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ABSTRACT: Engineered variants of phenylalanine ammonia lyase from Planctomyces brasiliensis were developed through 
rational design efforts focusing on the aryl binding pocket of the active site, guided by structural and phylogenetic infer-
ence. Inherent problems traditionally associated with the biocatalytic hydroamination of acrylic acids, such as low con-
version and poor regioselectivity with alkyl and methoxy derivatives, could be overcome. The PbPAL variants described 
here represent a valuable addition to the biocatalytic toolbox, allowing previously inaccessible amino acid building blocks 
to be obtained regio- and enantioselectively on preparative scale. 
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While the synthetic utility of phenylalanine ammonia 
lyase (PAL) enzymes1 has been demonstrated by the bio-
catalytic hydroamination of a broad range of substituted 
cinnamic acids2 and also in chemo-enzymatic syntheses,3 
the substrate scope of PALs has been limited primarily to 
compounds with electron-poor/neutral ring systems, with 
no general success in engineering PALs to convert effi-
ciently electron-rich analogues (Scheme 1a). 

Recently, we reported on the identification of several 
new PALs, including those from Dictyostelium discoideum 
(DdPAL) and Planctomyces brasiliensis (PbPAL), exhibit-
ing variable activity profiles towards a broad panel of 
simple cinnamic acids.4 Remarkably, both PbPAL and 
DdPAL were able to convert m-methoxycinnamic acid (a 
substrate shown to be converted poorly, if at all, by other 
PALs) to the corresponding amino acid. While the active 
site residues are nearly identical, huge differences in con-
version were observed between the enzymes, demonstrat-
ing the contribution of amino acid residues distal to the 
active site. Herein, we describe our engineering efforts to 
generate a panel of PAL biocatalysts with an expanded 
substrate scope, able to accept a broad range of demand-
ing electron-rich substrates. 

A panel of cinnamic acids bearing electron-donating 
substituents (Scheme 1b), synthesised from the corre-
sponding aldehydes by a Knoevenagel-Doebner conden-
sation (Supporting Information), was tested with several 
PALs, in the form of whole cells of recombinant E. coli 
overproducing the enzyme, and ammonium  

 

Scheme 1. Lack of suitable PAL catalysts for electron-rich 
phenylalanines (a). Panel of challenging electron-rich 
cinnamic acid substrates (1a-q) selected for this study (b). 

 

carbamate as the ammonia source (Figure 1). PbPAL 
and DdPAL were tested, along with the well-known bio-
catalysts AvPAL from Anabaena variabilis and RgPAL 
from Rhodotorula glutinis for comparison (Figure 1). Of 
the four enzymes, PbPAL was the only one to give  

 



 

 

Figure 1. Screening of four different wild-type PALs 
against electron-rich substrates (substrates 1n-q are omit-
ted since they did not show any conversion with any of 
the tested enzymes). Expt. cond.: 5 mM 1a-q, 4 M 
H2NCOONH4, 50 mg mL–1 E. coli (PAL), pH ~10 (unad-
justed), 37°C, 24 h. 

 

 

Figure 2. Schematic representation of the binding site of 
PbPAL, highlighting the positions selected for engineer-
ing.  

 

moderate to good conversion of substrates 1a-b and 1d-
l, even though very low or no activity was displayed with 
compounds 1c and 1m-q. It is worth noting that three of 
the substrates (1b,i,l) were seen to afford the correspond-
ing amino acids in high conversion with several PALs. 

This interesting observation shows that the poor conver-
sion of most substrates in this panel should not be as-
cribed only to the presence of electron-donating substitu-
ents, but rather to a complex interplay of stereoelectronic 
factors and affinity to the enzyme active site. 

Nevertheless, in order to increase the conversions of 
the poorer substrates, PbPAL was selected as a promising 
starting point and two separate engineering strategies 
were employed to broaden its substrate range. We target-
ed two key residues in the aryl binding pocket of the ac-
tive site of PbPAL (F113 and L114, or FL, based on sequence 
alignment), also known as “selectivity residues” because 
they confer to the enzyme its substrate preference for ei-
ther phenylalanine, tyrosine or histidine (PAL, TAL, HAL, 
respectively).1a The first of these engineering approaches 
(Figure 2, strategy A) was the replacement of the two res-
idues with those of other members of the enzyme family 
known to bind hydroxylated amino acids such as L-
tyrosine and L-DOPA.5,6 Combinations of HL,5 YH6 and 
YL7 were seen, as compared with the homologous FL in 
PbPAL (and most PALs), therefore we chose to investigate 
variants F113H, F113Y and L114H. The second approach 
(Figure 2, strategy B) was based on converting these resi-
dues to smaller but still hydrophobic amino acids to wid-
en the active site cavity around the para-position of the 
substrate, as attempted in previous studies.3a,8,9 For this 
design strategy we selected variants F113A, F113I and F113V. 
All mutations were introduced by site-directed mutagen-
esis and the variants produced in E. coli for activity tests 
under the same conditions used for the WT enzyme (Ta-
ble 1). No appreciable differences in the expression levels 
were observed compared to WT, with the only exception 
of L114H that showed considerably lower soluble expres-
sion (Supporting Information, Figure S1). 

Rewardingly, considerable improvements were seen 
with almost all the substrates considered, with the only 
exception of 1b (already highly converted by WT) and 1i. 
The most significant increases in conversion were ob-
served with meta- and para- substituted compounds, and 
in particular substrates 1c,f,g,h,m (all bearing a heteroa-
tom at the para-position) were better accepted by all the 
variants tested. 

As a general trend, the widened active site variants 
(strategy B) performed better than the TAL-like variants 
(strategy A). A notable exception is 1d, for which both the 
TAL-like variants gave better yields (presumably due to 
hydrogen bonding between the Y/H residue and the fluo-
rine atom). Remarkably, significant improvements in 
conversion of the highly electron-rich substrates 1m-q 
were achieved (e.g., >12-fold for 1m with F113I), including 
the creation of new activity for 1n-q, not converted by the 
WT enzyme, but accepted by some of the variants, albeit 
with low conversions (3-12%). 

In an effort to improve conversions further, we also in-
vestigated double variants: F113Y-L114H (for strategy A), 
F113I-L114A and F113I-L114V (for strategy B). As observed 
with L114H, also F113Y-L114H showed lower soluble  
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Table 1. Biotransformation of electron-rich cinnamic acids by PbPAL variants.a 

   Strategy A variants Strategy B variants  
Subs.b R WT F113H F113Y F113A F113I F113V F113I-L114A F113I-L114V F113Y-L114I 

Conv. 

[%]c 
Conv. 

[%]c 
Conv. 
[%]c 

Conv. 
[%]c 

Conv. 
[%]c 

Conv. 
[%]c 

Conv. 
[%]c 

Conv. 

[%]c 
Conv. 

[%]c 

1a 2-MeO 27 7 22 30 8 9 – – 4 
1b 3-MeO 92 55 91 89 92 89 4 92 76 
1c 4-MeO 8 55 60 40 67 30 3 44 48 
1d 4-F-3-MeO 79 91 90 67 30 26 – 24 88 
1f 3-F-4-MeO 40 86 87 87 87 86 – 86 87 
1g 3-Cl-4-MeO 38 78 42 70 88 77 8 84 73 
1h 4-MeS 84 95 94 95 95 96 87 95 94 
1i 2-Et 48 9 24 24 11 8 – – 26 
1j 3-Et 30 78 – 86 80 88 24 85 4 
1k 4-Et 48 – 17 84 75 85 14 84 17 
1m 3,4-OCH2O 3 42 27 54 67 48 – 48 11 
1n 2,3-(MeO)2 – 3 – 2 10 – – 2 – 
1o 2,4-(MeO)2 – – – – 6 – – – – 
1p 3,4-(MeO)2 – 4 12 – – – – – 18 
1q 2-F-3,4-MeO – 3 9 – – – 3 – – 

 

a Expt. cond.: 5 mM 1a-q, 4 M H2NCOONH4, 50 mg mL–1 E. coli (PAL), pH ~10 (unadjusted), 37°C, 24 h. b Substrates 1e and 
1l are omitted since they afforded good conversions with the WT enzyme (91 and 92%, respectively). c Determined by 
HPLC. The highest conversion obtained for each substrate is highlighted.  

 

expression levels (Figure S1). Biotransformation results 
are reported in Table 1. The switching of L114 to smaller 
hydrophobic residues in the F113I variants did not afford 
any improvement for the substrates tested, and was even 
detrimental in some instances (e.g. 1a,c,i). 

An attempt to combine the two strategies led us to 
modify further the best-performing strategy A variant 
(F113Y) with an additional mutation aimed at reducing the 
steric hindrance of the aliphatic side-chain at position 114 
(L114I, since a switch from F to A in strategy B variants 
proved less efficient than F to I). Even though the result-
ing F113Y-L114I variant proved successful in improving on-
ly a few of the conversions seen with F113Y (e.g. 1g, where 
the increased active site volume better accommodates the 
m-Cl substituent), this double variant afforded the high-
est conversion across the panel for the challenging sub-
strate 1p (18%).  

These results highlight the difficulty in engineering a 
broadly applicable PAL biocatalyst able to accept diverse 
highly electron-rich substrates. Even though expanding 
the hydrophobic binding pocket afforded increased con-
versions with many of the substrates tested, no additional 
improvement was seen by broadening the cavity further 
(as demonstrated by the double variants F113I-L114A and 
F113I-L114V).  

Employing our rational design process, we were able to 
extend the substrate scope of PbPAL towards very de-
manding electron-rich substrates. The engineering suc-
cess with respect to improved acceptance of 1c and 1m, 
combined with the existing high efficiency for the respec-
tive isomers 1b and 1l, suggests that the improvements 
were mainly achieved through the removal of steric hin-
drance around the para-position of the substrates. Addi-
tionally, the conversion of 1l and 1m but poor efficiency 
with the similarly substituted 1n and 1p imply that the 
electron-donating potential of methylenedioxy- vs. di-
methoxy-substitution is likely lower. This may be due to 
the constrained 5-membered ring system which contains 

the two oxygens in the latter case, contravening optimal 
overlap of lone pairs with the π-orbitals of the aryl ring 
system. The clear preferences observed for certain vari-
ants towards specific substrates highlight the flexibility of 
these engineered biocatalysts, diversifying the PAL 
toolbox.  

In addition, with some of the variants we detected very 
small amounts of the corresponding β-amino acid as a 
side product. This is a side activity of PALs we have re-
ported previously,10 and that could be mitigated by incu-
bating the biotransformation for shorter times (12-16 h). 
Longer incubation times (48 h) afforded higher yields of 
the side product (Supporting Information, Table S1). The 
production of the β-regioisomer is presumably enhanced 
by the electronic properties of the substrates in this study, 
as seen with AvPAL10 and related aminomutases.11  

Lastly, to demonstrate the synthetic utility of these en-
zymes, we performed several preparative scale biotrans-
formations with the best variant for each substrate (giving 
the optimal trade-off between high conversion and low β-
amino acid side-product formation). Reactions were con-
ducted on a 100 mg scale, affording the corresponding 
amino acids in excellent conversions and good isolated 
yield (Scheme 2), except for 2h, which consistently gave 
considerable losses during purification. Most of these 
building blocks have been employed in the synthesis of a 
wide range of APIs and natural products, such as L-DOPA 
(from 2m), cryptophycin A (from 2g),12 anticancer bou-
vardin derivatives (from 2f)13 and fluoroepinephrine (from 
2q).14 

In conclusion, we have successfully engineered a re-
cently discovered PAL to accept electronically and steri-
cally demanding substrates. By using tailored variants, 
good isolated yields and excellent ee could be demon-
strated on preparative scale. Furthermore, this work high-
lighted the importance of implementing enzyme discov-
ery (starting with a unique template) to facilitate engi-
neering strategies. 
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Scheme 2. Preparative scale synthesis of electron-rich 
phenylalanines. 
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