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Figure 2.1. The reaction catalysed by nicotinate/nicotinamide mononucleotide adenylyltransferase
The diagram depicts the dual substrate catalysed reaction of NNAT/NMNAT enzyme resulting in
NAD *or NaAD synthesis. Source: Zhanget al, 2002[66].
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Figure 2.2. Schematic representation of the de novo and salvage synthesis of NAD +in bacteria and

humans.
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Figure 2.3. A schematic representation of linked metabolic pathways involving the redox activity of
NAD */NADH to generate energy .
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E. coli NMNAT human NMNAT -

Figure 2.5. Ribbon representation showing the difference between E. coli NNAT and human
NMNAT protomer structure.

The bound ligands are represented by red sticks for NaAD or NAD +, while the SO4 fand citrate are
represented with green sticks. The secondary structures are labelled grey for the random coils, yellow
for strands, and cyan for helices. The dotted line indicates the disordered hsNMNAT region absent in
the bacteria NNAT . RMSD = 15.755 A (4920 492 atoms)[75].
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Ndel EfNNAT open reading frame
CATATGGGCAGCERTCATCATCANCATOAG . 2. T AC GCAAGCTAAGACATTTGTTCGTTCACAAT
TATTTCCTGAAGARATGCCTCAATTCTTAGAGAAGAAAAAGCAAGTAGGGATCTTGGGCGGAAC
ATTCAATCCCGTTCACCTTGCACATTTAGTGATGGCTGAACAAGCTGGCCGGAATTTAGGTCTT
GACCGCGTATTTTTGATGCCTTCTTATCAGCCACCTCATGTTGATGAGAAACAGACGATTGATG
CAAAACATCGACTCAACATGTTGGAATTAGCGGTGGAAGACAATCCTTTTTTGCAGATTGARAC
GATTGAATTAGCTCGTGGTGGGAAAAGTTACACCTATGATACTATGAAGGAATTGACGCAAAAC
AATCCGGATACAGATTATTACTTTATTATCGGTGGGGATATGGTAGAATATTTGCCAAAATGGT
ATAAAATCGATGAGCTGACTTCTATGGTCAACTTTGTGGGTATACGTCGACCAGGATACACAAC
GGATACTCCATATCCTGTAATTTGGGTAGATGTACCTGAGATCGACATCAGT TCCACGARAATA
CGTCAAAAGATCAAAGAAGGCTGTTCTATCCGCTACCTTGTTCCAGATAAAGTAATTGATTATA
TTCAAAATGAAGGGTTGTATGAATATGGACTATAAG%?Tﬁj

am

Ndel 227 bp ORF BamHI

T7 promoter primer #69348-3

Balll T7 promoter lac operator Xbal rbs

AGATC tat SATCCCGCGAAATTAATACGACTCACTATAGGGGAATTG|GAGCGEATAACAATTCCCCTCTAGAAATAATTTTGT TTAACTTTAAGAAGGAGA
Wde| nhel — T7+Tag pET-Tla g i1 Bput1021
'\AIJ'J\LAU\HLLIMLMLALIL['IL!l’iLf\lLJ’u’«Mlll TCGCGGATCCGGCTGCTAACAAAGCCCGAAACGAAGCTGAG |IllLHLHLLI«LLiLFlMLJ’«MA\LIf\(L ATAA
MetAloSerMetThrGlyGlyGIinGInMetGl gGlySerGlyCysEnd
5 yely yArgsly yty T7 terminator primer #59337-3

- pET=11b GGTCGGGATCCGGCTGCTAACAAAGCCCGAAAGGAAGCTGAGTTGGCTGCTGCCACCGCTGAGCAATAACTAGCATAA
D?f'f‘a [ .GlyArghAspProAloAlaAsnlysAlaArglysGluAloGluleuAloAloAloThrAloGluGlnEnd
co
TACCATGGCTAGC . pET=11c.d GGTCGGATCCGGCTGCTAACAAAGCCCGAAAGGAAGCTGAGTTGGCTGCTGCCACCGCTGAGCAATAACTAGCATAA
MetAlaSer GlyArglleArgleuleuThrLysProGluArglysleuSerTrpleul euProProleuSerAsnAsnEnd

T7 terminator
CCCCTTGGGGCCTCTAAACGGGTCTTGAGGGGTTTTTTG

EfNNAT amino acid sequence
viis HHHHHBN TOAK TF VR SQLFPEEMPOF LEKKKQVGI LGGTFNPVHLAH LYMAEQAGRNLGLD

Figure 3.1. A pictorial representation of the vector construct used for expressing the recombinant
EfNNAT .

Hexahistidine was factored into the N -terminus of the gene sequence, as shown in purple. The resulting
sequence was inserted into pET-11a at the Ndel (green) and BamHI (red) sites.
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Figure 3.2. Expression and purification profile of recombinant  E. faecium NNAT

Analysis of the crude lysate shows that the protein is overexpressed, evident by a prominent band

corresponding to the theoretical molecular weight deduced for EfNNAT sequences (~25.8 kDa).The

soluble fraction was separated by centrifugation and purified by Ni 21 ET1 | POPUa wET UOOEUOT UE:
350 mM im idazole in PBS, pH 7.2, for elution. The purified protein is indicated in the box.
#DUEOOUDPOUOUUwW2#21/ &eballtraktions &nd Vidbali $edwith: CoBraaasie brilliant

blue staining.
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Figure 3.3 The activity profile of recombinant EfNNAT at different pH
Analysis was carried out in 0.1 M sodium acetate buffer (pH 5.5), 0.1 M sodium phosphate buffer (pH
6.0t8.0), 0.1 M TrisHCI buffer (pH 8.5 19.0), and 0.1 M sodium glycine buffer (pH 9.0t 10.5) using 1uM

of recombinant EfNNAT, 1 mm ATP and 0.5 mM NMN. EfNNAT demonstrated a narrow pH optimum
and a pseudo activity with NMN at pH 8.0, which was n ot easily reproducible.
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in its native (bold red line), ATP bound (blue line), and denatured (dotted red line) forms. 5uM
EfNNAT protein was analy sed in ddH 20 at 20 °C using a 2 mmaquartz cuvette. The EfNNAT -ATP
complex form was performed in the presence of 0.2 mM ATP and 1 mM MgCl 2. A prominent peak of
positive ellipticity at 190+0.5 nm and negative ellipticity at 220+0.5 nm and 208+0.5 nm is observed for
the native and bound EfNNAT, which is lost when denatured with 8 M urea. Each spectrum represents
an average of five accumulations performed in triplicate. Inset: HT[V] plot indicating the CD signal

reliability.
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Figure 3.5. Fluorescence emission spectra of (A) ANS interaction with EfNNAT apo (red solid),
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Figure 3.6. The fluorescence thermal unfolding profile of recombinant EFNNAT apo (red) and in the

presence of ATP (blue).

Assay was carried out using 20 ug of protein and 5 uL of 50 x SYPRO Orangedye supplemented with
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the temperature increases, fluorescenceemission also increases, giving rise to a sigmoidal curve that

shows the transition from folded to unfolded protein. Inset: melting peak of EfNNAT apo (red) and
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(A) Chromatogram of standard proteins and recombinant EfNNAT resolved at 20 °C in 10 mM

NaH 2POs, pH 7.5, 750 mM NaCl, and 0.01% (w/v) NaNs. The elution profile of the standard proteins is

depicted in grey dotted lines, and EfNNAT ( ~ 6.5 mg/mL) in red. The standard proteins used and their

corresponding molecular weight include Vitamin B 12 (1.35 kDa), Myoglobin (17 kDa), Ovalbumin (44
O#EAOQuwwi |l OOEUODOwmphk WwO# E AB) Odnérbcted rhokecu@iwdightcalir@idnumt A Y wO#
curve used to estimate the quaternary size of EFNNAT as ~40 kDa Each chromatogram represents an

average of three replicates
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Table 3.2. EFNNAT crystal data collection and refinement statistics
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Figure 3.10. Amino acid sequence alignment of NNAT from  E. faecium, B. anthracis, B. subtilis , M.

tuberculosis, S. aureus E. coli and P. aeruginosa
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Figure 4.1. The Crystal structure of E. faecium NNAT bound to NMN
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Figure 4.2 Structural aIignment S of EfNNAT apo, adenine bound and NMN bound
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Table 4.3. Dimerisation interface analysis of EFNNAT apo, adenine -bound and NMN -bound

Apo Adenine -bound  NMN -bound

No. of interface residues (Chain

A+B) 26 26 38
Interface area (A?) (Chain A+B) 1566 1538 1769
No. of hydrogen bonds 2 4 8
No. of salt bridges 2 2 2
No. of disulphide bonds 0 0 0
No. of non -bonded contacts 67 51 86
Total no. of interactions 71 57 96
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Figure 4.3. The NMN interaction plot shows its stabilisation within the dimer interface
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Figure 4.4 Comparative analysis of the dimerisation interfaces of EFNNAT .

(A) EfNNAT apo (B) EfNNAT -adenine and (C) EFNNAT NMN -bound. The respective lines represent;
= Salt bridges, ==== hydrogen bonds, and non-bonded contacts. The amount of red/blue lines
between two residues indicates the number of potential salt bridges/hydrogen bonds that could form
between them, while for non-bonded contacts, the thickness of the striped line correlates with the
number of atomic contacts made. Blue, red, green, grey, and purple Residues depict positive, negative,
neutral, aliphatic and aromatic residues, respectively. Proline/glycine and cysteine are shown in gold
and yellow , respectively. The image was generated through PDBSun|168].
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Figure 5.1. Outline of the workflow employed to identify potential inhibitors of E. faecium NNAT
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Ligand and protein preparations, cavity analysis, receptor grid generation,

virtual screening and docking studies were carried out with Maestro (Maestro 13.0,
Schrddinger2021-4). The Molecular dynamic simulations and the post-dynamic data
analysis were conducted using Desmond (Desmond-v7.4, Schrodinger20232)
(Council for Scientific and Industrial Research, Cape Town, South Africa).
Experimental validation was performed using a spectrofluorometer (Jasco FP- 6300)
and a RealTime PCR Detector (BioRad CFX96 Touch). Quercetin-3-O-beta-D-
glucose-7-O-beta-D-gentiobioside) and (apigenin 7-O-(2G-rhamnosyl) gentiobioside
were purchased from MedChemExpress (MCE) through the Biotechnology Hub
Africa (Pretoria, South Africa). SYPRO Orange dye, mant-ATP, 8-anilino-1-

gc



naphthalene sulfonic acid (ANS), NMN, ATP, and NAD *were obtained from Sigma
Merck (Johannesburg, South Africa). Other biochemicals and reagents utilised were

of analytical grade.

k @K w+ BOBDEAEW a wi 1T &1 Wl ExERJAEQUIDEOAE w
61 wOUI wEwODEUE OB udE WOx OUOEUwI U0 GEWiw - ud,5"0fu
'8+ YK WwPT PET wEEOwWET woOE UEMEOd GluEiui U0 11 euuisll Edub Q)

OPEUEUVUawl EEWEwWEOOOI EUbWE@E®®DI WKPIOOREODWOOONEDDW

REYOOOPEUwWPI Ul wUi OUPI YI Ewi UOOwW/ UE"T1 OwEOBEWU
OUOWEEE]I EwOOWUT 1 wOPEUEUAWEUT wUOT 1T ws$i -- 3wbdHEI
-E, - w @" ( # w hul UNNHA w OEUEDOI Euw iuo

bUxUoxxyxUEET I 06 KEH®ED O QSFOMK b TEOOwx OUOEUwW Ul UUH

x Ul x EUIT E wBDIOwIl Ixluwd OE U O iguudiNagE | DBEOUBOUw ECEwWT 1 O
x UOEEEOI wUEUUOO!I UPEw i OU O WENDEYWPPDWD 8 F I®O U L
DO ODPUE UmduPy Gdii@dmnpounds' sterecisomer chemistryup E U w O1 x Uw E U
UUBxUOEUIT Ewtdu wobd EHEWOHOF & UOT Uwbl Ul wlOi T OQwl
ODOPOPUEUPOGWxOUPODYYEW/ OUI OUPE O Uiwd OBius DIgQDE &
, ETU0UOwWUOOwWT 1 O UEHO IwEWDOBERG WD PR NI @ ludw j}OUP w
EYI UET T wOUUx U @il G U u@ediudiii @niE OE wp EUwT 1 01 UEU
POwhKIl A wOPT EOEWUUUUECUUIT Ud w

k@K w/ UOUI POwxUI xEUEUDPOOWEOEwWUIT r O1 01 OU

311 wWEOGOUEDPOEUTI UwoOi wiGlE awwE Ea OUOQwED 3 OE®WOO
Ul U OO Y6 HNida @ w ( # ozunli (g Wuwi T OET T Ewl UOOwWUT T w/ U
o/ #b©OPJ UE KEduiwd WEw UUT Ewi OUw UT PUwWw UUUEaAGwWw3T 1 w

| xEUI EwPOwUPOwWi OUOUOwpbAwl O1 UT a1 OPGPODPUI E

X

U
OPOPOPUI EwUUUUEUUUI wPpEUwxUI xEUI EwOUDOT wlOT 1 w/

GT


http://www.medchemexpress.com/
https://pubchem.ncbi.nlm.nih.gov/
http://www.rcsb.org/

POw, E@@M@U | w$ IUEAa BWRUUVEUWUDRPEUWEWEa wUl OO0Y
EUAUUEOOOT UExT PEWOHDUI UudDbH®d BWOE WeuE @O wE x Ow U

N - PN

"aEUOT I OwEUOOUWUT EVwbkI Ul wEEUI OV0wPkI Ul WEEET EO
EOOEWOUET UWEOCEWEDPUUOr El WEOOEUWPI Ul WwEUI EUI EQuw
EEEIEED®EW | WET EUT 1 UWEQGEwWxUOUOOEUPOOWUUEUT UWEOL
Pl Ul WEUUDT Ol EWECwx"' wAdYwPuwlipPHhWBEWOOwWBUI 600 W
EOOE w 016 wb+BIN0 0 a O whd aJARIEBOD EQuur EUw x1 Ul OUOIT Ew
x UOUI POwWUUUUEUUUI wUOUDOT wlUT 1 uE U GQW 1y,YXAwh OIUEN Wiy
Ol wydét w@uwUOwUl OERwUT T wUUUEPOZBREMHPOE WEOT O UwWE

30wx Ul xEUT wOT 1 wUPOUOEUT EwiOPDOBOHUI AGUWHDE
PEOWENIT EUI E wUOwy &nudibudA) IGRER@EOw OUT w, # wuUDPOUOE
OPOPOPUI EwWUUUUVUEUOUUI wPEUWUOOYEUI EWEBEWDOODUI
EYEDOEEOI wbOw#1 UOOOES w31 DUwbE U wi @O EUAU | EQUIER B
UOOYEUTI EwUUDOT wUOT T w3 (/+/7 welU®UITwWEEWI luwpOWH
I RxOPEPUWPEUT UwOOE]I OOWEOEWUT 1 wUavuUl OwphPEUwWO
OUOET Uw Ol wEOUOOIUD OYBunwkwy Wi-1B> O wbEUWEEEIT Ew
OUOOWBEWwWLT OYPUOOO! OUB wW3T 1 wUaull OwbpEUwWI O1 UT aw
ri1 QEwi O000PDEwEAwEROMIYFEUDPOOWUOET UWEQw-/ 3wl ¢
xUl UUUUT wEOGEwWU! OKEVEWEG®Bw®YWRBFABY]I Oadwpkrbl
1 OEEO]I EwWEAwWETI I EUOUWET 1 OUTl wOT 1 wUPOUOEUDPOOS w3
UUENT EOOUa wi UEOT wkE3U ul EudupEON0 T BDOYEEWOauwdE Qulhy By T ulx U@ Tuw |
U1 QwUUT EwOOwWI 1 01 UEUT wOT 1 weYI UETT wl, 2#wOi wll

kKfw" EYPUaAwWEOEOaUPUw
"EYPUAawWEOEOaAaUPUwPEORGH OB WUDHW E @I WD GE Ul

OOETI OUwUOWET Ui UOPOT wxOUUPEOI WwEOOI OUBEUDOOE(

Ul 01 EUPOOS w3 T PUWPEUWEET Bl YI EwUOUD OTAUNN ki@u21Du 1

hy



EI Il EUO0wUI UbOT wOOwUT T w2pUI , Ex wOOE GOE QudiERw E x
xOUl OUPEOwWUT El xUOUWEPOEDPOT wUDPUIT UBw3T PUwWUI ybo
UBUI Ow EOCOOP U B QuUWOIWwUOW B 0T UOw Ex xOPl Uw Ew Ul
| aBEOxT OEPEPUAOWEOEwWUUI UWEWUUEOGEEUEWI UPEWEOE L
UPUI wxOPOUB w2PUl UwbpPUT wEwWUDUT wUEOUI WEEOYI wy?éd

k®k w5 DPUUUE EDELOIOIOOBEOOE UWEOEODOI

3T T wUl El xUOUwWwT UPEwWwr Ol wi OUwUTT wUPOwWwOOET O
Ul EIl xUOUwT UPEwdi QUUEWR OO & k @ OO Geledntraibodthe, E1 U0 U
prepared protein residues was selected toT 1 O1 UE Ul w.RAW.R3 parialafodie
cutoffwitha 6 Y Y w5 EOWE]l Uw6 EEOUWUEEDUUWUEEODPOT wi EEU
1 OxO0O0al Ewi OUw Il 1 Ol UEUDTDE library of uprephréd flavdridid w T UDE 6
compounds was docked to the receptors using the virtual screening workflow of the
Glide module in Maestro [196, 197] This was followed by a more rigorous and
extensive screening using the standard precision (SP) and extended precision (XP)
mode of Glide Maestro [198], which utilises a more complex sampling and scoring
function to penalise compounds exhibiting weak binding affinity for the protein cavity
[198]. The prime molecular mechanics-generalised Born surface area (MMGBSA)
module was used to post-process the ligand's docked poses for rescoring0 O wOE UE b O w
Ul 1 PUwWw EPOCEPORRIEFOTWEDOB®ROT wi UIT wi @b)Ulasa w g, , &

calculated according to the equation below:

&ind é. U,I‘cor&lex N LU‘pro&n N U.l‘liga&i

EeompiexO W prot O W E O Fyad reresent the free energies of the optimised protein-

ligand complex, the free protein receptor, and the free ligand.
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Table 5.1. Details of EFNNAT minimised and MD simulated model cavity analysis

Minimised MDS
Site Volume Site Volume
Site  score  (A3) Residues score  (A3) Residues
33,35,6367,7176, 30,33,35,38,41,44,45,129132,15
1 0.979 254,506 79,100,179,180,183,184,187,2202 | 1.031* 195.853* 156-:159,175181,183
30-34,38,40,41,43,44,60,62,63,99, 29-31,60,62,63,99,1062
105109, 126132,138140,145, 109,111,112,115,126
2 1.011* 517.930* 154156,172183 0.961* 253.134* 129,132,135,139,140
130,133,134,137,155,156,159,160,
3 0.625 67.228 161,163165,169 0.635 103.586 39,42,43,46,47,890,197199
25,27,29,56,58,96,115,118,119,12
4 0.637 59.682 122,124 0.532 63.455 116,120,122125,148150
5 0.544 58.310 186,189,196193,201,204,205,211
Total 772.436 448.987
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Figure 5.3. Surface and pictorial representation of EFNNAT minimised model (left) and the MD

simulated (right) cavities.
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sampling was performed using the SP and XP protocol to screen down and identify

the ligand with the most binding affinity for the protein. Interestingly, only one

compound was selected from the entire library by both models, with the compound

identified as quercetin 3-O-beta-D-glucose-7-O-beta-D-gentiobioside showing an
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Table 5.2. Five topmost ligands identified post -HTVS for EFNNAT minimised and MDS models

Minimised MDS

Compound Name Mol wgt Docking MMGBSA Compound Name Mol wgt Docking MMGBSA

and Structure (g/mol) Score DGhbind and Structure (g/mol) Score DGhind
(kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol)

X oY 74067  RB.321 N74.24 f; 740.67 K7.312 KB0.84
I/\( 7
G I
/\V)\/
Apigenin -7-O-(2G-
Apigenin -7-O-(2G- rhamnosyl)
rhamnosyl)gentiobioside gentiobioside
% Ses
pLey 9
, fkf/z 1. 78472  N7.907 R72.16 e Y 872.70 N7.017 RE5.55
\,%/\ L WL N \a—ﬁ’/\;f
PN e
6"-Feruloylspinosin
/\r Y
[
»@j\ HJ 788.67 N7.421 N50.36 324.38 N7.009 N36.14
Quercetin 3-0O-beta-D-
glucose-7-O-beta-D - Bavachalcone
gentiobioside
\/\(\
o)
872.70 N7.300 N71.17 : 788.67 N5.973 N39.38

Quercetin 3-O-beta-D-
glucose-7-O-beta-D -
gentiobioside

582.56 N7.158 N57.82 284.27 N5.066 NB2.62

Sappanone A

Naringin
Dihydrochalcone
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