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Enzymes 101.

AEnzyr_nes are proteins (usually) that catalyze
chemical reactions

/Cells need enzymes in order to perform PROTEIN STRUCTURE
necessary metabolic reactions at rates fast SEaffoldito Sipportand
enough for life to be maintained position active site

/Reactions occur at the active site, where aminc
acid residues can bind the substrate and cataly:
can occur

A In some cases, the enzyme instead will bind a ACTIVE SITE
cofactor that serves as the actual catalyst

/Reactions and substrates are generally very
specific
A Due to steric and electronic factors in the active si..

http://en.wikipedia.org/wiki/Enzyme



Lock and Key Model

/Most basic model of specificity posited by Emil Fisher in 1894
Substrate

Enzyme-substrate complex



Induced Fit Model

AEnzyme is flexible and substrate helps determine the actual shape
Substrate

Enzyme-substrate complex



What Can Enzymes Do For Us?

/Do the work for us!

/Get highly chemgregio-, diasteree, and enantioselective reactions
Aery mild conditions (neutral, aqueous) and protecting group, chirgillary etc free!

/ANon-enzymatic methods can be costly, tedious, or may still be underdeveloped
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How To Control Enzymes?

AEnzymes in nature generally have one set of substrates and one set of product(s)

/How can we harness them for general reactivity for synthetic purposes?
A Screen substrates for promiscuous activity in the enzyme ( Maybe unnatural ones can fit)
A Donor specific
A Acceptor specific
A Mutate enzyme (Change amino acids to allow for your substrate)
A Directed evolution




Lyases

/A subclass of enzyme that catalyze bond construction or cleavage through mechanisms other
than hydrolysis or redox reactions

/GG, GN, GO or GS bonds may beleaved, but we will focus onC bonds

AUnique from other enzymes in that they require one substrate for the reaction in the forward
direction, but two for the reverse reaction

OH O 0
. P< deoxyribose-phosphate aldolase PN _P-
- O" 1 "OH = - o7 Z oK
O/\/\‘/\ N 0 O/\‘/\O OHO
OH OH
2-deoxy-D-ribose 5-phosphate acetaldehyde D-glyceraldehyde 3-phosphate



EnzymatidldolReactions

/Critical reaction not just for organic synthesis, but from a metabolic standpoint
AThe most important biochemical process for the production of naturally occurring carbohydrates
A Also foundnaturallyin the biosynthetic pathways dkto acids and amino acids

/Over 40 naturally occurring aldolases known
A Most catalyze thestereoselectivealdol addition of a ketone to an aldehyde
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Type | Aldolase Mechanism

/Key Feature: Schiffase Intermediate

B

0 Enz Enz ; Enz

J\(x Enz-NH, Hf{@ HN, iR HNe

R™ —~ X — X
Hg Hs Rjﬁ R ¥ RJI

H0  FR j"' He R OH

Donor Enz-B:

X = H, OH, NH,

SeoaneG. AChem. Revx011 111 43464403.



Type |l Aldolase Mechanism

/Key FeatureHas a Z#tcofactor in the active site
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4 Functional Main Groups of Aldolases

/Based on donor (Acceptor is generic aldehyde)

Donor Acceptor Product
0 0 OH O
mm) o A_or Y A or,
DHA(P) OH

O OPO,*

0
)LCDEH > /’\GDEH RJ\H RM{IDEH

Pyruvate or phosphoenolpyruvate
[e)

j}\ OH O
)\H R™ "H RMH
acetaldehyde
H,N.. _COOH i oG
2N~ - *
glycine R™ H r:'t/l\l)L':‘"'l
NH-

R;:PO3” or H *: new chiral carbon atom SeoaneG. AChem. ReR011 111, 43464403,



DHAP Dependent Aldolases

Natural acceptor

Enzyme

Product

O  OH
" - i
OPOS? Fructose 1,6-biphosphate (FBP) EOEFDJ\/Y\OPﬂgg'
CH aldolase (FruA, EC 4.1.2.13) OH OH
o-glyceraldehyde 3-phosphate (G3F) D-fructose 1,6-biphosphate (FBP)
0 O OH
HJK_/ L-Fuculose I-phosphate (Fuc 1-P) E'DSPD\)H/’\/
OH aldolase (FucA, EC 4.1.2.17) OH OH
(S)-lactaldehyde L-fuculose 1-phosphate (Fuc 1-P)
o O OH
N L-Rhamnulose 1-phosphate (Rha E'DJPOJ\])\/
OH I-P) aldolase (RhuA, EC 4.1.2.19) OH OH
(S)-lactaldenyde L-rhamnulose 1-phosphate (Rha 1-P)
O  OH

8]
H)‘\(\DF'DE.E'
CH

o-glyceraldehyde 3-phosphate (G3P)

Tagatose 1.6-diphosphate (TDP)
aldolase (TagA., EC 4.1.2.40)

2-0,P0

Bk

OPO5%
OH OH

D-tagatose 1,6-diphosphate (TDP)

SeoaneG. AChem. Rew011], 111, 43464403.



DHAPDependent Aldolase
Stereochemicalomplementarity

Z05P0 i 3 ?H 2
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OH OH
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2-03PO 3 OH 3 4 2
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L-fuculose 1-phosphate
L-rhamnulose 1-phosphate Phosph
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Origin ofStereospecificity
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X = negatively charged group
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DHAP Is the Worst

Ho— © 0-70% 2. 04PO 74%

Dihydroxyacetone dimer

0 5 steps
OH
ol S :
Ho— © MeO OMe H Hi0 Ho._JL__oro,>
HD\X/Dmaz' - DHAP
OH 13 - 48% 73 - 95%

3-Chloro-1,2-propanediol

OBn 2 steps O
W/ H, PdIC
——— _ o _J__oprooBn), :

(0] R quantitative
Benzylglycidol 74% SeoaneG. AChem. ReR011 111, 43464403,




DHAP Is the Worst

o kinases + ATP
or Acid phosphatase + PP;
HU\/J'I\/GH
DHA l
) - , O
Glycerol kinase + ATP HO OPO,42 Glycerol phosphate oxidase
HD\./K/DH Y Glycerol 3-phossh y pnosp _ HD\‘,lk/DPD:F'
L-Glycerol 3-phosphate
Glycerol N DHAP
~, 112 0, H20;
) * o atala
NG

H,0

H
Glycerol phosphate oxidase
Ha\i,opof- pH 7

OH
MNasHPO
\ & — rac-Glycerol 3-phosphate N\

o] 1/2 Dz HZDE

Glycidol }&ﬂi@/

H2O

SeoaneG. AChem. Rev011, 111, 43464403.



Specificity of Donor

/Only a few analogs of DHAP are substrates and activity drops to ~10% of DHAP

0
Ho\‘)\rX\POQ.Z_ HO\)K/ “P032_
CHy
X=0,8 Y=NH, S
0
Ho._l__opPo,>
DHAP
o oH 0
Ho A 0. Ho A~ 072

/Changing theounterioncan be tolerated in some cases, however

0 0
Ho._J_ oH 7—~ Ho Jl_ox  x=Aso;
DHA b

VOE
aldolase
ketose L ketose ester:

B(OH)4
aldehyde (OF)s
H,0 arsenate, vanadate or borate

SeoaneG. AChem. Re2011, 111, 43464403.



Fructose Phosphate Aldolase (FSA)

ANew aldolase isolated froff. colthat directly uses DHA as the donor substrate

o 0 O OH
FSA '
HD\)'K/GH + HJ\I/\GP{}gE' S HD\_)\E/\I/\DPGE_
OH OH OH
DHA D-G3P p-F6P

/Can also usmonohydroxyacetone and dhydroxyt2-butanone as donors with no loss in

activity
O O
Ho L Ho M
monohydroxyacetone 1-hydroxy-2-butanone

SeoaneG. AChem. Rev011, 111 43464403.



4 Functional Main Groups of Aldolases

/Based on donor (Acceptor is generic aldehyde)

Donor Acceptor Product
0 j’\ OH O
R *
DHA(P) OH
0O OPO, ] OH O
or
‘ )J\CDEH /’\GDEH RJ\H RM{IDEH
Pyruvate or phosphoenolpyruvate
O j}\ OH O
) o oy
acetaldehyde
HoN._ _COOH i Y
2N~ - *
NH-
Ry:PO;” or H™: new chiral carbon atom SeoaneG. AChem. ReR011 111, 43464403,



PyruvateDependent Aldolases

Natural acceptor Enzyme Product
O OH OH O  OH OH OH
TN ~-CH N-Acetylneuramicic (NeuAc) .00C ~ ~-OH
AcHN  OH aldolase (NeuA, EC 4.1.3.3) AcHN  OH
N-acetyl mannosamine N-Acetyl neuraminic acid (NeuAc)
O OH O OH OH
: 3-Deoxy-D-manno- T I
HT OH -00C : OH
G A octulosonate (KDO) aldolase G &
p-arabinose (EC 4.1 223) 3—Deow—n—mgnnngatuluscnate (KDO)
JDY\ 2-Keto-3-deoxy-6- : )
N ) :
A phosphogluconate (KDPG) ooc 5 OF0s

o-glyceraldehyde 3-phosphate (G3F)

aldolase (EC 4.1.2.14)

o]

H JY\DPD]Z-

OH

o-glyceraldehyde 3-phosphate (G3P)

phosphogalactonate (KDPGal)

2-Ketﬂ-}dwxybﬁnphosphuglumnate (KDPG)
H
2-Keto-3-deoxy-6-
-00C OPO,*
OH
2-Keto-3-deoxy-6-phosphogalactonate (KDPGal)

aldolase (EC 4.1.2.21)

SeoaneG. AChem. Rew011], 111, 43464403.



AcetaldehydéDependent Aldolases

/2-deoxyriboses-phosphate aldolase (DERA) is the only one that is known

/Rare, because both donor and acceptor are aldehydas thus do sequentialdols

OPO5* o *04PO OH
DERA 3 OH O
K/CHD + )J\H - H\/'\)J\H —h“_HD@/’_
= = D

OH OH
D-G3P p-2-deoxyribose-5-phosphate

o} 0 0 DERA OH OH O o)
Ao X A= R, =\
OH

SeoaneG. AChem. Rew011, 111, 43464403.



GlycineDependent Aldolases

Natural acceptor Enzyme Product
o)
0 Serine J o~
H’lL‘H hydroxymethyltransferase HO SH on
2
formaldehyde (SHMT) (EC 2.1.2.1) Serine
O OH
/J?\ L-Threonine (Thr) aldolase HO 3 ﬁ
scetaldenyde (ThrA, EC 4.1.2.5) NH,
L-Threonine
O OH
j\ D-Threonine (Thr) aldolase Ho)%
scetaldenyde (ThrA, EC 4.1.2.42) NH;
D-Threonine
5 O OH
P L-allo-Threonine (Thr) HDJ%
mta,d;?de aldolase (ThrA, EC 4.1.2.6) NH;
- L—a.fp'cr—m'l'hrecél}';l_lne
P D-allo-Threonine (Thr) H;:}J%
H

aldolase (ThrA) NH.,

D-allo-Threoning

acetaldehyde
SeoaneG. AChem. Rev011, 111, 43464403.




Monosaccharide Synthesis

o H G/YCHD
B(OH)4 OH

—_— o
OH OH OH oéé,o-
OH

—-—

RhuA

OH OH

0. #—OH o oH
S OH M~ oef

HO  ©OH HO  o—B-OH
92%, gram scale L OH

RCHz.__CHO 1. FruA, DHAP

OH 2. Phosphatase
R=H, F, N5

R
ﬁDH Glucose o ﬂ«
OH HO OH
isomerase OH

D-glucose derivative

RYCHG 1. FucA, DHAP
OH 2. Phosphatase\
(D.L)- D-isomer

R= Me, ethyl, vinyl, ethinyl

S isomerase
HO OH

R“‘(Dj:_DH L-Fucose RMDH
OH =~ OH
: DUH

L-fucose derivative

CHO 1. RhuA, DHAP

OH 2. F'hcsphatase\\

(O.L)-

D-isomer
i, O OH | _Rhamnose 0 OH
\ o = HO
isomerase OH OH

HO OH L-rhamnose derivative

SeoaneG. AChem. Rev01], 111, 43464403.



Deoxysugabynthesis
d d DH ;l\ CHDE__ .G OH

o 1—dec~x:.r D-xylulose OH OH HO  OH

HJ\/DH o

0 HO__ J
OH FSA
LR e o o)
4 OH
nmrec?s: sa% 11O 6 on
0 D’j
| AN cen O OH
CHO _CHO
1) NaBH, Y i =/
0O OH O 2)H0" o\ O OH  OH HO  YoH
204pS H Hma L-lactaldehyde 99%
- 07 3)Hy/Ni 5 OH
OH 4) HCI p-olivose

SeoaneG. AChem. Rev011, 111 43464403.



Deoxysugabynthesis

N 0
0 DERA 3 H., Pd/C
2 oo HO

OH HO
N 0
0 DERA 3
N;’“‘“:*’CHD»f o wOH
= H T~
OH HO CHy
SUED RS - S o QIR
H H H =— o~ H =~ OH

OH 7

O OH O HO OH
DERA DERA OH OH O
\)LH — \/SK/U\H .._D Cl g - H -— 0 -

)DLH )LH >99,9% ee BE__CI

SeoaneG. AChem. Rev011, 111, 43464403.



IminosugaiSynthesis

OH
1. RAMA, DHAP
2. Phosphatase

1. FucA, DHAP HO— H  ,—0H
HD/\E/CHD ] N
N3 2. Phosphatase

Glucose
OH DH OH isomerase

48% 24% overall 3 H
OH 1. FruA, DHAP 1. RhuA, DHAP HO
NH 2. Phosphatase 2. Phosphatase HN
HO QH
v 3. Hp, PdIC 3. Hp PdIC OH
HO . HO
13, 1-deoxynojirimycin ent-13
CHO
o 1. RhwA, DHAP | 1. FruA, DHAP OH
HHS‘ g Ehc’zﬂ:‘étase OH 2. Phosphatase HONH
‘|&‘DH - A2, HO -
oH . N 3. Hy, Pd/C HO
ent-14 (S)-12 GHO ] 14, 1-deoxymannaojirimycin
1. FucA, DHAP HO 1. FucA, DHAP
HO _.OH 2. Phosphatase N3 2. Phosphatase HO _OH
NH 3. H, Pd/C (R)-12 3. Hp, PdIC &HG’I
HO -
HO

1-deoxygalactonojirimycin

SeoaneG. AChem. Rew011, 111, 43464403.



ImlnosugaISyntheS|s

HO \)J\/(}H + aldehyde

Ng/\{CHD

OH

N3-_CHO

1.

RhuA, borate

2.

= Iminocyclitol

Ho, Pd/
2, PdIC y
N

HO “OH
oH

L-deoxymannojirimycin
H

.. N
HO™ E )

HO OH

N
HD””'S_?’M‘DH

HO OH
21, wp

H
N

u,‘ 1u‘-\\
HO™ E 1" “NHAC

HO OH

SeoaneG. AChem. Rev011, 111, 43464403.

H
@CHD 1. RhuA, DHAF‘
N. .

Cbz 2. Phosphatase

3. Hy, PdIC —DH
(S)-16 (S)-16, 80 (hyacinthacine Ay)
(R)-16 (R)-16, 45 ; 55
OH OH O
= ~ _ OH
OH 0 OHCHN  OH
,/\/:\)J\ 1. FruA, DHAP 3
= ~" "H | J OH .=~
OHCHN 2. Phosphatase o
OH
OoH
NHCHO
HQ OH
NaCNBH;
|||DH
OH
OHC o OH ) 17, australine OH
OH HO OH
OH M
OHCHN Hs, Pd/iC C@
N N |||OH

H

”'D

N

3-epiaustraline “—OH



IminosugaiSynthesis

H
1. FSA N .
0 1. FSA Ny _CHO + ik "R
aldehyde + HD\)J\/DH iminocyclitol I HG\)J\/ 2. Hy POXOHIC A
2. Hy; PdIC 2, ¥ HO  ©OH
H R = OH, 73% overall
vt H, 72% overall
CbzHN._-CHO H ( OH Me, 83% overall
HO  OH
dideoxy-imino-n-arabinitol CHO cno FSA HO, OH
Cbz-HN™ ' —— Ho [0\
CHO N “NoH OH c';/H HO N-Cbz
ey ll H
18, fagomine OH H, N
S0 Pd/iC HO" ™~ “OH
CHO z
DH OH
49% OH = OH
1-deoxynojirimycin u, '9 ustat HO 0 o
R = {CH;}EDH, Miglitol 0 OH 0 ChzHN 07 coH—" N
! HO :
19 )J\CDDH E?Tf oH 2 e i) beepicast —oH
SeoaneG. AChem. Rev011], 111, 43464403. -(hydroxymethyl)-6-epicastanospermine



Higher Carbon Sugars and Analogs

Seoane G. AChem. Re2011, 111, 43464403.




