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Hz0-M  Dinitrogen N=N—M—/—N,
R

H N
€ 1, ¢ (FeMo cofactor)
H20-M-H Diazenido HN=N—M

I M N

H* + HO™ + M-H2 Diimino HN=NH—M

Hg{e

H20 + H2 H,N—NH—M Hydrazido
HYy .

H,N—NH,—M Hydrazine

+
Homocitrate H
e

Amido H,N—M NH;
H e

Redox Reactions in Dinitrogenase . —Plausible mechanism
Amine H;N—M involving the Fe-Mo cofactor

(M) binding directly to Na.

+ The net reaction of the nitrogenase complex: —Extremely complex redox

N2+8H*+8e +16 ATP =2 NHs + Ho + 16 ADP + 16 p;  reaction thatinvolves several

. - . metal atoms as cofactors
* Mechanism of dinitrogenase is poorly understood. and/or electron transporters

NH;




ANABOLISM lll: Biosynthesis
Amino Acids & Nucleotides

1) Nitrogen fixation: N, = *NH,4

2) Nitrogen assimilation: incorporation of ammonia into

biomolecules

3) Biosynthesis of amino acids
a) non-essential
b) essential

4) Biosynthesis of nucleotides

5) Control of nitrogen metabolism

6) Biosynthesis and degradation of heme; other 2°

products of amino acids

Biosynthesis Amino Acids &
Nucleotides

Two Important Enzymes in Nitrogen Assimilation by PLANTS

1. Nitrate reductase NO5;~ + 2 e~ > NO5- NO;
NADH
large, soluble protein —SH-> FAD—> Cytb,s,
contains novel Mo cofactor |~ MoCo —» 2™~
e frOm NADH Nitrate reductase

2. Nitrite reductase NO," + 6 e ®

found in chloroplasts in Fl
plants: e~ comes from 7
ferredoxin (Fq) Fd,s

in non-photosynthetic

microbes: e comes from
NADPH

Fe-S = Siroheme——»6e™ —

Nitrite reductase

NH;

Amino acids

o
. 0
—Mo==
H s
N

5
N0 o
H

o o

Mo cofactor

COOH

Mo J

COOH




Biosynthesis Amino Acids &

- Problem: nctaettjhto get ngw
Nucleotides &~
Ammonia is Incorporated into Biomolecules in PLANTS &
ANIMALS Through Glu and Gin in 2 steps.

Glutamate + ATP — y-glutamyl-phosphate + ADP
Y-glutamyl-phosphate + *NH4 — glutamine + P; + H*

*Glutamine is made from Glu

by glutamine synthetase ina SUOM:  Glulamate + NHy + ATP — glufamie + ADP + P+ H*
g
two-step process (we o NH;
discussed this previously when C—CH,—CH,—CH—C00™
. . H
moving ammonia from 00" o AP AGP [ 0O~ o Iwi o oo 5
1 1 xS . )*l _:_ ame. )_y ;L.' gy Jose ¢ l_i
extrahepatic tissues). i jm“" i i :u"‘ = ‘\m,l 5 _zm e
-Glutamate is made from GIn ™ Clutamine
and a-Ketoglutarate by a-Ketoglutarate + glutaming + NADPH + H+ —.2 glutamate + NADP*
glutamate Synthase (GOGAT) u-Ketoglutarate + *NH4 + ATP + NADPH + H* — glutamate + NADP+
a-Ketoglutarate, an +ADP +P;
intermediate of the citric acid e e
. Assimilation!
cycle, undergoes reductive .
L ; . But, let’s discuss GlySynthease....
amination with glutamine as
. (An alternative name for this enzyme, glutamate:oxoglutarate aminotransferase,
nltrogen donor. yields the acronym GOGAT, by which the enzyme also is known.)

Biosynthesis Amino Acids &
N u CIQOtid @S Whatabout GOGAT...

Structure of GIn Synthetase
ADP

Glutamate

Intracellular protein Catabolism

‘Mns pyrimidines, Nucleotides

Dietary
brotein

NHj =2

-— i
" A
' a—Ketog‘mﬁ*E%\ Glutamate

N, Aspartate Oxaloacetate ;.ms,uﬂ;z




Glutamine- NH

Biosynthesis Amino Acids & i
Nucleotides , (oo
HyN—CH
GOGAT, and many other oH, }"Hl
H CH, channel
GIn Amidotransferases m_g{\’é o
have similar mechanisms: ol
* There are two domains: Glutamine R
« one binds GIn amidotransferase S
+ other is aMiNO group acCEPLOr and  giutamine ed) s slessed as ';c,,o Ricoo-
binds substrate ::,I::bal;:m::::a:onlom o L Re-cHacHacoo-
Cys acts as nucleophile to cleave amide Gt wee a-ketoglutarate
bond of Gin b ooyt Activated
->Forms glutamyl-enzyme /,umm.
intermediate 00"
3 ] 9
->NHjs4 goes thru channel g R2-C-C00-
+ Then second substrate binds to o g
accept NH4 A _s_f Lot NH2
. 4 N R2-C-COO-
¢ In the case of GOGAT, there is o
another subunit to provide for the / GI"t =
reduction T kuuom )
NH; reacts with any of several (2] Glutamate

acceptors.

Biosynthesis Amino Acids & Nucleotides

Mechanism of Glu Synthase: GOGAT I g < £
a-Subunit (site 3) &

0 " 0 ¥

\ _Amido transterase
domain (GAT)

A} 3 ~ A ]
C—CHy—CHy—C—C00™ 4 11.0 _T. SHI»  C—CHy—CHy—C—C00™

HaN Plﬂls 0 X'I‘l";
A 780
Gln Glu #1

k‘v “COC—CHy—CHy ) .0 FMN binding domain
a-Subunit (160 kDa)
L mesyss B-Subunit (50 kDa)

o-Iminoglutarate

B-Subunit (site 1)

NADPH + H* —— FAD <— —— FMNH, u* bl e 5/ G
Y >
1 3Fe4S s 2

NADP* =— » FADH; —™ FMN =

H
“00C—CHy—CHy— C—C00™
NH}

Glu #2

a-Ketoglutarate + glutamine + NADPH + H* — 2 glutamate + NADP+




Biosynthesis Amino Acids &

Nucleotides

Ammonia assimilation
» Glutamine Synthetase

Coo™ ATP ADP Co0™ NH; P C00™
//0 //O . % [ /0
H—C—CH, —CHZ—C\ H—C—CH; —CH, —C H—Cl—CHz —CH, —C\
22 R
*NH, 0 *NH3 0ROs *NH; NH,
Glutamate Glutamine

» Glutamate Synthase: GOGA

coo- coo— NADPH
| + +
O=C| H3N —(IZ—H H* NADP*
CH, CH, CH,
| | glutamate |
CIHz C|H2 synthase CIH2
Co0~ C Co0~
07 NH,
a-Ketoglutarate Glutamine 2 Glutamate

Net: a-ketoglutarate + "NH, = Glutamate (ATP and NADPH needed)

ANABOLISM lll: Biosynthesis
Amino Acids & Nucleotides

1) Nitrogen fixation: N, > *NH,4

3) Biosynthesis of amino acids

a) non-essential

b) essential
4) Biosynthesis of nucleotides
5) Control of nitrogen metabolism

6) Biosynthesis and degradation of heme; other 2°
products of amino acids




Biosynthesis Amino Acids &
Nucleotides

Amino Acid Synthesis -
) Glucose s phosphate L2122, [Hiboses
Overview ‘,,,
Eoytiwssat. 3.6 Serine
*Source of N is Glu or NH,4* (via Gin) e i I—l'l__l
*Derive from intermediates of: L @
~ glycolysis Pt e nn!m — :'V,';‘:"":
— citric acid cycle Tyrosine | isoleucine
— pentose phosphate pathway /’ o
-Bacteria can synthesize all 20. —_— }.m,m....
*Mammals require some in diet: \ Vi
—Essential g
—Non-essential Aeparagine Giutamine

Biosynthesis Amino Acids & Nucleotides
Amino Acid Biosynthesis

Dr. Kornberg:
Lecture 04.07.17 (34:14-37:58) 4 min

Arg-Val-His-lle-Leu-Lys-Met-Phe Thr-Trp
Professor A.V.HILL M.P. was a Tea Totaller




Biosynthesis Amino Acids &
Nucleotides

Non-essential Amino acids:
These are very few steps and often the same
enzyme(s) used for degradation. Profossor AVHILL M was a Toa Totaer

AA #steps degradation From? Ghvcssa
Ghucose & dsteps, Miboses-
Asp 1 v OAA s
Glu 1 v o-KG Transaminase route -
== 3rhosphoglycerste ——
Ala 1 v/ Pyr !
Ghycine
Cpsteine
Asn 1 - Asp Amidation route [
Alanine
Gln 1 — Glu ameine H— o]
Pro  3(1) (V) Glu/Arg} GiuFamiy 75,
Ser 3 - 3PGA —
Gly 1 v Ser 3-PGA Family [ | ]\\//l | ]
Cys 2 / Ser/Met From Essential Famil : :
i ily Maparsgion Ghaaming
Tyr 1 v Phe e e
Red=biosynthesis specific _Green=essential
Biosynthesis Amino Acids &
Nucleotides
Trgnsgminase route Amidation route
\, //U 0 (v]
0. 0 ¢ N2
NI 1 0 0 C
\| 2? \cy H. »(I:H
HN*—C—H  + CH, | |
| | =C CHy
CH. CH, .J- <|:H
< 1\ o [ AMP + PPi GIn + ATP
o N GPTA A e
12) a-hetoghutarate l.lm .',.I-/.. 0,
o P N - N e~ o_ 0
\(\:// 0 =i E \Cy- »-,','-—E-{ c/:o e o oo i//
l ——c‘:—n i (l:n_. guamate ansioetn _é é-q. (I:H’NN, ! ! HN 777"
e (I:N7 P H; ’I' ! é-{‘ N—(IZ——NH h::l
L [ GOTA % e C | — A
o7 N\ A A oo0: ‘
oz PR , e -Asparagine -
N //D oy B c\c//o céo " o O\C//u
—EN \(l:/ o.:é (I;H, 3 i H '.‘—t::H
‘lm: + 0 ,—(l; L\mm:xe ansloscetate (::N: N i éH r ?H:
! s > : jutamine
i y GOTA i s H—%—NH,‘ "
A ,/c\ A 3 €00~ r/c\
N ’ ADP NH,* +ATP




Biosynthesis Amino Acids &
auramiy: ro v NUClEOtIOCS

n,cl—cn,
HiC | H—C00
3 : ; 2 3, [Profine] NADP- + H+
(IOO 00 <00 —
HyN—C—H HN—C—H HN—C—H o H %0,
. et )
CIN) "o Ures (|N, :I:::“ Glutamate t'n, W0 .0 Al-pyrroline-5-carboxylate reductase
i W4 b / L / HyC——CH,
(I"' arginase ,(I”' ornithine b-aminotransferase (,=° T HE | CH—C00™ NADPH
v'm NH, > H :
o OmIlhkn‘ Glutamate runnnn A'-Pyrroline-
NH, 'o. y-semialdehyde S-carboxylate
A i -«
rginine . o ?
a n® . .
vanaas F In mammals, Glu is only a-Ketoglutarate
%oo- reduced in intestines. Then the
. Lo “""7“'“ n,ﬁ—%—« semialdehyde goes to Orn and l
N O CH—CH-C00 ™~ Ormithil
i b through Urea Cycle to Arg. In
ornithine |~ Carbamoyl phosphate f g
carbamoyl- i most tissues, it is converted to
transferase L €00

Arg using the degradation
pathway for Pro. / i

argininosuccinate {7 T+ sspertats corn oxaloacetate
e aspartate |Glutaminel Proline Arginine

ICitrulline

Argininosuccinate <00
d=0 In bacteria, Glu is acetylated. This
argininosuccinase Fumarate i . . .
5 il limits the un-catalyzed cyclization
“"‘}_:_Q.H..,_%_n;w it of the Glu-semialdehyde before its
e e converted to Orn.

Biosynthesis Amino Acids &
=< Nucleotides

Serine Derives from 3-Phosphoglycerate of Glycolysis

C00~
H CI OH CIOO_
——— +*
| 3-Phosphoglycerate H3N—C—H
H—C—O—® phogly = |
| CH20H
H phosphoglycerate 9
NAD+ dehydrogenase [ P;
o S phosphoserine
s = phosphatase
NADH g
2 g Hzo
00~ 3 x Co0~
=0 u! Z’ HsN—C—H
= 3N—C—
CH2—0—(®) CH,—0—@)
phosphoserine
aminotransferase
PLP
+ Oxidation > transamination > dephosphorylation

to yield serine




Biosynthesis Amino Acids &
l?;:nc:pé::;:i!;rFamily: Gly, Cys N u c I eoti d es

Serine contributes to Glycine and Cysteine

Glycine is reverse of degradation Cysteine carbons are from Ser
A Bacterial/plants . I
i P [ene i<
CH,—C00"~ ﬁ“’
N5, N'-methliene Sulfation OH
H, fol A
o H;°°°‘° o’ » through APS "!c_</°
et f e R s steson Lacayrasiri s opsu * <00
H, folate —fF—— -
AAAAAAAAA :o,: 00"
r;m, '4—%*0* o ] O-Acefylserine H,&—f—u
HO—CH,—CH—C00~ o ng— e M
3 ™ 0
° cl=o
&,
O-au\ylseviner"m
(thiol) lyase CH,C00"~
A 4
%
. | Cysteine | HyN—c—H
In bacteria and plants, sulfates are the source of rough APS. _ ¢ _I“?
In mammals, the Cys-sulfur is recycled from methionin radation...... dn

Biosynthesis Amino Acids &

3-PGA Family +

From Essential Family: Cys, Tyr N u c I eoti d es

3 +
NH; NH;3 _ ok
CH,—CH—C00 "~ H3C—S—CH,—CH,—CH—C00™ 7 “\Am S
>3 T =
Phenylalanine ) 7 -
0, 3$tepsl e B
phenylalanine NADH +.H+ . o+ —
hydroxylase tetn:::)d:oblopterm NH; Biosynthesis
H,0 HS—CH,—CH,—CH—C00"~ of Cys from
. Homocysteine Homocysteine
NiYs .. |ere and Ser in
| B cystathionine [ _"c .o
HO CH,—CH—cod B-synthase Mammals

c_nc cystathioninel""-P l
The sulfur for Cysteine and L
nearly all of Tyrosine come
from Essential Amino °0¢—§H2—Hs + HS—CH,—CH—Cc00™

A o
Acids a-Ketobutyrate

via same enzymes used in degradation

+
NH3




Biosynthesis Amino Acids &

Nucleotides
s 1. Essential Amino acids: i
w1~ I» These require many steps — [~ .
Gl 1 o and unique to those used for " : =
Pro 3(1) (%) Glu . ey
Ser 3 wpoa  degradation. —— |
Zh 1 * S[u( \ T " —
ys 2 * Ser, o
EF;I 1 * ; e u___/ \“*’__

Met 7 —Asp/Cys/THF/Glu N A

Thr 5 —Asp/Glu S—
Asp/Pyruvate Family < L‘y o 9 —Asp/Pyr/Glu =

Ile 10 —Asp(Thr)/Pyr/Glu

Val 4 —Pyr/Glu

Leun 7 —Pyr/AcCoA/Glu

Aromatic Family Phe 10 —E4P/PEP/Glu
Trp 12 —E4P/PEP/GIn/R5P/Ser
His 10 —R5SP/ATP/GIn/Glu

Histidine

Biosynthesis Amino Acids &

Lenie e e va .o NUCI@OtIAES
Aspartate

Oxaloacetate . / \ \
Yields Asp, Methionine Lysine Threonine
which Yields Met
and Thr, which
along with - - .
Pyruvate Yields Valine Leucine Isoleucine
Lys, Val, Ile and \ /Acety..COA
Leu, which needs
Acetyl-CoA Pyruvate

10



Ha+

Asp/Pyruvate Family ol

4Asp + SPyr + 1 Acetyl-CoA + GATP + 6NADPH + 2NAD+ + 2 H* + Me-THF > L [Threonine |
Lys + Met + Thr + Tle + Val + Leu + SNADP*+ SH" + 6Pi + 4CO2 + 2NADH + 4H:0 + THE ATP. 1 ’ l

pT
®—c—c—c—co& p-p-phosphate

‘Same as in catabolism

NADPH
o
- " Har P QH R N
‘Speclflc for anabolism Asp Idehyde He-C-C-C00- -00c-C-c-C-c-c-coo- * g J
SB/dehy Z
NADPH ? NADPH
ATP -00c-C-C
l]lHA‘ [fH4+
@o—oc—ocoo s Ho-c.c.c.coo- | Homoserine « X
[} = OH
'Succ-CoA
® NHA‘ Succ-CoA }
-C-C-C-C00-
CH?'IH;;O' Cys OOC—?—C'C'C'C'COO’
Sl Suce al Succ-NH
u
- Har Har Hae
4 ooceesEeecoo | L -00¢.6-c.c-c-t-coo-
? Succ-NH
c-c-C-Cco0- m - Suce * Hat
C-C-C-C0O0- 4 C-C-C-C-C-C
etobutyrate G cclcoo -00C-€-C-C-C-C-C00~
c|=o NS-methyl-THF l homocysteine ‘Nuv
[ Ha* Ha*
IfHA‘ -00C-C-C-C-C-C-Co0-
- Co2
Ho-¢.coo- Ho-¢-coo” N
con P @ (T [ E2J ooctcccc
C-C-C-OH c | ol -00C-C-C-C-C-C-NHa:
| C

C-C-CoA 1:{00* Hofrfrcoof o=<frcocca>|*
02 u

v | |
cd c c ¢ Nap:
| Glu a-ketoisovalerate

c

-C00- \_ HO-C-COO- ccoo- ¢ €-C-C-C-CO0-
H A | — ! ;}
e e cc ot 7'4 C{I !
|
C

Hat
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