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Abstract: The emergence of antimicrobial resistance has led to an increase in research directed toward
the engineering of novel polyketides. To date, less than 10 000 polyketide structures have been discovered
experimentally; however, the theoretical analysis of polyketide biosynthesis performed suggests that over
a billion possible structures can be synthesized. Polyketide synthesis, which involves the formation of a
linear chain and its subsequent cyclization, is catalyzed by an enzyme complex called polyketide synthase
(PKS). There are a number of variables in the linear chain synthesis controlled by the PKS: the number,
identity, stereochemistry and sequence of the monomer units used in the elongation steps, and the degree
of reduction that occurs after each of the condensation reactions. The theoretical analysis performed
demonstrates that changes in these variables lead to the formation of different polyketide linear chains
and, consequently, a high diversity of polyketide structures. The complexity in the number of possible
structures led to the implementation of this system in BNICE, a computational framework that generates
all possible biochemical pathways using a given set of enzyme reaction rules. This formulation allowed the
analysis of the evolution of diversity in the synthesis mechanism and the construction of the pathway
architecture of polyketide biosynthesis. It is expected that, after future implementation of the cyclization
reactions, this framework can be used to identify all possible polyketides and their corresponding synthesis
pathways. Consequently, this formulation would prove useful in guiding experimental approaches to engineer
novel polyketides, a number of which will likely have medicinal properties.

Introduction in identifying possible pharmacological targets; once targets are
identified, their synthesis pathway can be determined, thereby

a growing concern for the development of new drugs, motivating gwd!ng the design of the metabolic actions required for pro-
the study of polyketides, cellular metabolites that are widely duction of the target molecufe.

used in human and veterinary medicine, agriculture, and animal  The carbon backbone of the polyketide structure is synthe-
nutrition Figure 1 shows a number of polyketides that, in Sized through successive Claisen condensations of acyl coen-
addition to having large structural diversity, have a wide variety Zyme A monomers, or chain elongation steps, a process cata-
of pharmacological usés? The synthesis of these metabolites lyzed by an enzyme complex termed polyketide synthase, or
is a complex biological process, involving the formation of a PKS. The PKS of reduced polyketides, specifically, consists of
linear chain and its subsequent cyclization. The variables & series of modules each of which direct the synthesis of one
involved in the synthesis of the linear chain, such as the choice elongation step. Each module is composed of a number of
and sequence of monomer units and the degree and sequencenzymes, including a ketosynthase, an acyl transferase, and an
of reduction, affect the final polyketide structure and are acyl carrier protein (ACP); additionally, it can include a keto-
specifically controlled by the various enzymes that direct the reductase, a dehydratase, and an enoyl reductase enzyme for
synthesi$. Consequently, it would be useful to determine the reduction®?” The synthesis originates through recruitment of the
number of possible structures that can be synthesized throughstarter unit by the acyltransferase enzyme of the PKS loading
manipulation of the different variables involved in the synthesis. module; the first module then catalyzes the first elongation step,
A computational framework would allow a more thorough and the chain is subsequently transferred through the remaining
analysis of the complexity in the polyketide synthesis process. modules, which catalyze the remaining elongation stéfs.

In addition, it would allow the identification of all the possible  After the full-length chain is synthesized, a number of cycliza-
final polyketide structures, which would prove advantageous

The emergence of antimicrobial resistance has given rise to
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Figure 2. Schematic of an elongation step. The substrates for the elongation
reaction are the extender unit attached to an acyl carrier protein, or malonyl-
ACP (a) as shown in this example, and the growing linear chain (b) attached
) . ) ) o to the PKS complex. The extender unit undergoes a decarboxylation,
Figure 1. Polyketide structures. (a) Tetracenomycin C is an antibiotic; (b) producing a molecule of carbon dioxide (1), and is then added to the growing
doxorubibin is used as an antitumor agent; (c) epothilone A is an anticancer |inegr chain releasing a free ACP (2), as shown in the first two reactions.
agent; and (d) erythromycin A is an antibiotic. The B-carbonyl can then undergo a reduction using NARPkb form a

. . e . . hydroxyl group (3). This hydroxyl group can then be dehydrated, releasing
tion and posttranslational modifications synthesize the final a molecule of water, to achieve enoyl functionality (4). A second reduction

polyketide molecul&::8-10 can then occur, reducing thfecarbon to methylene functionality through
In an elongation step, as illustrated in Figure 2, the extender the use of NADPH? (5).

unit undergoes decarboxylation and is subsequently added to ] )
the growing linear chain, or the starter unit in the case of the ~Automatic network generation has emerged as a tool to create

first elongation stept The resultingB-carbonyl can undergo ~ @nd analyze complex reaction networks. A computational
reduction, using NADP as a hydrogen donor, to form a framework called NetGen, developed by Broadbelt and col-
hydroxyl group. This reduction can be followed by a dehydration laborators, has been applied to diverse problems including
reaction, resulting in thé-carbon achieving enoy! functionality. ~ Silicon nanoparticle production, tropospheric ozone formation,

A second reduction can then occur, reducinggrearbon from and lubricant oxidatioA>~8 This framework utilizes graph
enoyl to methylene functionality, through the use of NADPH theory to represent reactions as a series of matrix operations,
The first two reactions shown in Figure 2, which summarize Where each substrate and product can be characterized by a
the Claisen condensation, occur during every elongation stepUnique matrix, and each reaction by another matrix termed a
while the other three do not necessarily occur; however, if any '€action operator. The NetGen framework, originally intended

of these three reactions does occur in a chain extension step, if0f chemical systems, is currently being implemented for
occurs in the order describ&82 biological applications. In this new framework, referred to as

The structural diversity of polyketides is due in part to the Biochemical Network Integrated Computation&xplorer
variation in their linear carbon backbones. These differences in (BNICE), the reaction operators are modified to correspond to
the linear chain result from the controlled variation in the choice "€actions that occur in a cellular environment, which are
of starter unit, the number and type of extender units, the generally catalyzed by enzymes, and application of this novel
sequence and degree of reduction, and the Sterﬁ.ochemistr);;omputational framework allows the de novo synthesis of
obtained during each elongation cy&f212-14 Modification of metabolic p.athway‘é’. _ _ o .
these variables leads to the synthesis of different polyketide A theoretical analysis of polyketide synthesis, involving the
structures. Based on the complexity of this process, which arisesUS€ of stoichiometric balances and combinatorial theory, was
primarily from the large number of structures that can be

s . (15) Broadbelt, L. J.; Stark, S. M.; Klein, M. Tomput. Chem. End.996 20
produced, a computational framework would prove useful in (2), 113-129. _ _
the automatic generation and analysis of polyketide synthesis.(16) Broadoelt L. J.; Stark, S. M.; Klein, M. Tchem. Eng. Scil994 49,

(17) Broadbelt, L. J.; Stark, S. M.; Klein, M. Thd. Eng. Chem. Re4994 33

(10) Shen, BCurr. Opin. Chem. Biol2003 7 (2), 285-95. (4), 790-799.
(11) Dreier, J.; Khosla, CBiochemistry200Q 39 (8), 2088-95. (18) Broadbelt, L. J.; Stark, S. M.; Klein, M. Tad. Eng. Chem. Re4995 34
(12) Khosla, CChem. Re. 1997, 97 (7), 2577-2590. (8), 2566-2573.
(13) Caffrey, P.ChemBioChen2003 4 (7), 654-7. (19) Hatzimanikatis, V.; Li, C.; lonita, J. A.; Henry, C. S.; Jankowski, M. D.;
(14) Khosla, C.; Zawada, R. J. Xrends Biotechnol1996 14 (9), 335-341. Broadbelt, L. JBioinformatics2004 21 (8), 1603-1609.
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employed to determine the effect of the different variables on illustrated in Table 1. These reaction operators are then implemented
the number of possible polyketides, resulting in over a billion in BNICE, and the framework was used to identify all the possible
possible structures. Implementation of the polyketide synthesis linear polyketide chains.

pathway in the BNICE framework allowed the identification Results and Discussion

of all of the possible structures. Since only 10 000 polyketides . . . .

have been discovered experimentally to date, it is possible that Theoret!cal Calculatloq of Number of Possible Pollyketujes.

the remaining predicted structures have not been discovered dud/anipulation of the variables that control polyketide biosyn-
to low yields, thus eliminating the possibility of detection, or, thesis leads to the synthesis of different structures. Therefore,

more importantly, they represent novel structdrsiditionally, the total number of possible structures that can be produced
the evolution of diversity in polyketide synthesis was studied. WaS analyzed with respect to the different variables involved

The structures identified from the application of the framework in polyketide synthesis. Since the bonding arrangement of each

were classified by the number of elongation steps required in Of the f-carbons during each of the elongation steps is
their synthesis, allowing the identification of the pathway lengths independent from the rest of tifecarbons, the total number of
required to produce structures of various lengths and degreegd?©SSible structures for the complete range of reductidsi"js

of reduction. Furthermore, the pathway architecture of the whereb is the number of possibjé-carbon configurations and
polyketide synthesis mechanism was constructed. Based on this" 'S the number of elongation steps. However, the amount and

architecture, the order and identity of the modules of the PKS S€GUENCE of redugtion are not the only variables involyed i,”
responsible for the formation of any linear chain can be easily POlYketide synthesis. The synthesis of reduced polyketides is

identified, thus guiding the implementation of the synthesis capable of uti_Iizing a number of different starter and extender
pathways for a potential antibiotic using metabolic engineering. Units; depending on the acyltransferase enzyme that forms part
of the PKS. Designating the number of different starter
Methods molecules available for polyketide synthesis by the variable
the total number of possible linear structures that can be
synthesized iss-b™, since the starter unit only affects the

reaction that they catalyZ8The first number of this classification refers bﬁg_mnm? of the Cha'.”' #nllke ;he starFer unit, however, ft hﬁ
to the main class of the enzyme and identifies its primary action. The choice of extender unit affects the bonding arrangement of the

second characterizes the functional group the enzyme acts upon, andt-carbon in each elongation step. If the number of different
the third identifies the cofactors or cosubstrates involved. The fourth €xtender molecules that can be used for polyketide synthesis is
number is specific to the substrate or set of substrates capable ofrepresented by the variable there are a total o& possible
interacting with the enzyme. Taking advantage of ifji&:| designation, arrangements for the-carbon; therefore, the total number of
generalized enzyme functions can be formulated based on the first threestructures that can be produceds{pa)™. Additionally, some
levels of the enzyme classification systéhThis generalized enzyme  of these extender units, such as methylmalonyl-CoA and
functi_on representation makes it pqssible tp study all the possible ethylmalonyl-CoA, produce chiral centers at toecarbon
reactions that can occur in a cell with a variety of substrates. For a thereby increasing the number of possible linear structures; this
specific substrate, the BNICE framework identifies all its functional chirality is lost when theS-carbon has the double bond

groups and applies all the generalized enzyme functions that can act tC tlv the total b f ible li
on each of those functional groups, obtaining the set of all possible arrangement. Lonsequently, the total number of possible finear

products. This methodology is then applied to this set of products, and Structures that can be synthesized can be calculated by the
the process is repeated until no new species are formed or afollowing formula
user-specified termination criterion is niég2 m

The EC classification of the enzymes involved in polyketide Nm,tot= slb(a—ay) + (2b — 1)a] 1)
biosynthesis is used to generate the list of generalized enzyme functions ] ]
involved in polyketide biosynthesis, as listed in Table 1. As shown in Whereac is the number of different extender molecules that
the table, the ketosynthase/acyltransferase, which is responsible for théntroduce stereochemistry to the linear chain.
condensation reaction, can be divided into a series of two generalized Erythromycin, a polyketide naturally synthesizedSaccha-
enzyme actions; consequently, it is classified as belonging to the ropolyspora erythragis a commonly prescribed antibiotic. The
generalized enzyme class 4.1.1/2.3.1. Additionally, the ketoreductase,cyclic precursor to erythromycin, 6-deoxyerythronolide (6dEB),
the dehydratase, and the enoyl reductase belong to the generalizeds the result of a cyclization of the linear chain, which is
enzyme classes 1.1.1, 4.2.1, and 1.3.1, respectively. Based on theyninesized through six elongation steps using propionyl-CoA
reaction that a generallz_eq enzyme class catalyzes, the functional, 4 methylmalonyl-CoA as the starter and extender units,
group of the substrate(s) is identified; through the use of graph theory, . . . .
a unique matrix representation of the functional group is constructed respectively. For this synthesis, the corre;pondlng valués of

s, a, a,, andmare 5, 1, 1, 1, and 6, respectively; consequently,

based on the bonding arrangement of the atoms in the group. An ’ .
analogous representation of these atoms is created based on theiPVe€r 100 000 possible structures can theoretically be produced

bonding arrangement in the product molecule(s). The reaction operatorin addition to 6dEB. Furthermore, a malonyl-CoA acyltrans-
is then determined by subtracting the substrate matrix from the productferase enzyme has been experimentally introduced into the
matrix. The matrix representation of the functional group for the erythromycin PKS,2® increasing the number of possible
substrate and product, as well as the reaction operator, for the extender units that can be used in the synthesigp two;
generalized enzyme functions involved in polyketide biosynthesis are therefore, the theoretical number of possible structures increases
. — : by 1 order of magnitude to over three million possible structures.
(22) Hsmaniiatio. v i G lonita, 5 A Broadbait L out. opin, suuet,  However, malonyl-CoA and methylimalonyl-CoA are not the
Biol. 2004 14 (3), 300-6.

(22) Li, C.; lonita, J. A.; Henry, C. S.; Jankowski, M. D.; Hatzimanikatis, V.;  (23) Xue, Q.; Ashley, G.; Hutchinson, C. R.; Santi, D. Rtoc. Natl. Acad.
Broadbelt, L. JChem. Eng. Sc004 21 (8), 1603-1609. Sci. U.S.A1999 96 (21), 117406-5.

BNICE Formalism. Enzymes are classified by an Enzyme Com-
mission number, or EC designatiofj-k:l, depending on the specific
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Table 1. Table of BNICE Reaction Operators for the Four Reactions in the Synthesis of the Polyketide Linear Chain

Generalized Reactant Product Reaction Operator
Enzyme
Function
R' S; AL
+ R 2 S-R
o O R"
1 (o) 5
H. 4 + 1gy—gq—
2oJakej\s—R +3O(r H-S-R
4.1.1/ R 2
2.3.1 IH 20 3C 4C 535S 6C IH 20 3C 4C 535S 6C IH 20 3C 4C 535S 6C
IH] 0 1 0 o 0 0 IH] 0 0 0 0 1 0 IH] 0 -1 0 0 1 0
201 1 4 1 o 0 0 201 0 4 2 o 0 0 201 -1 0 1 o 0 0
3C1 0 1 0 1 (U] 3C1 0 2 0 o 0 0 3C1 0 1 0 -1 00
4C| 0 0 1 o 0 0 4C| 0 0 0 0o 0 1 4C| 0 o -1 0 0 1
58§10 0 0 0 4 1 581 1 0 0 0o 4 0 581 1 0 0 o 0 -l
6C1| 0 0 0 0 1 0 6C1| 0 0 0 1 (U] 6C1| 0 0 0 1 -1 0
0 o »
3 1 4 -
R' S’R + 'H +°H M
R' S,R
H
4
1.1.1
20 3C 1H 4H 20 3C 1H 4H 20 3C 1H 4H
201 0 2 0 0 201 0 1 1 0 201 0 -1 1 0
3Cl 2 4 0 0 3Cl 1 4 0 1 3C| -1 0 0 1
IH] 0 0 1 0 IH]| 1 0 0 0 IH]| 1 [V 0
4H| 0 0 0 1 4H| 0 1 0 0 4H| 0 1 0 -1
10,H o P o 1
2 R./\)J\S,R + H’O\H
. R 3 4
R 3 S
4H
4.2.1
10 2C 3C 4H 10 2C 3C 4H 10 2C 3C 4H
10] 4 1 0 0 10] 4 0 0 1 101 0 -1 0 1
2C1 1 0 1 0 2C1 0 0 2 0 2C 1 -1 0 1 0
3Cl1 0 1 0 1 3Cl1 0 2 0 0 3Cl1 0 1 0 -1
4H| O 0 1 0 4H| 1 0 0 0 4H| 1 0 -1 0
't ‘W o
RANSNGR* o+ 4y M R
2 R' s”
2
3H
13.1 1C 2C 3H 4H 1C 2C 3H 4H 1C 2C 3H 4H
IC] 0 2 0 0 IC] 0 1 0 1 Icl 0 -1 0 1
2C| 2 0 0 0 2C| 1 0 1 0 2C| -1 0 1 0
3H] 0 0 1 0 3H| 0 1 0 0 3H| 0 1 -1 0
4H| 0 0 0 1 4H| 1 0 0 0 4H| 1 0 0o -1

only extender units; similarly, alternate values for the number scheme 1. Overall Polyketide Synthesis Reaction

of starter unlts.and elonggtlon ste.ps. are feasible. Based on CHO-PKS + mCHO,-ACP + nNADPH," >

naturally occurring polyketides, realistic valuessof 3, b =

5,a=4,a;= 3, andb = 6 result in over 800 million possible CHO-PKS + cCO, + hH,0 + nNADP" + sH-ACP

linear polyketide structures, a number that continues to increase

exponentially with respect to the number of elongation steps. available for synthesis, the resulting polyketide linear chain is

Of these potential polyketide structures, only 10 000 have beenformed throughm elongation steps and reduction reactions.

identified, suggesting that a large number of new polyketide In general, the polyketide synthesis reaction is defined in

structures remain to be discover&d. Scheme 1where the starter unit consists cdrbonx hydrogen
Assessment of the Variation in Polyketide StructuresThe and one oxygen atomsn refers to the number of extender

previous theoretical analysis assumes an infinite source of carbormolecules, each of which is characterized by the presente of

and reducing equivalents. However, the implementation of carbon,o hydrogen and three oxygen atonmsis the number

polyketide synthesis in a cell introduces competition between of NADPH,™ molecules that act as hydrogen donarsg, and

polyketide synthesis and the native cellular metabolism for y are the number of carbon, hydrogen, and oxygen atoms in

available carbon, energy, and redox resources. Consequentlythe resulting linear polyketide chain, respectivetyjs the

assuming tham extender units and NADPH,* molecules are number of carbon dioxide molecules released during synthesis;

J. AM. CHEM. SOC. = VOL. 127, NO. 27, 2005 9933
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h is the number of water molecules produced; anid the O OH OH OH OH 0

number of unattached acyl carrier proteins. PKS
A balance for each of the elements involved in the reaction

gives OH O OH OH OH O

PKS
C:im+e=a+c 2

H: 2n+om+«x=f+2h+s ©) OH OH O OH OH O
O:3n+1=y+2c+h (4) PKS

ACP: m+1=s+1 (5) OH OH O OH OH O

The mechanism for the synthesis of the linear chain presented PKS

in Figure 2 led to the formulation of three additional constraints.

During each e|0ngation reaction, the extender molecule under- Figure 3. Four structures of the 30 possible polyketide linear chains with
. . . two carbonyl groups, four hydroxyl groups, and one single bond, obtained

goes decarboxylation, releasing a molecule of carbon dioxide. with a synthesis requiring the use of one molecule of propionyl-ACP, six

Therefore, the number of malonyl-CoA molecules equals the molecules of methylmalonyl-ACP, and six molecules of NADPHnd

number of carbon dioxide molecules produced: producing one molecule of water.

m=c (6) From the formulated mechanism of linear chain synthesis
shown in Figure 2, and without taking into account stereochem-
istry, the 5-carbon during each elongation step can be trans-
ormed into any of four possible groups depending on the
amount of reduction that the linear chain undergoes after each
condensation reaction. The number of carbonyl groups (
hydroxyl groups ), enoyl groups €), and methylene groups
n<2m @ (&) on the linear struct_ure, without taking int_o account the
carbonyl group at the finad-carbon of the chain, all add up

Similarly, only one water molecule is released during each 0 M
elongation step, and it cannot be released without the first

Furthermore, since the maximum number of NADPH
molecules that can be used in each elongation step is two an
the a-carbon in the linear chain after the last elongation step is
not reduced, the number of NADBHmolecules is less than
or equal to twice the number of malonyl-ACP molecules:

reduction step taking place; therefore, the number of water 0+C+0+&E=m 9)
molecules is less than or equal to the minimum of the number
of malonyl-ACP molecules or the number of NADPH Additionally, there can be more than one combination of
molecules: p-carbon groups. Based on the valuesmh, andh, the number
] of carbonyl groupsq), hydroxyl groups ), double bondsf),
h < min(m, n) ) and single bonds&] were determined:
In the case of erythromycin, for example, six methylmalonyl- .
ACP molecules are used as extender units and six molecules d=m-n+i
of NADPH" are used for reduction; however, theoretically, E=n—h-i ) ) (10)
for six elongation steps, the number of molecules of NABPH 6=h—i, n=mji € [0,min (h — hh)]
can range from O to 12; therefore, the number of water molecules =i
produced can range from 0 to 6, depending on the number of
NADPH* molecules utilized in the synthesis. Consequently, a and
list of all the possible overall reactions that can occur can be
generated (Supporting Information). o=i
However, since a set of values for, n, andh can represent =m—h-—i
more than one possible structure, the total number of reactions O=h—(—m) —i, n>miel[0,min (11)
does not directly reflect the total number of linear structures (h—n+ mm-— h)]

that can be produced. For example, the synthesis of erythro- E=n—m+i
mycin uses six methylmalonyl-ACP molecules, six NADPH
molecules, and produces one molecule of water; thus, the
corresponding values af, n, andh are 6, 6, and 1, respectively.
These values describe the presence of two carbonyl groups, fou
hydrox_yl groups, and one methylene group in th_e linear cha}ln; the total number of possible linear structuidsfor a combina-
thus, since one of the ca_rbonyl groups is constrained to the f'naltion of m. n, h. andi values was calculated as

a-carbon, there are 30 different structures that can be produced,

some of which are shown in Figure 3. Additionally, this set of

values can also represent one carbonyl group, five hydroxyl Ninni = NOmnni) NCmnn) "NOmpni) N(Empni) (12)
groups, and one double bond, adding six structures to the total

number of structures that can be produced for this set,af, where the number of structures for each of the four different
andh values. groups were calculated based on combinatorial theory:

wherei is the number of combinations @gfcarbon groups.
After the number of carbonyl group®) hydroxyl groups
r(é), double bonds€), and single bonds&j was determined,

9934 J. AM. CHEM. SOC. = VOL. 127, NO. 27, 2005
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(m)! 1000
Nonni0) = 13
mnni(©) o!(m— o)! (13) 900
(m—0)! 800
Noyi(©) = 2o 4 3
g(m—06 — ©)! § 700
B
m—0 — {)! 600
Ny (0) = 50— as  §
0(m—06—_—0)! © 500
s
N ()= Mm-—0-¢—6! _(m—0—¢—6) + 4001
mhi E(m—0—¢—6— &) g 2 3001
(16)
2001
Therefore, the equation for the total number of possible 1001
structures for a set number of elongation steps, reduction |
reactions, and dehydration reactions is 0 1 2 3 45 6 7 8 9 10 11 12
m n, Amount of Reduction
b= z— (17) Figure 4. Distribution of possible polyketide structures synthesized with
mn —OIC101E] one propionyl-CoA and six methylmalonyl-ACP molecules as a function
of the number of NADPH"™ molecules required for the synthesis, calculated
using eq 17.

To assess the variation of polyketide structures, an analysis
of a model system was performed. In this system, propionyl- Table 2. Number of Structures Identified by the BNICE
ACP and methylmalonyl-ACP, the starter and extender units Framework in Each Generation, or Iteration of the Framework,
. . iy . Using Malonyl-ACP, Acetyl-ACP and Two Hydrogen Atoms as
in the synthesis of erythromycin, were used. Figure 4 shows | Molecules
the distribution of possible structures produced with six umber of
molecules of methylmalonyl-CoA as a function of the number ¢ ;ygation generation, g

of NAPDH," molecules used, or number of reduction reactions seps 0 ¢ 2 3 4 5 6 7 8 9 10 11 total
in the sythesis. When zero molecules of_ NADPHre used, 1 1111 0 00 0 0 0 o0 0 4
no reduction occurs and only one possible structure can be 2 0123 4 3 2 1 0 0 O 0 16
obtained, which corresponds to the p@hketone linear chain 3 0013 610 12 12 10 6 3 1 64
characteristic of aromatic polyketidés-dowever, when one 4 0001 41020 31 40 44 40 31 221
, poly - 3 5 0000 1 515 35 65 101 135 155 512
molecule of NADPH" is used, the number of possible structures ¢ 0000 O 1 6 21 56 120 216 336 756
increases to 12, six of which are obtained without dehydration, 7 000O0O O O 1 7 28 84 203 413 736
leading to one hydroxyl group and six carbonyl groups in the 8 0000 0 0 0 1 8 36120 322 48
. : X o X ) 9 0000 O 0O O O 1 9 45 165 220
I|nearcha|n_, and six of which involve one dehydration reaction, 19 0000 O OO O O 1 10 55 66
corresponding to one carbecarbon double bond and six 11 0000 0 OO O O O 1 11 12
carbonyl groups. The number of structures that are produced 12 obooo0 o000 o 0 0 0 1 1
continues to increase until the molecules undergo six reduction total 1 2 4 8 15 29 56 108 208 401 773490 3095

reactions in their synthesis. Any additional increase in the
amount of reduction involves the full reduction of some of the generation 1. The second iteration leads to the formation of two
pB-carbons generated during the synthesis, thus reducing thegeneration 2 products, one the product of a second elongation
number of possible structures. This decrease in the number ofand the other the result of a reduction. In essence, the pathway
possible structures continues until the number of reduction length from the input molecule to any of the output molecules
reactions equals twice the number of elongation steps and onlyis equal tog, whereg is the generation in which the output
one structure is produced, corresponding to a fully reduced molecule is generated. The ensuing emergence of identified
polyketide chain. Similar histograms can be produced for structures from the framework is illustrated in Table 2.
different numbers of elongation steps and different starter and From the analysis summarized by eq 1, it is expected that
extender units using egs 10, 11, and 17. using an input of propionyl-ACP and methylmalonyl-ACP as
Evolution of Complexity in Polyketide Synthesis. The reactants and without taking into account stereochemistry the
BNICE framework is currently being developed to generate number of structures generated should Bewherem is the
biological reaction networks. It involves the identification of a number of elongation steps. This fact is supported by the output
set of enzyme rules and their successive application to a set ofobtained from BNICE. For example, a linear chain that is the
substrates; therefore, it generates structures in successiveesult of one elongation step, by definition, hasmwalue of
iterations, corresponding to the number of reactions, or pathway one; consequently, four structures that are the product of one
length, that produce each structure from the starting reactants.elongation reaction are identified by BNICE; these are all
The complexity in polyketide biosynthesis led to its use as a generated after four iterations, as shown in Table 2. Similarly,
model system that can be analyzed more thoroughly through 16 and 64 structures, corresponding to two and three elongation
its implementation in the BNICE framework. Therefore, using steps, respectively, form part of the BNICE output, further
methylmalonyl-ACP, propionyl-ACP, and NADRH as reac- verifying that the expected results are obtained from the
tants, the first iteration of the framework results in the generation framework.
of one structure, corresponding to the product of one elongation As illustrated in Table 2, the number of molecules generated
step; this structure is designated as having been produced inincreases with generation number or pathway length. Designat-
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ing the generation number ag and the number of new s fully reduced; consequently, this structure is not capable of

molecules produced in generatignas N(g), the following undergoing another reduction reaction. Therefore, instead of
equation was derived to calculate the number of new moleculesproducing 16 generation 5 products, the eight generation 4
produced in a generation: structures produce 15 structures. This decrease in the expected
number of structures generated gives rise to the correction factor
N(g) = 2N(g — 1) — Xq (18) in eq 18 for the number of new products identified in a
generation.

whereN(1) is one and the correction factgy, which accounts
for the decrease in structures due to fully reduBezhrbons, is
calculated from the following:

The modular nature of the synthesis is also observed in the
metabolic tree shown in Figure 5. Molecule 1 is the result of
the first condensation reaction in polyketide synthesis. Every

0,g<5 upward arrow, each of which corresponds to a condensation,

P or 4.1.1/2.3.1, reaction represents the start of a new module.
X=119=5 (19) For example, five modules are required for the synthesis of the

N(g—5),9g>5 . L ) : i
linear chain designated as (2) in the figure; each of these

Analysis of the Diversity in Polyketide Synthesis Pathways. ~ modules catalyzes a condensation reaction leading to the
In addition to generating all the possible species, it is possible Production of an aromatic polyketide linear chain. On the other
to track the growth of the molecules by studying the number of hand, three modules are responsible for the synthesis of
new molecules synthesized by a set number of elongation Molecule 3 even though this st_ructure is the same number of
reactions produced in each generation. Molecules that are the®NZyme actions from the starting structure as Molecule 2, a
result of m elongation steps are produced in a range of difference that arises from the fact that reduction is present in
generations, as shown in Table 2. For example, molecules thathe synthesis of Molecule 3 and not in that of Molecule 2. The
are the result of two elongation reactions are produced in first module in the synthesis of Molecule 3 catalyzes the
generations 1 through 7. Based on the computational results Production of Molecule 1 and a subsequent reduction reaction,
formulas were derived to predict the first generatigyy, and the second consists of a condensation reaction followed by a
the total number of different generatioms,,, where molecules reduction, and the third involves a condensation reaction.

resulting fromm elongation steps are produced: The pathway architecture illustrated in Figure 5 is the minimal
representation of the system, where the initial Molecule 1
Oim=m (20) represents any linear polyketide structure with a carbonyl group

attached to th@-carbon. In other words, the reaction pathway
starting from the product of a Claisen condensation will be the
same as the minimalist pathway tree shown. Based on these
observations, it is easily shown that each polyketide linear chain
is synthesized via a unique pathway. Therefore, the identity and
sequence of the modules required for the synthesis of a target
polyketide can be determined. Implementation of the reverse
reaction operators and the target structure as the reactant in
BNICE results in the identification of the modules involved in
the synthesis. For example, using Molecule 3 as input results
in an output of five reactions: 4.1.1/2.3-% 1.1.1— 4.1.1/
2.3.1—1.1.1—4.1.1/2.3.1; these reactions illustrate the reverse
order of the synthesis, showing that the first module catalyzes
a 4.1.1/2.3.1 and a reverse 1.1.1 reaction, the second module
catalyzes a 4.1.1/2.3.1 and a reverse 1.1.1 reaction, and the third
catalyzes a 4.1.1/2.3.1 reaction. This allows the facile identifica-
tion of the identity and sequence of the modules required to
synthesize it.

Ngm = 2m+g ,+1 (22)

Implementation of polyketide biosynthesis in BNICE provides
insight into the pathways required for the synthesis of these
polyketides; each generation indicates a longer pathway. The
aromatic polyketide linear chain is generated first, indicating
that the syntheses of the linear chains of all the reduced
polyketides involve longer pathways, or larger number of
enzyme actions, than the pathway used for aromatic polyketide
synthesis.

The molecules identified by BNICE were also analyzed more
closely in order to determine the pathway architecture of
polyketide synthesis, depicted in Figure 5. The first structure
in the figure corresponds to the product of the first elongation
step, involving a Claisen condensation between the starter unit
propionyl-ACP and the extender unit methylmalonyl-ACP. This
product, identified as a generation 1 structure, leads to the
production of two structures in generation 2 of the frame-
vyork. Ong of these two products is t_he result (_Jf a condensa- Conclusions
tion reaction between the product in generation 1 and the
extender unit malonyl-ACP, and the other is the product of a  Polyketides form an important class of biological molecules
reduction of the product in generation 1. Each of these two due to their wide array of biological properties and commercial
products identified in generation 2 gives rise to two generation applications. Based on the number of variables that can be
3 products, producing a total of four structures in generation 3. altered during polyketide synthesis, there are over a billion
Two of these structures are the result of an elongation of the possible linear structures that can be synthesized; assuming that
two products in the previous generation and the remaining two the cyclical structures of each of these linear intermediates is
reduced structures of the two products in the previous genera-different, there remain a large number of polyketides that can
tion. Similarly, each of these four products, as shown in the potentially be produced since only about 10 000 structures have
figure, produces two generation 4 products, one the result of been discovered so far. Therefore, it is reasonable to assume
an elongation reaction and the other the result of a reduction that novel polyketide structures can be engineered and that some
reaction. Thus, there are eight structures identified in generationof these might have properties that would prove useful to the
4. Thef-carbon of one of the generation 4 structures, however, medical community. We presented here a theoretical analysis
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Figure 5. Metabolic pathway architecture of polyketide linear chain growth. The structure labeled as (1) is the starting molecule for the pathway; as shown,
it has a carbonyl group at thcarbon. This molecule is capable of undergoing a condensation, or 4.1.1/2.3.1, and a reduction, or reverse 1.1.1, reaction,
giving rise to two structures. These two structures in turn give rise to four structures through two condensation and two reduction reactions. The fou
structures then produce eight structures through four condensation and four reduction reactions. These eight structures are capable b5 gtnetatieg

via eight condensation reactions and seven reductions. Molecule 2, an aromatic polyketide, and Molecule 3 are examples of structures gefeenated afte
enzyme actions from the starting material.

that allows the quantification and characterization of the tion, the reaction rules of the enzymes involved in polyketide
combinatorial complexity of the polyketide pathways. In addi- biosynthesis were implemented in BNICE, a novel computa-

4.21
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tional framework that allows the de novo synthesis of metabolic ness of the sequence of enzyme actions required to produce a
pathways based on a set of enzyme reaction rules. target molecule, essentially illustrating the uniqueness in the

The mechanism for polyketide linear chain synthesis makes identity and sequence of the modules that would catalyze the
it simple to identify the effect of variable manipulation on the target polyketide. Therefore, the polyketide libraries can be
output linear structure. This feature of the system provides a supplemented by information about their synthesis pathways,
basis for which the results from the BNICE framework were guiding researchers in determining the metabolic engineering
analyzed in order to understand the combinatorial nature of actions that would lead to the production of a specific metabolite.
reaction networks in cellular organisms as well as the evolution  To identify the final polyketide structures, the cyclization
of structural diversity in the synthesis of polyketides. As reactions and tailoring steps, as well as stereochemistry, will
mentioned, reduced polyketides can be synthesized with dif- be implemented in the BNICE framework. Additionally, as
ferent starter and extender molecules; for example, the synthesisnentioned, there are a large number of structures that to date
of erythromycin, a widely used antibiotic, utilizes propionyl- have not been discovered experimentally. It is possible that these
CoA and methylmalonyl-CoA as starter and extender units, are produced in yields too low to allow detection or are unstable
respectively.?® The modular nature of the PKS of reduced structures. Additionally, it is possible that the synthesis of some
polyketides allowed experimentalists to develop a combinatorial of these undiscovered structures is not thermodynamically
approach to the metabolic engineering of PKS genes, leadingfavorable. Therefore, the BNICE framework will be expanded
to the generation of polyketide libraries, such as the one thatto include a thermodynamic analysis, involving quantum chemi-
has been developed for erythromycin, which consists of over cal calculations, of each of the reactions involved in a synthesis
100 structure$23 This library was generated using propionyl- in order to estimate their feasibility in a cellular environment.
CoOA as the starter unit and methylmalonyl-CoA and malonyl- Additionally, metabolic flux analysis will aid in determining
CoA as extender units. From the analysis presented, it is the effect of cellular constraints on the synthesis yield of target
expected that over seven million deviations of the erythromycin polyketide structures.

linear chain can be produced for one starter usit=(1), two Acknowledgment. This work was partially supported by the
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possible structures that could be generated in order to determine

which structures are missing from the erythromycin library in
addition to generating other libraries of polyketides.
Furthermore, an analysis of the synthesis pathways was
performed, through the use of the BNICE framework, to identify
the pathway architecture in the biosynthesis of polyketides. The
synthesis pathway architecture clearly demonstrates the uniqueJdA051586Y

Supporting Information Available: List of theoretically
possible reactions for the synthesis of polyketides formed after
six elongation steps and variable amount of reduction and
dehydration. This material is available free of charge via the
Internet at http://pubs.acs.org.
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