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Natural Product Biosynthesis

Relevance of natural products in the pharmaceutical industry (see Table 2 in Butler J. Nat. Prod. 2004, 67, 2141-2153.))

Table removed due to copyright reasons.



5.451 F2005 Dewick: pp. 421-454
Peptide Biosynthesis Chem. Rev. 2005, 105, 715-738.

Non-Ribosomal Peptides

« small (10-20 residues) (ribosomal much longer)
* unusual amino acids

« stereochemistry D (R) an- 1!5’
« cyclic
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Peptide Biosynthesis

PCP --> Peptidyl Carreir Protein
T --> thiolation domain

Non-Ribosomal Peptides

Catalyzed by Non-Ribosomal Synthetases
4 Major Steps:
Priming, Initiation, Elongation, Termination

catalytic
domains phosphopantetheinyl group i
Priming \' QNfN @ o
l i/\ o) o 0 | N N/)
HS 0-P-0-P—0
ey N Hkﬁ(’ o o koj E—
| | — > PO OH
single polypeptide | |
protein
CoA
0 PCP
3
serine
PPTase
0 0 9
SH P-

catalyzes transfer % _

OH

;{o—" O\X)LN/\)LN/\/SH

phosophopantetheine (attached to serine)

* a phosphopantetheinyl transferase attaches a phosp. group of CoA
to serine in PCP (or T)

* provides a long (20 A) thiolate handle
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Peptide Biosynthesis The specificity of the amino acid is encoded
Non-Ribosomal Peptides into the A domain protein sequence

Chem. Biol. (1999) 6, 493-505.

Initiation - Installation of first amino acid.
Chem. Biol. (2000) 7, 211-224.

An A (Adenylation) domain will activate the amino acid as the AMP ester
(activating group).

Sequester it --> thiol arm can attach

Initiation
R R
Co 0 .
& HaN HoN mp thioester
gH o O-AMP S
HQN)\( ATP [ —»
OH SH
NH, N LSE NH,
HO-P-0-P-0-P-0O N N/) R > 3 j)J\O-I?—O N N,/I HO—FI’:O—FI’:OH
S s (A domain) A o
pyrophosphate
OH OH OH OH | (PPi)

|
AMP ester AMP
Free energy of hydrolysis (AG) of ATP to AMP + PPi = -32 kJ/mol

Nature uses AMP as activating group for amide bond formation

The A domain needs to pick out the AA in great specificity.

Adenylation domain is responsible for substrate specificity. 5



A domain kind of like a codon in Ribosomal system

5.451 F2005
Peptide Biosynthesis
Non-Ribosomal Peptides

Redesign efforts:
J. Comp. Biol.
2005, 12, 740-761.

1) "swap" A domains from
another pathway

--> interferes w/ protein
iinteractions found in remainder
of pathway

2) point mutations.
(SDM).

Phe --> Leu
Asp --> Asn
Glu --> GIn

*Phe A domain crystallized -->
contacts w/substrate noted

10 protein aa's that made contect

*can predict which aa activated
by substrate

The specificity of the amino acid is encoded
into the A domain protein sequence

Table 1 in Chem. Biol. (1999) 6, 493-505.
Chem. Biol. (2000) 7, 211-224.

Table removed due to copyright reasons.



5.451 F2005 C = Condensation Domain. --> Amide Bond Formation.

Peptide Biosynthesis Protein Sequence: His @(xx Xxx Xxx Asp Gly

Non-Ribosomal Peptides
general base to deprotonate amino acid amine

R O
3) Elongation HsN +
) g 3 sH HaN s
Amide Bond R Ri
Formation

NRPS1

Amide bond formation catalyzed by C (condensation domain)

a) amide bond.

b) sequentially transfering peptide down
chain of NRPS

4) Termination TE = thioesterase.

thioester linkage --> ester attached to a serine on the TE

R (0] R O
Y i R
Q O,,_H——serine S
R O R (@]
H.O OR R’OH OR R’NH2 R.__O
& =5 \C],//H —> \oir —» Y

NHR'
L—) Acid ester
instead of TE amide
Transfer to active site serine of thioesterase (TE) domain (thioester to ester chemistry) linkage

Hydrolysis to form acid; or
Cyclization with hydroxyl to form cyclic ester (lactone); or
Termination can also be mediated by last C domain and amine to make amide (or lactam)
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Peptide Biosynthesis
Non-Ribosomal Peptides

An “assembly line” that is synthesized by large enzymes with various catalytic domains (represented by a box)
Recent review: Science (2004) Vol 303, 1805-1810

R/\
+ 0 0

H O
SH + (9] H2N S
i HSN\I)LOH i Rz i o i
R
2 A domain )
protein 1 loads onto PCP proteln 1 protein 2 > protein 1 protein 2 j)\
C, domain S
primed catalyzes amide bond Rs

C, domain

NRPS. catalyzes amide bond

protein 3

R 4 O Ry , O R O BRs
HSR/HFN%HMN\I)L,?S H3L)\WN7)LHMS
R 4, O R , O O R» O Rn < SH O Ry o)
+ N N
Sy o - :
O R O Rn a <

protein n

acid <

protein 2 protein 3

3

H,O
2+ R , O
HaNJ\rr Substrate specificity (for the most part)
Ry H controlled by the Adenylation (A) domain

8

st -

ester protein n

(terminal condensation domain --> amide)
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Peptide Biosynthesis
Non-Ribosomal Peptide Biosynthesis: Can a biosynthetic pathway be predicted from the structure???

Daptomycin
plomy lipid O
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Peptide Biosynthesis
Non-Ribosomal Peptide Biosynthesis: Can a biosynthetic pathway be predicted from the structure???

1. Recognize the amino acid building blocks and trace out the amide-bond backbone chain.
2. The peptide natural product is most likely made by the nonribosomal peptide synthetases if:
* Its cyclic. Look for the point of cyclization-
may be an ester. may be an amide bond formed with an amine side chain (l.e. Lys)
* Its a small peptide (less than 20 residues)
+ It has unusual amino acids (A domains can incorporate unusual amino acids) or D amino acids

3. Identify the modifications to the basic peptide structure.
The most common modifications are:
Cyclization of cysteine, serine, threonine to thiazoline, oxazoline (Cy domain that replaces C domain)
Oxidation of thiazoline/oxazoline to thiazole/oxazole (Ox domain)
Reduction of thiazoline/oxazoline to thiazolidone/oxazolidone (Red domain)
N-methylation of amide amine(MT domain)
Epimerization of L amino acid to D amino acid(E domain)
Hydroxylation at the beta carbon position of the amino acid side chain (Fe containing Ox domain)

The protein domains that catalyze these reactions are typically adjacent
to the C-A-PCP core domains that make the amide bond

Addition of lipids, fatty acids, sugars happen after the core of the peptide has been formed, and the peptide has been

released from the peptide synthetase by the thioesterase (TE) domain.
We will discuss glycosylation later

10
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Peptide Biosynthesis

Non-Ribosomal Peptides

Elaborating the structures produced by the peptide synthetases
Catalytic Domains added into the primary amino acid sequence

Cyclization (Cy) domain replace C domain (His-> Asp mutation) (no extra domain.)

H

. at
\é\% g \/{\ ﬁ, LL(N\/I%;&_(E

H,O 0

Glycine Cysteitia not observed dehydrates

%ﬁi“ o jYx Y \/Lﬂ(ﬁ“

Serine
JHo. o
H
L —dfip <t
H
o) H,0
Threonine

mechanistic difference between C and Cy domain???

H
B
&t

Cys to thiazoline

Ser to oxazoline

Thr to methyloxazoline

Reduced
OR
Oxidized
OR

Left as is.

11
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Peptide Biosynthesis
Non-Ribosomal Peptides

Elaborating the structures produced by the peptide synthetases
Catalytic Domains added into the primary amino acid sequence

Reductase (Red) domain

utilizes NADPH cofactor to reduce

(J. Bact. (2001) 183, 813.)

HH O 9o
= NH
NH 2
I
O
o R
OH OH
0-P=0 e
O‘E‘O N" N7 OH s H 2 S_)<COQH
. "
5 RS
S
OH OPQOz* - ;
Yersiniabactin
NADPH NADP+
hydride

(NaBH,, NaCNBH,)

thiazoline to thiazolidine (oxazoline to oxazolidine)
note: uses NADPH as reducing agent

12
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Peptide Biosynthesis
Non-Ribosomal Peptides

Small molecules that are attached to proteins that facilitate particularly difficult chemistry

Cofactors to recognize and the reactions they catalyze:

Oxidation:
flavin

R R
|
N. _N._O N. _N__O
T — 1
N \ NH
0 H o

Oxidation:
Iron, with the appropriate ligands

Reduction: HH O H O

| | | +
O N~ — » N
oy ;
OH OH
~0-P=0 NH,
0 NN
. ¢
0-P=0 N N/)
0]
@)
OH OPOz*
Methylation:
SAM
NHz NH,
N X
N N
7 N
+ <N |N/) ¢ /J\l
S S N™ N
O —_— o
HoN HoN
OH OH
CO.H COLH OH OH 13
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Non-Ribosomal Peptides

Small molecules that are attached to proteins that facilitate particularly difficult chemistry
Cofactors to recognize and the reactions they catalyze:

(not used in NRPS but see in other 2° metabolic pathways- will encounter later)
Transamination:
pyridoxal phosphate

CO,

H
R>kNH2

H (0]
_ o
_O3PO =
Z)

N
H

=03PO

Carbanion for decarboxylations:
thiamine-PP (TPP)

J}/\' NHy
G " K'g’y
A\NI )\\s ]

3. 5 ——>» decarboxylations, etc.
OP,0¢ PR | I OP,0

14
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Peptide Biosynthesis
Non-Ribosomal Peptides

Elaborating the structures produced by the peptide synthetases
Catalytic Domains added into the primary amino acid sequence

Oxidase (Ox)) domain
utilizes flavin cofactor to reduce

B— o
Oxidase | |
domain oxidation

thiazole

\/ #

Cy || A ||Red || Ox ||PCP

thiazoline thiazole

(
H H
R H ST
'-!lL/N\/Q‘N L1 I HE/N\/Q‘Nj\”/LL'L
o)

examples: bleomycin, epothilone

thiazoline to thiazole (oxazoline to oxazole)
note: uses FMN as oxidizing agent

oxazole)

15
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Peptide Biosynthesis
Non-Ribosomal Peptides

Elaborating the structures produced by the peptide synthetases
Catalytic Domains added into the primary amino acid sequence

Epimerase (E) domain
(JACS (2001) 123, 11208.)
B:~" \

r“;\,‘g_(o ‘Q/*NHQ
.HQN\I)\ HQN _ ”,O a ~Q—NH 0 O " HNHN 0
@& O/ J}NH HN%}—/

Gramlmdln S

+
W
I o

N Methyl transferase (MT) domain

NH,

N\ S Adenosyl methionine
/4 n "
<N IN,) (SAM) --> “CH,-I

&

(@]
HoN
CO,H OH OH
(@]
H2N\)j\s
8Bi— P,

Cyclosporin A 16



mid 1950s isolated enzyme from human lines --> added CO, UV absorbance
shifted to 450 --> hence P450

5.451 F2005

Peptide Biosynthesis

Non-Ribosomal Peptides

Elaborating the structures produced by the peptide synthetases
Catalytic Domains added into the primary amino acid sequence

Hydroxylatlon by P450 enzymes

ﬁ)\ NADPH NADP* S HaNOC NH2 o
H
NH NH
§ J: oo s&(m NH

NH, ; Fd<— Fd Red

!
Me O OH
| OHO (s
OH >
HOHC ﬁ Bleomycin
OH
OCONH2

Hydroxylation at beta carbon

1) handle (bleo)
2) further rearrangement --> novobiocin

CO, CO»

Hijacking of the NRPS/hydroxylation machinery to make non-peptide structures
Using a thioester tethered system to make a dedicated pool of non-proteogenic amino acids

0
H
H2N N
OH NH, | N)%o
N
\
0 oH
/N Me O /
OH OH 17

Novobiocin Nikkomycin
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Peptide Biosynthesis

Non-Ribosomal Peptides

Elaborating the structures produced by the peptide synthetases
Catalytic Domains added into the primary amino acid sequence

Hydroxylation by P450 enzymes: Basic idea of how heme works

Figure removed due to copyright reasons.

Scheme 4.27. Silverman, The Organic Chemistry of Enzyme Catalyzed Reactions.

18
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Peptide Biosynthesis

Non-Ribosomal Peptides

Elaborating the structures produced by the peptide synthetases
A single APCP protein is recruited to make a coumarin structure

p-keto
0] OH O O O
I W 2 $ S
/O/YLLOH HO NH, HO NH»> NADP+* HO NH,
HO NHp — —> —>
L-Tyrosine Novl NovJ/K
P450
NovH B hydroxylation
Novo methyl
transferase
OHEO3 OH O (SAM)
OH NN /9} =~ 5
CEF
~ 2 NH2
HO
@ NovC ? HO
HO O 0 <+— <
4-hydroxy-3-amino coumarin P450
cyclize
OH cleave thioester
HO l NovL
) NN
HoN__O OH

it B

OH
OH ’ OH o
~= e o bt
(@] . O (@] (@]
HO 0" "0
Novobiocin 19

novobiocic acid



Chlorination most common
Bromination in marine based Nat. Products

Limited fluorinases
5.451 F2005

Peptide Biosynthesis
Non-Ribosomal Peptides
Catalytic Domains added into the primary amino acid sequence

Halogenation (Chlorination)
PNAS, 2005, 102, 10111-10116

=
<
5
2
o

pyoluteorin

syringomycin E

OH

ey : O clorobiocin

Fluorinase _ . .
Nature (2002) 416, 279 Copyright 2005 National Academy of Sciences, U.S.A.

20



5.451 F2005

Peptide Biosynthesis NHz
Non-Ribosomal Peptides H':'“-;_ g B
Catalytic Domains added into the primary amino acid sequence : NVJ-L_
H H” |
Halogenation (Chlorination) MMWNJ;(&D I\ ;g\/\ NHe-
PNAS, 2005, 102, 10111-10116
OH O H{J?:: I'IIC] :l
:}%;' ”
Cl

syringomycin E

O
HO\"\YU\S

NH,
' » .
L-Threonine SyrB2 —»  NRPS synthesis
halogenase

iron containing protein
non heme iron

21

Copyright 2005 National Academy of Sciences, U.S.A.
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Peptide Biosynthesis

Non-Ribosomal Peptides

Catalytic Domains added into the primary amino acid sequence

Halogenation (Chlorination)
PNAS, 2005, 102, 10111-10116

cofactor
alpha keto glutarate

3 _R
00C H3C
H2(|) i
3 . His O, Il FIS
o-KG O, FII s 7_.‘ /F
o0~ N R @) \Asp
o | "Asp p O | o,
CIH,C-R His substrate e
product
_R
R HaC
generate radical HaG O,
using activated ( O|H o |II “His
oxygen W H "Fel
oiR=Fe " & 0/| asp
| Asp His
R R
His HsC HaC” »;
\ T|) (”J / --> COy
Cl—F IV‘\\\HIS f RYO! IV.,wHis
| Asp ligand | \Asp
His substitution C02 His .
activated
oxygenase --> hydroylates oxygen species

oxidadase --> oxidation (not necessarily hydroxylation)

Copyright 2005 National Academy of Sciences, U.S.A.



5.451 F2005
Peptide Biosynthesis
Non-Ribosomal Peptides

Elaborating the structures produced by the peptide synthetases

H
H HoN N S
B-lactam HzNY\/\WN S M ;
COOH O N\)< o © NF
. o

bOQH COy’

Isopenicillin N Deacetoxycephalosporin C
HS

COOH O HQNj\fO HNj:fo

. 2

N S~ L I
—>
A PCP C A PCP C A PCP E TE
adiapic acid cysteine valine

0
HoN H S—llzle—E O \_/
Y HoN N on
COOH O 4N N YN Y
00 “— N o

~ COOH O, X <+ HZNY\/\[(N\/lJ\N/\[(OH
HO,C rd ?\ INS CooH 0 " 0
_ electrophile  fe=0 “SH
l Ring 1 E Nucleophile
OH H

H —Fe— HoN N S Nature (1998) 394, 805.
HZNY\/\WN TreE Y\/\[r J< Nature (1999) 401, 721.
COOH O N —> COOH O j/:N

(0] B
e} \—< I - CO,H 23
N sopenicillin N
HO.C P
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Line
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Line
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Peptide Biosynthesis

Non-Ribosomal Peptides
Elaborating the structures produced by the peptide synthetases

H
H2N/,'MN S
0]

COOH O
CO-H
Deacetoxycephalosporin C

HZNMN s epimerization HZN/I'K\/\H/N S DAOCS H2N/,‘(\/\H/N S .
]/:N\)< o) ]/:N\)< COOH @) j/:N\><
O ‘ )

COOH o COOH )
P - non heme iron -
COH COH 4 KG cofactor COoH

Isopenicillin N
Ring
expansion

substrate

H H
HoN,, N S HoN,, N s
Y Y
o) N__ +— COOH O N
o

COOH
o :
COzH COzH

24
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Peptide Biosynthesis

Non-Ribosomal Peptides

Elaborating the structures produced by the peptide synthetases

glycosylation

/also note halogenation

oH — B hydroxylation

b \jj “CHg _~N-methylation

/ Vancomycin
nonproteogenic

a.a. --> biosynthesis whole class of vacomycin-like antibiotics

P450 enzymes also catalyze C-O and C-C bond formation:
Oxidative Crosslinking

Angew. Chem. Intnl. Ed. (2003) 42, 730.

23
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Peptide Biosynthesis

Non-Ribosomal Peptides

Elaborating the structures produced by the peptide synthetases

P450 enzymes also catalyze C-O and C-C bond formation:
Oxidative Crosslinking

Figure removed due to copyright reasons.

See Scheme 24 in Angew. Chem. Intnl. Ed. (2003) 42, 730. 26
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Peptide Biosynthesis
Non-Ribosomal Peptides

Elaborating the structures produced by the peptide synthetases

CepF
—>

CepG

. o Genetic knockouts --> analyze culture broth for products
Never reconstituted in vitro

Timing unclear --> scale up

revealed lots of truncated peptide products

27
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Peptide Biosynthesis
Non-Ribosomal Peptides
Review of Peptide Modifications

. Cyclization (replaces C domain): amide bond formation (not shown) and then cyclization/dehydration

OHS S S H
H ’ H 1& H . .
/N\)J\N ‘7?1 ‘7?1/ \/,LN —_— /N\//\\N ’L‘Z Cys to thiazoline example: yerS|n|abact|n
'7’?. H HO H iﬁ- H
o] o 0
H
HO
H O H O H 0 H
/N\)J\N % ‘z{NV/\Nﬁlﬁ(‘%‘ — %{NVA\N *  Ser to oxazoline
kY N HO H H
o] O o]
JHO. o o
H ., H
N N % K/NV/LN & HKNM&N/T\H/E‘L Thr to methyloxazoline
% N HO H A
0 O 0
2. Oxidation

examples: bleomycin, epothilone

H
H s H S H thiazoline to thiazole (oxazoline to oxazole)
”{N \/L\N HE/H \/Q\NA\X\[(%, note: uses flavin as oxidizing agent
H 5 5

3. Reduction

H
S H S H thiazoline to thiazolidine (oxazoline to oxazolidine)
H H te: NADPH as reducing agent
_N S —> N 51‘ note: uses g ag
kY \/&N - \/LN example: yersiniabactin
H .77?. H
0] 0]

28
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Peptide Biosynthesis
Non-Ribosomal Peptides
Review of Peptide Modifications

4. N-Methylation (MT)

HN JJ\ HN QJ\ S
note: uses SAM as methyl source
example: cyclosporin

5. Epimerization

HZN\)J\ H2N\)\ HoN

I -

6. Hydroxylation
O OH O

Ry LU
HO NH HO NH

Ox-Fe A PCP

S
g

m example: gramicidin

note: uses heme-chelated iron as oxidant
example:bleomycin, ramoplanin, novobiocin

29
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Peptide Biosynthesis
Non-Ribosomal Peptides
Review of Peptide Modifications

7. Halogenation (chlorination most common)

OH O OH O

|
S ¢ S

NH, NH2 note: non-heme-chelated iron as oxidant
example:syringomycin

Dx-Fe A PCP ’ Dx-Fe A PCP

Major changes to the peptide backbone structure are typically carried out after peptide biosynthesis
Most important examples:

Oxidative crosslinking in vancomycin biosynthesis

B-lactam formation in penicillin/cephlasporin biosynthesis

Also occuring after peptide biosynthesis:
Glycosylation of peptide (will be discussed in detail later)
Derivatization with lipids

30
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Peptide Biosynthesis
Ribosomal Peptides

- standard ribsosome-based protein synthesis of standard linear peptide

* proteolysis and post-translational modification occurs after protein is translated
- examples are microcin and lantibiotics

(most peptide based natural products are synthesized “non-ribosomally”)

Lantibiotics
Chem. Rev. 2005, 105, 633-683.

Chemical Reviews, 2005, Vol. 105, No. 2 635

| 0 AIaHLeu\
HM / Met
o Leu ¥ 0 E
o=(=  NH § 7Y
HN }NH -y W
@D " SL}DME

Q NH Met
H -y O Me MNH l:-&' ~ “LYS
! Pro—Gly SN o \

lle NH
.ﬂ.}a
Lys Me” s
HM
O
Me
HN N 0
N H
"-"ﬂ"'l-jlllls _His
lle g, H
0]

Figure 2. The structure of nisin A
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Peptide Biosynthesis
Ribosomal Peptides
Lantibiotics

standard peptide biosynthesis on ribosome

Figure removed due to copyright reasons.
Please see Figure 4 in Chem Rev 105 (2005): 633-683.
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Peptide Biosynthesis
Ribosomal Peptides
Lantibiotics

Figures removed due to copyright reasons.
Please see Figures 22 and 23 in Chem Rev 105 (2005): 633-683.
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Peptide Biosynthesis
Non-Ribosomal Peptides

What is a gene cluster?

* The genes that encode the
biosynthetic enzymes next to
each other on a chromosome

+ Gene = open reading frame
(ORF) = ATG XXX XXX XXX ...
... TAA

start/stop codon “in frame”

(multiple of 3) . :
Figure removed due to copyright reasons.

prokaryotes (i.e. bacteria)
many yeast/fungi (simple eukaryotes)

34
Figure 3 in Microbiology, 2005, 151, 1507-1523.

Daphomycin Biosynthesis





