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INTRODUCTION

Adenine-nucleotides

All organisms posses small molecular weight co-factors with a crucial role in several metabolic and
regulatory pathways.

Co-factor: non-protein chemical compound that is bour
for the protein’s biological activity.

Organic Inorganic
(Mg)

Coenzymes Prosthetic
group

NAD and FAD serve as a cofactors in many essential biologic processes, such as glycolysis
(NAD) and the citric acid cycle (FAD and NAD)

Schulz, G.E., Schirmer, R.H. Princiiples of protein structure
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The Rossmann Fold

Introduction to Rossmann fold

Rossmann et. al. (1974) described two B-a-B-
a-f units forming a six-stranded parallel B-
sheet flanked by four a-helices in the
structure of some dinucleotide-binding proteins.

J

ONE ROSSMANN FOLD UNIT = B-a-B-a-B.

Schulz, G.E., Schirmer, R.H. Princiiples of protein structure

Fig.1 Dinucleotide-binding motif (Rossman fold)
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The Rossmann Fold

B-a-B motif

Two adjacent [B-strands in the aminoacid
sequence are joined by an a-helix at opposite
edges to form a parallel B-strand in the
structure.

Fig.1 B-a-B motif . \ ./,'f

The loop connecting C-end of the B-strand with
N-end of the a-helix often have conserved
amino acid sequence in homologous proteins
and is involved in forming the active site.

Right-handed.

Schulz, G.E., Schirmer, R.H. Princiiples of protein structure



The Rossmann Fold

Dinucleotide-binding fold

Rossman fold is a super-secondary structural open sheet domain composed of

alternating a-helices and B-strands along the backbone. The [B-strands are
mostly parallel.

C
N The active site is easy to
I find in a topological diagram

Fig.2 Topological switch diagram.

Fig.3Dinucleotide-binding motif (Rossman fold)

Carl Branden, John Tooze. Introduction to protein strructure



The Rossmann Fold

Fig.4 Rossmann fold (1EK5)

Carl Branden, John Tooze. Introduction to protein strructure



The Rossmann Fold

SCOP classification
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The Rossmann Fold

Rossmann fold

Although dinucleotide-binding domains show very low overall sequence homology, large
portions of their proteins backbones superimpose very well due to Rossman fold.

1EK5 PR - - - - e e e e e e e n EK
1U3W
110Z
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1FOY IV-- - m e e e e e e e e e e
1A41
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1MX3 ALRAKA- - FGFN-VLFYDPYL
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cons

1EKS
1U3W
1I6Z
1MX3
1FoY
1A4I

cons




L
The Rossmann Fold

Structure is more conserved than sequence

The degree of conservation of the three-dimensional structure is much higher than the
degree of conservation of the amino acid sequence.
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The Rossmann Fold

The Rossmann hypothesis

A large number of proteins had incoporate the Rossmann fold as a consecuence of
a gene fusion process. These proteins have adquired a new fuction

1EKS MAEKVLVTGGAGY IGSHTWVLELLEAGY LPVVIDNFHNAFRGGGSLPESLRRVQELTGRSY
1HDR EARRVLVYGGRGALGSRCVOAFRARNWWYASYVDWVVENEEASAS - - - - - - - IIVK---MTD
1TZA R-NVALITGITGODGSYLAEFLLEKGYEVHGIVRRSSSFNTG-------- RIEHLYNMKL
1EKS EFEEM-DILDQGALQRLFKKYSFMAVIHFAGLKAVGESYQKPLDYYRVNLTGTIOQLLEIM
1HDR SFTEQAD - OVTAEVGKLLGEEKVDAIL CVAGGWAGGNAKSKSL - - == - - =2 - o e a e F
1T2A HYG- - -DLTDSTCLVKIINEVKPTEIYNLGAQSHVKISFOLAEYTADVDGVGTLRLLDAY
. * N . . .
1EK5 KAHGVENLY - - - FSSSATWVYGNPQYLPLDEAHPTGGCTNPYGKSKFFIEEMIRDLCQADK
1HDR KN DMK - - - - - - - - oo m oo
1TZA KTCGLINSVKFYQASTSELYGKWQEIPQKETTPFYF - RSPYGAAKLYAYWIVVNFREAYN
* .
1EKS TW- -NAVLLRYFNPT - GAHASGCIGEDPQGIPNNLMPYVSOQVAIGRREALNVFGNDYDTE
IHDR  eeeeeeeeeeeem e Q---mmem-- SIWTSTISSHLATKHLKEGGLLTL - AGAKAAL
1T2A LFAVNGILFNHESPRRGA- - -------- NFVTRKISRSWAKIYLGOLECFSL -GNLDAKR
1EK5 DGTGVRDYIHVWDLAKGHIAALRKLKEQCGCRIYNLGTGTGY SVLOMVOAMEKASGKKIP
1HDR DG-------cmmmem e - TPGMIGYGMAKGAVHQLCQSL------------
1T2A DWGHAKDYVEA- - - - - - - - - - MWLMLONDEPEDFVIATGEVHSVREFVEKSFLHIGKTIV
* L
1EKS YRVWARREGDVAMAC - - - - - - - - - - - - YANPS------onn- LAQEE - LGWTAALGLDRM
1HDR - A - -GKNSGMPPGAMATAVLPYTLDTPMNRKS - - - - - - - - - - MPEADFSSWTPLEFLVET
1TZA WE - - GKNENEVGRCKETGKVHVTVDLKYYRPTEVDFLOGDCTKAKQK - LNWKPRVAFDEL
. . . * .
1EKS CEDLWRWQKQMNPS - - - - - - - ---------- GFGT
1HDR FHDW- ITGKNRPSSGSLIQVWVTTEGRTELTPAYF

1T24 VREMVHADVEL - < - - =< == c o occ oo oo MRTN




L
UDP-galactose-4-epimerase (GALE)

A nucleotide-binding protein

Nterminal (Metl-Thr189) ->NAD
binding
7-stranded parallel 5-sheet
5-a-helix

Rossmann fold

Cterminal (Gly190-Ala348) - UDPsugar
binding

Conserved features among these proteins:
- GXGXXG motif

Q; . c c c c c UDP- GALE UDP-
Side chains interactions with the dinucleotide GALACTOSE | ————3| GLUcCOSE

Fig.5 Single Nterminal and Cterminal GALE domains

Thoden BJ, et al. 2000.; Dym O, et al. 2001.



NAD-binding proteins

Nicotinamide adenine dinucleotide (NAD)

The main role of NAD+ cofactor is the redox

Adenine reactions.

Reactions of this type are catalyzed by a large group
of enzymes called oxidoreductases.

Fig.2 Nicotinamide adenine dinucleotide

Binding domain for NAD consists of two
paired Rossmann fold.

Fig.6 Single Rossman fold: A B-a-B-a-f unit.

Thoden BJ, et al. 2000.; Dym O, et al. 2001.
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NAD-binding proteins

Aminoacid residue interactions

SIDE CHAIN RESIDUES
o | it
Apolar llel4
+(§22ircg)e Lys161
(;2%:2)6 Asp33, Asp66

These amino acid residues are not

conserved,
properties.

so do their

Fig.2 Main amino acid interactions in the NAD+ binding pocket.

Thoden BJ, et al. 2000.



pocket

Water molecules mediate about
30% of hydrogen bonds.

Concentrated around the
pyrophosphate group.

Important parameter for the
dinucleotide recognition.

Fig.2 Water molecules interacting with NAD+.

Thoden BJ, et al. 2000.; Bottoms CA,, et al. 2002.



NAD-binding proteins

How does NAD cofactor stabilize itself into the protein?

GLYCINES

5 Nno side chains

A-helix

overall positive
dipole moment

Fig.2 Gly conserved sequence in Rosssmann fold.

Fig.2 a-helix peptide dipole are parallel to the helix axis.

Bottoms CA,, et al. 2002.
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NAD-binding proteins

The role of water is crucial

- Structurally conserved water molecule
- Conserved hydrogen-bonding pattern

Invariant hydrogen bonds

- Last conserved Gly (aA)
- Dinucleotide pyrophosphate

Variant hydrogen bonds

- 2nd/3rd conserved Gly
- Cterminal residue of 43

Fig.7 A single water conserved molecule.

Bottoms CA,, et al. 2002.



1EKS: STRUCTURE OF HUMAN UDP-GALACTOSE 4-EPIMERASE

1 Ligand Chemical Component
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1EK6: STRUCTURE OF HUMAN UDP-GALACTOSE 4-EPIMERASE

1 Ligand Chemical Component Hide
MG i
Search Mg | Mg MAGNESIUM ION & ;"‘:’m

U au ° -

NAI 3
Search 0 o7 mF C21 Hg N7 014 P2 1,4-DIHYDRONICOTINAMIDE ... i E“hm
Download )
TMA i : Ligand
Search . Cq Hi1z2 N TETRAMETHYLAMMONIUM ION s Explorer
Download - o, 1 ;
UPG _
Search 0 oy ) €15 H24 N2 017 P2 URIDINE-5'-DIPHOSPHATE-GLUCOSE ‘ Ex hmr
Download . ;




teins

Stereospecific transference of the H

NAD-binding pro

-epimerase

UDP-galactose-4

Thoden BJ, et al. 2000.
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NAD-binding proteins

Stereospecific transference of the H

NAD" OXIDIZING AGENT NADH REDUCING AGENT

accepts electrons from other donates electrons to other
molecules and becomes reduced molecules and becomes oxidized

Thoden BJ, et al. 2000.
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P-loop

Phosphate-binding motif

The phosphate binding loop (P-loop) is the common motif
in mononucleotide binding proteins.

The three-dimensional structure of the P-loop, precedeed
by a B-sheet and followed by an a-helix, is similar in
different protein families.

Fig.9 Phosphate-binding loop (P-loop)

Fig.10 Superimposition of different protrein families
with the P-loop.

C. Ramakrishnan, et al. 2001
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P-loop

Walker A motif

The basic structural requirement of a P-loop in most ATP-binding enzymes is its consensus sequence
GXXXXGK T/S.

This pattern is mostly present as a structurally and energetically favorable loop that appears to
provide more room to surround and manipulate the nucleotide phosphate.

Apha and beta proteins: CLUSTAL FORMAT for T-COFFEE Version 7.54 [http://wwa.tcoffee.org]l [MODE: 1, CPU=1.37 sec, SCORE=25, Nseq=8, Len=835
. . ; 1KGM N = o o o e il
Fpld : P-loop containing nucleoside LS GSH. T wa T
triphosophate hydrolases 1P60 BSH- = - == = == = mmmmmmmemmemeemeeeeeee MATPPKRSCPSFS
1RKB Y —————————|—|—YIT
. _ . 1 1= YYS—_———————
Superfamily: P-loop containing nucleoside 32 BOM e - < e e e AGDSEQTLANHOOPN- - - - -
triphosohate hydrolases LIXBY MET------mmommm- PGSLCKKVKLSNNAQNWGMQRATNVTYQAHHYSRNKRG - - QUV
1XMI STTEVVMENVTAFWEEGFGELFEKAKQNNN - - - - - - - - - - - - - - NRKTSN-GDDSLSFS
6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase, kinase 1K&M = --c---ooooooooo--. SPTMVIMYGLPARGKTYISTKLTRYLNFIGTPTKYFNLGOYR
Tymidylate kinase INNS ~—~ c-----oo-ooo-o-- ARRGAL TVLEGVDRAGKSTQSRKLVEALCAAGHR- - - - - - - - - -
Deoxycytidine kinase 1P&0 A-55---mmeee- EGTRIKKISIEGNIAAGKSTFVNILKQLCEDWEWY - --- - -----
Adenylate kinase 1RKB = -------e--mooo-a- MLLPNILLTGTPGYGKTTLGKELASKSGLK- - - - - YINVGDLA
UMP/CMP kinase 1TEV ~  =--=ecmmcemmomma- MKPLVVFYLGGPGAGKGTOCARTVEKYGYTHL - - - - - - - - - - -
Uridine-cytidine kinase 2 1032~ ------ooooooo-- GGEPFLIGYSGGTASGKSSVCAKTIVOLLGQHEY - - - - - - - - - -
Adenosine-5'phosphosulfate kinase 11XV G-TR----------- GGFRGCTVWLTGLSGAGKTTWSMALEEYLYCHGIPCYTLD - GONT
CFTR  LXMI NFSLLGTPVLKDINFKIERGQLLAVAGSTGAGKTSLLMMIMGELEPSEG- - - - - - - - - -
1KEM REAVSYKNYEFFLPONMEALQTR-KQCAL- - - - <= <<= <o m o mmomm e e oo AR
INNS e I
T T T Qs
1RKB REEQLYDGY-------- DE---E-YDCPT- - mmommmmmmmmmeee e e LD
ITEV  cmmmmmoeoeaao G o
WIZ e T8 T 1 T LS
1XBY ROGLNKNLGFSPEDRE - - ENVRRTAEVAKLFADAGLYCTTSFTSPYTQDRNNARQTHEGA
50 1

Fig.11 T-coffee alignment among different P-loop containing nucleoside triphosphate
hydrolases.

C. Ramakrishnan, et al. 2001
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P-loop
Walker A motif

What is important in the Walker A motif?

Variable quartet (XXXX), however G (12.3 %), A (11.9 %), S (9.8 %), V (8.4 %) and T (5.9 %) occur more
commonly than other amino-acids.

A glycine-rich loop.

Lysine (K) and Threonine (T) residue.

GXXXXGKT/S

iReM  |F-——-— - NEPTMVIMVGLPARGKTYI STELTRYLN-—-FIGTE]
lnve 0 mmmmmm e e e e e e e e e e e MASPREPVVLAGPECACEETLLEELFOEH-———-33IFISE
1NNy 0 T mm s e e e e e e e — SEHHMAARRSALTIVLESVDRACKEETORRELVEATL—————— AR
irep V- === === === ——— == SEHMATPPERSCPEAFZASSECTRIEEISTE SN T AACKESTFYNITEOL——————— CEDT
1PEE 2 T T T T e e e e e e e e s — IMLLEPMNILLT TP WVETTLEELASES————=—-LEY]
1Ty 0 T T T e T e e — — — —m— —— — MEPLVVEVLPCACRETOCARTIVER Y ———— -5 THI
iz 000 T e e s s e PoeMACDEEQOTLONHOOPHN = EPF LI GVICGETASCRIZVCARTVOLLONEVDY ROE
1xay METE =3 LCEEVEL SN AN EMORATHVT Y O AHHYSRNER OV TR FRECTVITLT L 3cAKTTVEMALEEY L——— - V- CHi=]
1xMr = | T e e m ATTEVVMENYVTAFWNERFELFEFEARONNNNREET SN EDD LA 3NEF 3L Le———-TEVLEL
4AFE 020 Fmmmmm e e s e e e e e e e e e e e e e e ——— MRITLL=ARPGACREETOAOFTMEREY - ———5—-TFi1]
47ME = 2= 020 T T e e e e e e e e e e e e e e — MREEYIVIESLESACETTARNYYVET-—-—-———— LEI
Clustal Cons *

Fig.12 T-coffee alignment among different P-loop containing nucleoside triphosphate hydrolases.

C. Ramakrishnan, et al. 2001



P-loop

Walker A motif

The glycine-rich residues in the loop
clearly play an important conformational
role in maintaining the structure of the
loop.

Fig.13 Gycine rich-loop

Fig.14 Glycine-rich loop.

Priva et al, 2011.
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P-loop
Walker A motif

The lysine residue in the consensus
sequence GXXXXGKT/S is crucial for
the direct interaction with the
phosphates of ATP.

The eight residue is usually a hydroxyl-
containing residue: a threonine or
serine.

Fig.2 Walker A motif..

Fig.2 Walker A motif.

C. Ramakrishnan, et al. 2001
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P-loop

P-loop and ATP

Fig.13 interaction between ATP and an adenylate

Fig.12 Interacion between ADP and an a. ki
inase.

C. Ramakrishnan, et al. 2001
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P-loop

Walker B motif

CLUSTAL W{1.60) multiple sequence alignment

The Walker B motif is another integral
Walker A

part of the ATP-binding site.

INKS e MEIGIVTGIPGVGKSTIVLAKYKETILDNQGINNKI INYGDFM

. . . IRKE e LMLLPNILLT L GKELASKS - - - GL - - KYINVGDLA

The aspartate residue is required for 1536 e MNIVLMGLPGAGKGTIQADRIVEKY - - - GT - - PHISTGOMF
ATP hydrolysis and is preceded by 2CON MGSSHHHHHHSSGLVPRGSHMRVLLLIGPPGAGKGTOAVKLAEKL - - -GI - - POISTGELF
ZECK  ememmmmeeeeas MRIILLGAPGAGKGTIQAQFIMEKY - - -GI - - PQISTGOML

four hidrofobic residues: hhhhD IA0K - XMEEKLKKSKIT PGSGKGTQCEKTVOKY - - - V- - THI STROLL

. Walker B

1NKS LATALKLGYAKDRDEMRKL SVEKQKKLOTDAAKGTAEEARAGG - - - EGKLFTDTHAVIRT

1RKB RE-EQLYDGY - -DEEYDCPILDE-- - - - - DRVVDELDNQMR - - - - - EGBVIVD- - --YH

1536 RA-ATQEGTE - - LGVKAKSFMDOGALVPDEVTIGIVRERLS - KSDCONEFLLOGFPRTVP

2CON RR-NIEEGTK- - LGVEAKRYLDAGDLVPSDLTNELVDDRLN- NPDAANEFTLDGYPRSVE

2ECK RA- AVKSGSE - - LGKQAKDIMDAGKLVTDELVIALVKERIA- QEDCRNEFLLDGFPRTIP

3ADK RA- EVSSGSA- - RGKMLSE IMEKGQLVPLETVLDMLRDAMVAKVDTSKEFL TDAYPREVK

1NKS PSGYLPGLPSYVITEINPSVIFLLEADPKITLSROKRD - - - = - < = <= < m o e o e mm e

1RKB GCOFFP------ ERWFHIVFVLRTDTN- -VLYERLETR- - - - - - Gommmmm e

1536 QAEALDOL - - LADMGRKIEHVLNIQVEKEEL TARLTGRRICKVCGTSYHLLFNPPQVEGK

2CON QAKALHEM- - LERRGTDIDAVLEFRVSEEVLLERLKGR - - - - - - Gommmmmmm e

2ECK QADAMK - - - - - - EAGINVDYVLEFDVPDEL IVDRIVGRRVHAPSGRVYHVKFNPPKVEGK

3ADK QGEEFE--- - - - RKIGOPTLLLYVDAGPETMTKRLLKR- - - - - - Gommmmmmmm e

*

Fig.15 Clustal alignment of Adeniylate kinases of different species.

C. Ramakrishnan, et al. 2001



P-loop

Walker B motif

Fig.16 Walker B motif (1RKB)

C. Ramakrishnan, et al. 2001



Thank you for your attention!
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