lactam

ring. The CSA parameter of C8 nuclei is much higher than C7 and C9 nuclei. From Table 2,

it is clear that the molecular correlation time of C8 nuclei is 1.6 X 10™*s, where it is 1.0 X

10755 for C7 and C9. Hence, the motional degrees of freedom are also varied within the four-

member [-lactam ring.
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Figure 5: The bar-diagram of (a) anisotropy parameter and (b) asymmetry parameter of

cefpodoxime proxetil at crystallographically different carbon sites.

According to the Haeberlen convention, anisotropy parameter and asymmetry (1) parameter

, 511+ 6 522—6 .
are defined as A§ = 835 — (112—22) andn = ﬁ. The value of the anisotropy parameter
337 9iso

defines the largest separation of the spinning CSA sideband pattern from the center of

gravity, and the sign of the anisotropy parameter says on which direction of the center of



gravity one can find the largest separation. Asymmetry parameter measures how much the
spinning CSA sideband pattern deviates from its axially symmetric shape. Figure 5 shows the
bar-diagram of (a) anisotropy parameter and (b) asymmetry parameter at crystallographically
different sites of cefpodoxime proxetil. If 6;; = &5, or §;; = 833, then the value of the
asymmetry parameter is zero, and the shape of the spinning CSA sideband pattern is axially
symmetric. Figure 5(b), Figure 3, Figure 4, and Table 1 show that the CSA pattern of C4, C5,
and C6 is axially symmetric. On the contrary, the CSA pattern is highly asymmetric for C10,
Cl6, C2, C3, C18, C7, C9, Cl14, C17, C20, and C21. The spinning CSA sideband pattern for

C1, C8, and C15 is nearly axially symmetric.

Table 1 shows the CSA parameters are very large for C18, C8, C15, C6, and C4
bonded with electronegative oxygen and nitrogen atoms. The presence of an electronegative
atom surrounding the nucleus decrease the shielding effect by attracting the electron cloud
surrounding the nucleus. Consequently, the effective magnetic field experienced by the
nucleus is increased and Larmor precession frequency shifted towards the higher frequency
side. The magnetic anisotropy is another reason for the large values of CSA parameters for
the carbonyl group carbons C18, C8, C15, and C6. There is no centre of symmetry for

carbonyl group carbon. Hence, there appear three different magnetic susceptibilities
(JCx,JCy, Xz)along three mutually perpendicular directions in the principal axes system
(PAS). As a consequence, there appear two anisotropic susceptibilities - one parallel to the
magnetic field (AX, = X, — X,) and another perpendicular to the magnetic field(AX L=
Xy — Xx). The McConnell equation® of magnetic anisotropy for non-symmetric carbonyl

group is

Sanis = {AX(3cos? 8, — 1) + AX,(3cos? 6, — 1)}/3R3 (4)



Where 6, is the angle between the radius vector and x-axis and 6, is the angle between radius
vector and z-axis.>* The anisotropic magnetic susceptibility is the source of the directional
dependent magnetic field, which manifests as large values of chemical shift anisotropy at
carbonyl site. The carbonyl group contains a polar bond. Hence, there arises a polarization on
the electron cloud surrounding the carbon nucleus due to the electrostatic interaction of the
central molecule with other molecules. The strength of the induced magnetic field is different
at different directions due to this polarization, which is also a reason behind the large CSA

parameters of carbonyl group carbon.>*

The aminothiazole ring, f-lactam ring, dihydrothiazine ring brings stability towards

the most commonly found plasmid-mediated [-lactamases and increase the affinity of the

drug to the penicillin binding proteins (PBPs) receptors.? The anisotropy parameter (A6 =

_ (811+ 822)

)
33 >

) of CI1 carbon nuclei reside on aminothiazole ring is much higher than C2

and C3 nuclei reside on the same ring. All three carbon atoms C1, C2 and C3 are in sp2
hybridized state. The spinning CSA sideband pattern of C1 is nearly axially symmetric,
whereas the CSA pattern of C2 and C3 are highly asymmetric. The CSA parameters of C8
nuclei of B-lactam ring are much larger than C7 and C9 nuclei on the same ring. The
spinning CSA sideband pattern of C8 is nearly axially symmetric, but the spinning CSA
pattern of C7 and C9 are asymmetric. C8 are in sp2 hybridized state and C7, C9 are in sp3
hybridized state. The CSA parameters of C11, C12 nuclei of dihydrothiazine ring are much
higher than C10 of the same ring. C11, C12 are in sp2 hybridized state, and C10 is in sp3
hybridized state. The spinning CSA sideband pattern of C11 and C12 are nearly axially
symmetric and C10 is highly asymmetric. In these three rings, large variation of CSA
parameters of carbon atoms is observed, which implies that the electronic environment and

molecular conformation are hugely varied within the ring. Large variations of the dynamics



of the different carbon nuclei reside on these rings are also revealed by spin-lattice relaxation

measurement.
3.3 Spin-lattice Relaxation Measurements:

The fluctuating local magnetic field experienced by the nucleus is the source of nuclear spin
relaxation. The relaxation mechanism is governed by homonuclear dipole-dipole interaction,
quadrupole interaction, chemical shift anisotropy interaction, and heteronuclear dipole-dipole
interaction. For '3C carbon major role in the relaxation mechanism is played by chemical
shift anisotropy and heteronuclear dipole dipole interaction. The contribution of chemical

shift anisotropy interaction is expressed as 43->2

1 2 T,
R ZBZSZ 5
TeA - 157 <1 + w2r§> 2
Where correlation time 7, =37, and B is the applied magnetic field. Where S? =

(A5)2(1 + QZ/S) and [A(S = 633 — (522-'2-—611)] , (T] _ 522—511).

N 633— bis0

The role of heteronuclear dipole dipole coupling on spin-lattice relaxation mechanism is

articulated as>?

1 _ 1 (yerxh ZT 3, 1
T,PP T 10\ 73 ) |1+ w2t 1+ (wy — we)?Tl

6
l (6)

1+ ((l)X + wc)z'l'g

By keeping only the first term,

1 1 (ycyxh ’ 3
DD — 10 3 T2 2,2 (7)
T, 10\ 5% 1+ weets

Where X represent hydrogen, oxygen and nitrogen atoms. ¢y is the distance between carbon

and neighbouring atoms hydrogen, oxygen, nitrogen. As the contribution of hetero-nuclear



dipole-dipole interaction on spin-lattice relaxation mechanism is inversely proportional to the

sixth power of the distance between the carbon and other nuclei, hence only the nearest

neighbour distances is taken into consideration. Larmor precession frequency w = 2rf =

2 x3.14 x 125.758 MHz = 789.76024 MHz; B = 11.74T, y. = 10.7084 MHz/T, yy =

42.577 MHz/T, h = 1.054 x 10734 Js.

The expression of the spin-lattice relaxation rate for '3C carbon is

1112 L
T, TSAT TPP 15!

2
T2 1 (ycyxh
22|t 15 3 72
1+ wet; 10\ 75y

Molecular correlation time is calculated by this equation.

3 8
ll + wczrgl ®)

Table 2: Spin-lattice relaxation time and molecular correlation time of cefpodoxime proxetil

at crystallographically different carbon nuclei sites.

Spin-lattice relaxation time and molecular correlation time at crystallographically

different carbon nuclear sites of cefpodoxime proxetil

Carbon atom at | Spin-lattice  relaxation | Molecular  correlation
crystallographically time (s) time (s)

different carbon sites

C18 81+5 8.2x 1075

C8, C15 94 +5 1.6 x 107*

Co6 112+ 5 1.8 x107*

C4 55+5 6.9 x 1075

Cl 82%5 23x107*

C2 225+ 10 22 %107
Cl11,C12 125+7 2.6 x107*




C3 55+ 5 2.9x 1075
C16 8+1 1.1x107°
C13,C19 15+ 2 3.8x 1076
C5 17+ 2 7.6 X107
C7,C9,Cl4 4545 1x 1075
C10 30 +2 5.7 x 1077
C17, C20, C21 3+1 1.3x 1077
o~ 0.0008 (a) (b)
"8 E/ 0.0006 C2
322" Cl11, C12
'8 _a. g ] C3 0.00051 ,
55 s
=58 wk ~—___
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Figure 6: (a), (b) Longitudinal magnetization decay curve of cefpodoxime proxetil for C2,
C3, Cl11, C12, C16. (c) Bar-diagram of spin-lattice relaxation time at chemically different
carbon nuclei sites of cefpodoxime proxetil. (d) Bar-diagram of molecular correlation time at

chemically different carbon nuclei sites of cefpodoxime proxetil.

Cefpodoxime proxetil is a prodrug of cefpodoxime and it falls in the cephalosporin family.
The substitution at C7 position of the f-lactam ring (like acyl side chain, oxime group, and
aminothiazole ring) is responsible for semi-synthetic incorporation. It also influences the
antibacterial activity of the drug and it affects the binding affinity of the drug with S-
lactamase.” a huge variation of the spin-lattice relaxation time and molecular correlation time
is observed in this region. The spin-lattice relaxation time of methyl group carbon C5 is 17 s,
whereas it is 225s for C2 carbon resides on the aminothiazole ring. The molecular correlation
time also varies in the range of 107° s to 10™* s. A remarkable variation of motional degrees
of freedom is also observed among three carbon atoms CI, C2, and C3 lie on the
aminothiazole ring, which improves the antibacterial activity of the drug. The spin lattice
relaxation time of C1, C2, and C3 nuclei are respectively 82 s, 225s and 55s. The molecular
correlation time of C1, C2, and C3 nuclei are respectively 2.3 X 10™* s, 2.2 X 10™* s, and
2.9 X 107> s. Table 1 shows that the CSA parameters are also different for these three
nuclei.”> The spin-lattice relaxation time of oxime group C4 nuclei is 55s and it is 112 s for
carbonyl group carbon C6. The CSA parameters of these two nuclei are not so different. Both
C4 and C6 nuclei are in sp2 hybridized state, and double bonded with electronegative atoms
nitrogen and oxygen respectively. The oxime and methyl group improve the stability of -
lactamases.>> The carbonyl group carbon C8 reside on the S-lactam ring is responsible for
nucleophilic attack. The spin-lattice relaxation time and the molecular correlation time of C8
are respectively 94 s and 1.6 X 10™*s. Figure 2 and Table 1 show that the spinning CSA

sideband pattern of C8 is nearly axially symmetric and the CSA parameters are substantially



large. The carboxylic acid group attached with C12 atom of dihydrothiazine ring is essential
for PBPs affinity and it is also useful during the development of prodrug. It improves the
permeability to the outer membrane of the bacterial cell. The spin-lattice relaxation time and
the molecular correlation time of C15 nuclei reside on the carboxylic acid group are 94 s and
1.6 X 10™*s respectively. The CSA parameters are also substantially large for C15 nuclei.
Ester group influence the pharmacokinetic behaviour of the prodrugs. It helps the polar
groups to pass through the cell membranes and increase the bioavailability.> The spin-lattice
relaxation time and the molecular correlation time of the ester group carbon C18 are 81 s and
8.2 x 10755 respectively. The isotropic chemical shift of C18 is largest among all the carbon
nuclei of cefpodoxime proxetil molecule, and the CSA parameters are also very large. The
spin-lattice relaxation time of the methyl group carbons C20, C21, and C17 is 3s, lowest
among all the nuclei of the molecule. It is possible to portray the structure activity
relationship of a various molecular moiety of cefpodoxime proxetil by these types of
investigations. These will definitely illuminate the path of developing the advanced antiviral

drugs.

Conclusion:

Cefpodoxime proxetil is a prodrug of cefpodoxime, which has a broad spectrum of
antibacterial activity encompassing both Gram-negative and Gram-positive bacteria. The
structure and dynamics of cefpodoxime proxetil at atomic scale resolution is described by
measuring CSA tensor, site-specific spin-lattice relaxation time, and calculating the
molecular correlation time. The structure-activity relationship of various molecular moieties
of the drug is also described by these measurements. Cefpodoxime proxetil molecule is
associated with three rings, the aminothiazole ring, f-lactam ring, and the dihydrothiazine

ring, which provide stability of the drug towards f-lactamases and increase the affinity of the



drug to PBPs receptors. The anisotropy parameter (A6 = 033 —(61+622)) of C1 carbon

nuclei of the aminothiazole ring is much higher than C2 and C3 nuclei reside on the same
ring. The spinning CSA sideband pattern of C1 is nearly axially symmetric, whereas the CSA
pattern of C2 and C3 are highly asymmetric. A remarkable variation of motional degrees of
freedom is also observed among three carbon nuclei C1, C2, and C3. Spin lattice relaxation
time of C1, C2, and C3 nuclei are respectively 82 s, 225s, and 55s. The molecular correlation
time of C1, C2, and C3 nuclei are respectively 2.3 X 10™* s, 2.2 X 10™* s, and 2.9 X 1075 .
The CSA parameters of C8 nuclei of -lactam ring are much larger than C7 and C9 nuclei on
the same ring. The spinning CSA sideband pattern of C8 is nearly axially symmetric, but the
spinning CSA pattern of C7 and C9 are highly asymmetric. The carbonyl group carbon C8 is
responsible for nucleophilic attack of the drug. The spin-lattice relaxation time and the
molecular correlation time of C8 are respectively 94 s and 1.6 X 10™*s, whereas the spin-
lattice relaxation time and the molecular correlation time of C7 and C9 are 45 s and 1.0 X
1075s respectively. C8 are in sp2 hybridized state and C7, C9 are in sp3 hybridized state. The
CSA parameters of C11, C12 nuclei of dihydrothiazine ring are much higher than C10 of the
same ring. C11, C12 are in sp2 hybridized state, and C10 is in sp3 hybridized state. The
spinning CSA sideband pattern of C11 and C12 are nearly axially symmetric and C10 is
highly asymmetric. The spin-lattice relaxation time and the molecular correlation time of C11
and C12 are 125 s and 2.6 X 10™*s respectively, where as the spin-lattice relaxation time and
the molecular correlation time of C10 are 30 s and 5.7 X 10~ 7s respectively. A large
variation of CSA parameters and motional degrees of freedom are observed among carbon
nuclei reside on these three rings, which implies that the electronic environment, molecular
conformation, and molecular dynamics are altered substantially within the ring. The
carboxylic acid group attached with C12 atom of dihydrothiazine ring is essential for PBPs

affinity and it is also useful during the development of prodrug. It improves the permeability



to the outer membrane of the bacterial cell. The spin-lattice relaxation time and the molecular
correlation time of C15 nuclei reside on the carboxylic acid group are 94 s and 1.6 X 10™*s
respectively. The CSA parameters are also substantially large for C15 nuclei. Ester group
influence the pharmacokinetic behaviour of the prodrugs. It helps the polar groups to pass
through the cell membranes and increase the bioavailability. The spin-lattice relaxation time
and the molecular correlation time of the ester group carbon C18 are 81 s and 8.2 X 10~°s
respectively. The isotropic chemical shift of C18 is largest among all the carbon nuclei of
cefpodoxime proxetil molecule, and the CSA parameters are also very large. The spin-lattice
relaxation time of the methyl group carbons C20, C21 and C17 is 3s, the lowest among all the
nuclei of the molecule. The substitution at C7 position of the f-lactam ring (like acyl side
chain, oxime group and aminothiazole ring) is responsible for semi-synthetic incorporation. It
also influences the antibacterial activity of the drug and it affects the binding affinity of the
drug with S-lactamase. A huge variation of the spin-lattice relaxation time and molecular
correlation time is observed in this region. The spin-lattice relaxation time of methyl group
carbon C5 is 17 s, whereas it is 225s for C2 carbon resides on the aminothiazole ring. The
molecular correlation time also varies in the range of 107° s to 10™* s. These types of
description of the structure-activity relationship of the antibacterial drug cefpodoxime
proxetil will definitely enlighten the path of developing the advanced antibacterial drugs. It

will also enrich the data of NMR crystallography of the drug molecules.
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Figure 1

(@) The chemical structure of cefpodoxime proxetil, (b) 13C CP-MAS SSNMR spectrum of cefpodoxime
proxetil.
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Figure 2

2DPASS CP-MAS NMR spectrum of cefpodoxime proxetil. The direction dimension represents the pure
isotropic spectrum of cefpodoxime proxetil with zero sideband.
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Figure 3

Spinning CSA sideband pattern of cefpodoxime proxetil.
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Figure 4

Spinning CSA sideband pattern of cefpodoxime proxetil.
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Figure 5

The bar-diagram of (a) anisotropy parameter and (b) asymmetry parameter of cefpodoxime proxetil at
crystallographically different carbon sites.
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Figure 6

(@), (b) Longitudinal magnetization decay curve of cefpodoxime proxetil for C2, C3, C11, C12, C16. (c) Bar-
diagram of spin-lattice relaxation time at chemically different carbon nuclei sites of cefpodoxime proxetil.
(d) Bar-diagram of molecular correlation time at chemically different carbon nuclei sites of cefpodoxime
proxetil.



