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Figure S1. Cladogram showing the hydroxynitrile lyases (red text) in the o/B-hydrolase fold family
cluster within a larger group of plant esterases (blue text). The decarboxylase (green text) is more
distantly related as are meta-cleavage product hydrolases (orange text, connected by dotted lines).
Black text indicates presumed esterases with unverified functions. Ancestral enzymes were
reconstructed at the labelled nodes. The numbers on the lines are bootstrap values (in percent). Values
above 70% indicate that tree is draw correctly.!
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Figure S2. Alignment of the amino acid sequences of selected modern o/p-hydrolases and
reconstructed ancestral enzymes. Yellow highlights the conserved catalytic triad, while blue highlights
the additional residues needed to interconvert hydroxynitrile lyase and esterase activity.2-3 Alignment
made using the Clustal Omega algorithm within SeaView 4.4.0 (http://doua.prabi.fr/software/seaview).
Abbreviations: RcEST: Polyneuridine-aldehyde esterase precursor, putative from Ricinus communis
NCBI Reference Sequence: XP_002510769.1; MKS1: methylketone synthase I from Lycopersicon
hirsutum f. glabratum GenBank: ADK38535.1; RsEST: Polyneuridine-aldehyde esterase from
Rauvolfia serpentina UniProtKB/Swiss-Prot: Q9SE93.1; SABP2: Salicylic acid-binding protein 2 from
Nicotiana tabacum UniProtKB/Swiss-Prot: Q6RYAO.1; AtEST: ESTS from Arabidopsis thaliana
(shows R-selective cleavage of mandelonitrile) NCBI Reference Sequence: NP_196592.1; MeHNL: S
hydroxynitrile lyase from Manihot esculenta GenBank: AAV52632.1; HbPHNL: S hydroxynitrile lyase
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from Hevea brasiliensis UniProtKB/Swiss-Prot: P52704.1

Table S1. Pairwise amino acid sequence identities of modern and ancestral enzymes.

SABP | Rs- EST3- | EST3- HNL1 | HNL1
2 EST | RcESt | EST2 | EST1 NJ ML EST3 | -NJ -ML | HNL1 | AtEST | MeHNL

HbHNL | 44 M1 21 48 49 56 58 67 79 75 79 47 76

MeHNL 41 39 21 44 45 53 54 63 67 67 74 45

AtEST 50 46 24 58 60 73 78 66 59 57 55

HNLA1 49 48 23 57 59 68 69 84 84 84

HNL1-
ML 51 46 24 56 58 71 71 74

91

HNL1-
NJ 50 49 25 58 59 77 71

EST3 55 52 26 66 69 73 76

EST3-

ML 60 54 27 69 Al 85
EST3-

NJ 59 56 29 72

EST1 70 64 29 96

EST2 71 62 29

RcEst 28 27

56

“Background color emphasizes the amino acid sequence similarities ranging from 29% (red) to 96%
(green).
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Table S2. Cyanohydrin cleavage and ester hydrolysis catalyzed by modern and ancestral enzymes.“

OH
OH g_ H HO

><CN Ph, mandelonitrile R CN Ph/‘TﬂNo

Me, lactonitrile
acetone n-Pr, 2-hydroxypentanenitrile  2-nitro-1-phenylethanol
cyanohydrin  n-Bu, 2-hydroxyhexanenitrile

O
p—nltrophenyl )]\ S methyl OMe Ph
acetate mandelate 4-phenvl-4-

methyl 1- & 2-naphthyl methyl h pheny
salicylate acetate pentanoate utyrolactone
Enzy rate of cyanohydrin cleavage, min! rate of ester hydrolysis, min~!

me

aceton | mandel | lactoni | 2-OH | 2-OH | 2-ni- | methyl

4-
e onitrile | trile | pentan | hexane | tro-1- | salicyl
cyanoh enitrile | nitrile | phenyl ate -4-bu-
ydrin ethanol acetate | acetate tyro-
¢ lactone

HbHN | 2400+ | 1530 | 5011 7.2 24 42b 7.2/
L 100 | £130¢b +0.8b +0.3
(>199, (49, S)

MeHN | 12600 | 1340 | 13+1 | 0.66+0 1.1 0.3
L | +800 | +20° 06 | 0.1 [(1.1,8)
(>49)
S)
HNLI- | 720+ | 170+
ML 60 20
4,9)

HNLI- | 350 | 60+5
NJ +10 | (32,5)

HNLI1 880 340
+70P +10P

(49,9)

EST3- | 0.078 | 3649
ML | +0.006 | (6.7,
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@ Error limits are standard deviations from three measurements. Rates (min!) correspond to hydrolysis
or cleavage of the substrate shown determined at the concentration given in the experimental section.
Enantioselectivity and favored enantiomer are in parentheses. ? Rate refers to formation of the substrate
shown. ¢ Measured rate at 0.5 mM methyl salicylate. The product, salicylic acid inhibits SABP2 (K4=
90 nM?). Other researchers measured a faster rate of 27 min~! when product inhibition does not slow
the reaction.

Table S3.Rates and enantioselectivity of other nucleophilic additions and other hydrolyses catalyzed by
modern and ancestral hydroxynitrile lyases and esterases.“
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other eliminations other hydrolyses

HO O 0 o) co§9
—> C + O
o~Hoen &7 :CHz)I\Ph Ny +HO ——
lacetic aci
benzoylacetic acid + H@ \/ 2-azabicyl[2.2.1] ®
o o hept-5-en-3-one NH3 o o
I I @ O O @
%@ . @(C(O)Me N%@ 0 _ Pr‘:’ HO — - OM + @O)I\Ph
J C(O)Me C(O)Me o) 2-hydroxy-@-oxp-G-phenyI- o + H@
Ph Ph hexa-2,4-dienoic acid
+HO C(O)Me
3-(2-nitro-1-phenylethyl)
pentane-2,4-dione
Enzymes | Decarboxylase Michael Addition Lactamase C—C hydrolase
Benzoylacetic 3-(2-Nitro-1-phenyl 2-Azabicyl-[2.2.1]hept-5- | 2-hydroxy-6-
acid ethyl)pentane-2,4-dione? en-3-one 0X0-6-

phenylhexa-2, 4-
dienoic acid

HPHNL
MeHNL

HNL1-ML
HNL1-NJ | 0.015+0.0008 0.0002 +0.0001 0.00051 +
(34,9 0.00005
HNLI1

EST3-ML 0.0012 + 0.0002

0.00015 +0.00006 0.0041 £0.00005 | 0.0056 + 0.0005
(1.1, R) (66, 1R, 4S)

EST3-NJ

EST3 0.031 + 0.003
EST2 | 0.0026+0.0003 0.0018+0.0001
(9.8, 1R, 4S)
ESTI 0.021 + 0.002
(82, IR/4S))
SABP2 0.00270.0012

(40, 1R, 45)

RCEST

RsEST 0.00035 +
0.00003

AtEST



@ Error limits are standard deviations from three measurements. Rates (min!) correspond to hydrolysis
or cleavage of the substrate shown determined at the concentration given in the experimental section.
Enantioselectivity and favored enantiomer are in parentheses. Red fill marks instances where no reac-
tion was detected; the detection limits vary depending on the substrate and amount of enzyme avail-
able. b Rates are keat (min!) determined by steady state kinetics. ¢ Enantioselectivity was measured by
formation of the substrate shown. ¢ Rate refers to formation of the substrate shown.

Table S4. Data (conversion and enantiomeric excess) to measure the enantioselectivity of modern and
ancestral enzymes.“

Enzymes | Hydroxyni- | Henry Re- | Michael addi-| Lactamase Lactonase Esterase

trile lyase action tion 2-Azabicyclo- | 5-phenyldihydrofu- | Methyl

Mandeloni- | 2-Nitro-1- | 3-(2-Nitro-1- | [2.2.1]hept-5- ran-2(3H)-one mande-

trile phenylethan phenyl en-3-one late
ol ethyl)pentane-
2,4-dione

HbHNL 10,99(8) | 63,92 (S) <0.1 <0.1 <0.1 <0.1
MeHNL 45,96 (S) 76,5 (S) <0.1 <0.1 <0.1 <0.1
HNLI1- 55, 60 (S) 85,83 (S) <0.1 <0.1 <0.1 <0.1
ML
HNL 1-NJ | 72,95 (S) 98, 95 (S) 19, 56 (S) <0.1 66, 99 (S) <0.1
HNL 1 52,95 (S) 91, 96 (S) <0.1 <0.1 <0.1 <0.1
EST3-ML | 18,77 (R) <0.1 <0.1 <0.1 <0.1 <0.1
EST3-NJ <0.1 <0.1 11.6 (R) 47,78 (1R, 4S) 21,30 (R) 11, <5
EST3 <0.1 <0.01 <0.1 <0.1 <0.1 <0.1
EST 2 20,39 (S) <0.1 <0.1 37,59 (1R, 45) 34,55 (R) 50, 10 (S)
EST 1 15,36 (S) <0.1 <0.1 52,96 (1R, 45) 24,34 (R) 13,<5
SABP2 <0.1 <0.1 <0.1 51,92 (1R, 45) 39,<§ 10, <5
Rc EST <0.1 <0.1 <0.1 <0.1 <0.1 5,<5
Rs EST <0.1 <0.1 <0.1 <0.1 68, 99 (S) 12,6 (R)
AEST 86, 99 (R) 96, 88 (R) <0.1 <0.1 15,24 (R) <0.1

2 The first number indicates the conversion in % and the second the enantiomeric excess in % of the
product indicated for the first three reactions (nucleophilic additions) and of the unreacted substrate in-
dicated for the last three reactions (hydrolyses). (R) or (S) indicates the configuration of the favored
enantiomer. If the measured enantiomeric excess was <5% ee, the reaction is considered not enantiose-

lective. ®From reference 5.
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Figure S3. Representative HPLC chromatograms to measure enantioselectivity of modern and ances-
tral enzymes

A: Formation of mandelonitrile (Chiralcel OD-H, hexane: isopropanol. 98:2)
Racemic mandelonitrile

DAD1 A, Sig=220,4 Ref=off (TITU\TITU 2014-10-15 20-35-5811AA-0101.D)
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DAD1 A, Sig=220,4 Ref=off (TITUTITU 2014-10-15 20-35-58\1AE-0501.D)

mAl =
175°
150=
1257 2
1002 2
= 1Y)
75= :
505 g &
E il
257 .3
05— ) —t
T T T T T T T T T T T T T T T
28 2 2 3%
# Time Area Height Width  Area% Symmetry
1 31.059 71105 67 1.354 98.172 1,197
2 34.459 1324 4.2 0.522 1.828 0
HNLI1-ML
mal _
eo-
_ o
-4 3 o ,\"e’ =
- o \q'
N 2 F 5 20
20— A o a4
] ™. B
0— _‘_‘Z,_,-— S S
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2 Time Area Height Width Area%
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DAD1 A, Sig=220,4 Ref=off (TITUITITU 2014-10-15 20-35-58\1AH-0801.D)

mA -
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100-
80—
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40-
20-
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: . : . : . . . , : . , . . .
28 20 2 4
# Time Area Height Width  Area% Symmetry
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DAD1 A, Sig=220,4 Ref=off (TITUITITU 2014-10-15 20-35-58\1AF-0601.D)
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Time Area Height Width  Area% Symmetry
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EST2

DAD1 A, Sig=220,4 Ref=off (TITU\TITU 2014-10-15 20-35-58\1BC-1201.D)
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# Time Area Height Width  Area% Symmetry
1 31,141 653.4 6.6 1,639 68.858 1,452
2 34.205 295.5 3.7 1.3358 31,142 2,032

B: Addition of nitromethane to benzaldehyde (Henry reaction) (Chiralcel OD-H, hexane: isopropanol
95:5)
Racemic 2-nitro-1-phenylethanol

DAD1 A, Sig=220.4 Ref=off (TITU\TITU 2014-10-14 19-43-52\1CA-0101.0)
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[1] 23414 [ 64946 | 91.5 [ 0.9937 51,770 0.502
[2 ] 2876 | e0s0.4 | 69.9 | 14431 [ 48.230 | o0.4%8
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DAD1 D, Sig=210.4 Ref=off (TITU\TITU 2014-10-15 14-04-37\1FC-0301.D)
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[1 ] 23554 [ 23737 | 33.4 [ 11845 93.579 0.593
2] 29281 | 1629 | 19 | 14574 | 6421 | 0.593 |




DAD1 D, Sig=210.4 Ref=off (TITU\TITU 2014-10-15 14-04-37\1FD-0401.D)

MeHNL
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[1 ] 23477 ] 378 [ 5.7 | 10%6 [ 52975 [ o0.474 |
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DAD1 D, Sig=210,4 Ref=off (TITU\TITU 2014-10-15 14-04-37\1FF-0601.D)
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HNL 1

DAD1 D, Sig=210.4 Ref=off (TITU\TITU 2014-10-15 14-04-37\1FE-0501.D)
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[[1 ] 23693 ] 34.9 [ 8E-1 [ 07238 [ 2130 | 298 |
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C. Addition of acetyl acetone to trans-f-nitrostyrene (Michael addition) (Chiralcel OJ-R, acetonitrile:
H-0, 40:60)
Racemic 3-(2-nitro-1-phenylethyl)pentane-2,4-dione
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[1 ] 7924 ] 49.8 [ 2.2 [ 02757 [s0202 | 1168 |
[ 2] oms | 49.4 | 1.9 | 04336 | 49798 | 0887 |
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DAD1 C, Sig=210,4 Ref=off (TITU\TITU 2014-09-16 16-10-31\1EG-0601.D)
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[1 ] 7025 [ 1437 ] 6 [ 02958 [ 79697 [ 1004 |
[ 2] 757 | 36.6 | 1.4 | 04265 | 20303 | o707 |
DAD1 C, Sig=210,4 Ref=off (TITU\TITU 2014-09-16 16-10-31\1EF-0501.D)
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# Time Area Height Width Area% Symmetry
[1 ] 7818 ] 1044 | 4.5 [ 03051 [ 47224 ] 1164 |
2] 9895 | 1167 | 3.9 | 034 | 52776 | 0913 |

D: Hydrolysis of 2-azabicyclo[2.2.1 ] hept-5-en-3-one (lactamase) (Chiralcel AS-RH, acetonitrile : H2O
+ 0.1% formic acid, 20:80)



Racemic 2-azabicyclo-[2.2.1]hept-5-en-3-one

DAD1 C, Sig=225,4 Ref=off (TITU\TITU 2014-11-13 00-08-44\1AA-0101.0)

8 s

o
8
[y
H
<
K T T T T T - T T T ‘T N
325 35 3.75 4 4.25 45 4.75 5 5.25 min|
O]
# Time Area Height Width Area% Symmetry
[1] 395 [ 1048 | 14 [ 01131 [ s0.722 [ o869 |
[ 2] 4948 | 1018 | 10.3 | 01538 [ 49278 | 0948 |
DAD1 C, Sig=225,4 Ref=off (TITU\TITU 2014-11-13 00-08-44\1AC-0301.D)
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[1] 398 [ 1584 21 [ 01133 [ 89110 [ 0904 |
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DAD1 C, Sig=225,4 Ref=off (TITU\TITU 2014-11-13 01-04-04\1AD-0101.D)
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DAD1 C, Sig=225,4 Ref=off (TITU\TITU 2014-11-13 00-08-44\1AE-0501.D)
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[1] 398 [ 1266 16.6 [ 01172 [ 97929 [ 0.893 |
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DAD1 C, Sig=225.4 Ref=off (TITU\TITU 2014-11-13 00-08-44\1AF-0601.D)
mal -
80—
s0-
nE
20
E| 8
- @
20— ™
10 A 2
- ]
- <
0 ] L s
10— T T T T T T
3 3.5 4 45 5 5.5 min
|
# Time Area Height Width Area% Symmetry
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[ 2] a9 | 37 3.6 | o0.1609 | 20.893 | 1144 |

E. Hydrolysis of 5-phenyldihydrofuran-2(3H)-one (lactonase) (Chiralcel AS-RH, acetonitrile: H2O +
0.1% formic acid, 35:65)

Racemic 5-phenyldihydrofuran-2(3H)-one

DAD1 D, Sig=210,4 Ref=off (TITU\TITU 2014-11-13 11-01-3211DA-0101.D)
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DAD1 D, Sig=210,4 Ref=off (TITU\TITU 2014-11-13 11-01-32\1DC-1201.D)
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DAD1 D, Sig=210.4 Ref=off (TIT\TITU 2014-11-13 11-01-32\1DE-1301.D)
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[t ] 12 ] 178 | 9 0.2662 | 100.000 | 0.986 |
DAD1 D, Sig=210,4 Ref=off (TITU\TITU 2014-11-13 11-01-32\1EG-2101.D)
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DAD1 D, Sig=210.4 Ref=off (TITU\TITU 2014-11-13 11-01-32\1DI-1601.0)
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DAD1 D, Sig=210.4 Ref=off (TITU\TITU 2014-11-13 11-01-32\1EA-1501.D)
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[1] 1148 [ 1161 ] 6 [ 02408 [ 33322 1072 |
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DAD1 D, Sig=210.4 Ref=off (TITU\TITU 2014-11-13 11-01-32\1EB-1101.D)
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[t ] 11411 ] 34.3 | 1.9 | 02228 [ 22433 [ o0.804 |
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Porcine liver estearase (PLE) mediated hydrolysis of 5-phenyldihydrofuran-2(3H)-one to assign the first
eluting peak as the fast-reacting (+)-enantiomer.



DAD1 D, Sig=210,4 Ref=off (TITU\TITU 2014-12-11 13-07-21\1EB-0201.D)
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F: Hydrolysis of methyl mandelate (Chiralcel AS-RH, acetonitrile :

30:70)

Methyl mandelate
DAD1 D, Sig=210,4 Ref=off (TITU\TITU 2014-10-28 18-16-07\1EB-0201.D)
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R-methyl mandelate standard
DAD1 D, Sig=210,4 Ref=off (TITU\TITU 2014-10-29 01-24-46\1AH-0101.D)
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H>0 + 0.1% trifluroacetic acid,
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DAD1 D, Sig=210,4 Ref=off (TITU\TITU 2014-10-28 23-13-10\1FF-0301.D)
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EST2

DAD1 D, Sig=210,4 Ref=off (TITU\TITU 2014-10-28 18-16-07\1FC-1201.D)
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Table SS. Categorical summary of data in Table S1.

EC 4 EC3
Enzyme Y N Y N
HbHNL 6 0 1 5
MeHNL 6 0 0 6
HNL1Mean 6 0 4 2
EST3Mean 1 5 3 3
EST2 2 4 6 0
EST1 2 4 6 0
SABP2 0 6 6 0
RCcEST 0 6 5 1
RsSEST 0 6 6 0
AtHNL 2 4 4 2

Table S6. 2x2 Fisher’s exact test the substrate and catalytic promiscuity of modern and ancestral
enzymes.

natural reaction unnatural reaction
Enzyme yes no yes no
modern 33 3 3 33
ancestral 21 9 9 15

natural (substrate promiscuity), P =0.67
unnatural (catalytic promiscuity), P = 0.0085
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Table S7. Categorical summary of data in Table S2

non-selected reactions
Enzyme Y N
HbHNL 0 4
MeHNL 0 4
HNL1Mean 0 4
EST3Mean 1 3
EST2 2 2
EST1 1 3
SABP2 1 3
RCcEST 0 4
RsEST 1 3
AtHNL 0 4

Table S8. 2x2 Fisher’s exact test the substrate and catalytic promiscuity of modern and ancestral
enzymes.

non-selected reaction

Enzyme yes no
modern 2 22
ancestral 6 10

ancestral enzymes are more likely than modern enzymes to catalyze a promiscuous, non-selected
reaction, P = 0.042
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