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Abstract

A 4-step enantioselective approach was developed to synthesize anti (1R, 2S)-1a and (1S, 2R)-1b 
containing a β-O-4 linkage in good yields. A significant difference was observed for the apparent 

binding affinities of four stereospecific lignin model compounds with TcDyP by surface plasmon 

resonance, which was not translated into a significant difference in enzyme activities. The 

discrepancy may be attributed to the conformational change involving a loop widely present in 

DyPs upon H2O2 binding.

Graphical abstract

Dye-decolorizing peroxidases (DyPs) are a new family of heme peroxidases that catalyze 

H2O2-dependent oxidation of anthraquinone-based dyes under acidic conditions.1–3 They 

have been reported to degrade phenolic lignin model compounds and wheat straw 

lignocellulose, though the efficiency is low.4–7 Our interest in DyPs stems from their 

potential applications in lignin degradation,8, 9 a critical step in converting lignocellulose 

biomass to biofuels.8, 10–13 Lignin biosynthesis produces a β-O-4 interunit linkage up to 50–

65% with α and β carbons exhibiting (R,R), (R,S), (S,R), and (S,S) stereochemistry.11, 14 

While the lignin polymer is a racemic mixture,15, 16 studies have suggested that the localized 

stereochemistry affects its enzymatic digestion.17–23 However, stereochemical relationships 

between β-O-4 dilignols and DyPs remained unknown due to limited access to these 

stereospecific compounds in sufficient amounts.
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While many endeavors had been pursued to synthesize stereospecific lignin model 

compounds containing a β-O-4 linkage,21, 24–31 significant progress was not made until 

recently by Njiojob et al, who had successfully prepared the syn (1S, 2S)-dilignol using 

asymmetric epoxidation followed by kinetic resolution.32 However, attempts to scale up this 

9-step reaction resulted in a low yield.33 Later, the same syn compounds were obtained by a 

5-step synthesis similar to the method B (Scheme 1) described in this report.33 However, 

they had to employ a Mitsunobu reaction to produce anti (1R, 2S)-dilignol,33 which resulted 

in additional three steps and is disadvantageous for reaction scale-up. Thus, we decided to 

develop a short approach to synthesize anti dilignols containing a β-O-4 linkage. Here a 4-

step enantioselective approach is reported to prepare anti (1R, 2S)-1a and (1S, 2R)-1b 
(Scheme 1), achieving the goal of obtaining all four stereoisomers in gram scales by 

controlling the conditions of enolate formation in the presence of Evans chiral auxiliaries. 

These model compounds were studied for their stereodiscrimination by the A-class TcDyP 

from Thermomonspora curvata using surface plasmon resonance (SPR) and enzyme activity 

assays.

As shown in Scheme 1, guaiacol was converted to acid 2 and then reacted with 

oxazolidinone/thiazolidinethione 3 to yield adduct 4 (Figure 1),28, 34 which was screened for 

its efficiency in diastereoselectivity by HPLC. A representative HPLC profile is shown in 

Figure 2 and the results are summarized in Table 1. For method A involving trimethylsilyl 

chloride (TMSCl) and catalytic MgCl2,35, 36 4a (X=O, R=R-Ph, R´=H) was found to be the 

best for diastereoselectivity to yield an anti-aldol product. When 4a was reacted with 

vanillin, di-TMS-protected aldol product was formed initially (see NMR in SI). However, 

the phenolic TMS was not stable and could be easily cleaved to produce mono-TMS- 

protected 5a (X =O, R=R-Ph, R´= H). It has to be noted that isolation of the major 

diastereomer in 5 by silica-gel chromatography was difficult. Therefore, without 

purification, 5 was directly treated with trifluoroacetic acid (TFA) to afford compound 6, in 

which the major diastereomer with anti-configuration was isolated in 75% yields. To further 

optimize diastereoselectivity, effects of organic bases and solvents were also screened. The 

results are summarized in Table 1. It was concluded that Et3N and CH2Cl2 were the best 

base and solvent, respectively. It was also found that low temperature slightly improved 

diastereoselectivity (entries 1 and 2 in Table 1).

Reductive cleavage of the auxiliary in compound 6 with NaBH4 gave the desired 

stereoisomer, (1R, 2S)-1a or (1S, 2R)-1b, depending on the configuration of phenyl group. 

The enantiomeric excess (ee) of the final compounds was determined to be > 99% using 

chiral HPLC. Assignment of the configurations in each stereoisomer was based on the 

reported optical rotations, which was also consistent with theoretical predictions.35, 37 These 

results are summarized in supplemental Figure S1 and Table S1. Thus, the stereospecific 

anti-dilignols were obtained in just four steps with an overall 42% yield, which was a 

significant improvement over the other asymmetric methods reported so far.32, 33

Method B employing n-Bu2BOTf and DIPEA to form enolates has been recently reported to 

synthesize syn-aldol 7e (X = O, R = R-iPr, R´ = H) using chiral auxiliary 4e.33 However, our 

screen on auxiliaries found that 4c had a slightly better diastereoselectivity than 4e (see 

Figure S2 and Table S2 in SI). Thus, 4c was selected as the chiral auxiliary for subsequent 
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preparations. After the chiral auxiliary in 7 was cleaved by NaBH4 to give 8, a subsequent 

hydrogenesis yielded (1R, 2R)-1c or (1S, 2S)-1d depending on the configuration of the 

benzyl (Bn) group in the auxiliary.

Surface plasmon resonance (SPR) is a highly sensitive technique to study non-covalent 

interactions of biomolecules, especially protein-protein and protein-small molecule 

interactions in real time.38 Purified TcDyP (Figure S3 in SI) was immobilized on a 

CMD500M sensor chip (Xantec Bioanalytics GmbH) via amine coupling chemistry.39 The 

synthesized stereoisomers 1a-1d at a series of concentrations were then injected and 

sensorgrams are shown in supplemental Figure S4. Steady-state affinity analysis based on a 

1:1 binding model (Figure S5 in SI) was used to determine the apparent binding affinity 

(KD). The results and parameters evaluating global fittings of the data are summarized in 

Table 2. It was revealed that all stereoisomers had weak interactions with TcDyP. For 

stereoisomer 1c, its affinity was too weak to be determined. Among the other three 

stereoisomers, 1a appeared to bind the strongest with the enzyme at submillimolar 

concentrations. The KD values of 1b and 1d are at least 10-fold higher than that of 1a, 

suggesting that stereochemistry at Cα and Cβ does affect the substrate binding in the absence 

of H2O2. Such observations may shed light on catalysis by DyPs.

We have previously reported that racemic mixtures of β-O-4 dilignol 1 can be degraded by 

TcDyP in the presence of H2O2.6 Based on the MS results, Cα−Cβ was proposed to be 

cleaved during degradation.6 To investigate the stereochemical effects of TcDyP, the four 

stereoisomers were individually incubated with the enzyme in the presence of H2O2. 

Reaction rates were determined based on disappearance of the peak at 13.2 min 

corresponding to the substrate (Figure 3). Specific activities (SAs) of TcDyP toward the four 

stereoisomers are summarized in Table 2, which are in the order of 1a > 1d > 1b > 1c, 

consistent with the order of apparent binding affinities (KD) obtained by SPR. However, one 

important difference was found between SPR and enzyme activity assays. It was observed 

that 1a bound TcDyP by 14- and 12-fold better than 1b and 1d, respectively. Stereoisomer 

1c displayed very weak binding with TcDyP. Therefore, the significant difference observed 

in SPR experiments was not reflected in enzyme activities toward these stereoisomers, in 

which only 1.6-fold difference was observed for the ones with the highest (1a) and lowest 

(1c) activities.

We recently determined the crystal structure of TcDyP,40 which revealed that a large loop 

consisting of residues 277-310 is present next to an access channel leading to the propionate 

group on pyrrole ring C in the heme active site (Figure 4). The entrance of this channel in D-

class DyP from Bjerkandera adusta has been shown to be a substrate binding site.41 The 

same propionate group has also been demonstrated to provide a direct electron transfer from 

the substrate to porphyrin radical in heme-containing manganese and ascorbate 

peroxidases.42, 43 Additionally, this 34-residue loop is close to W263, which has been 

characterized as a surface-exposed substrate oxidation site in TcDyP.40 The closest distance 

between the loop (L279) and W263 is 6.1 Å. Moreover, this loop is widely present in DyPs 

although the size varies between classes. Deletion of the loop in TcDyP has resulted in the 

loss of enzyme activity (data not shown). Thus, it is highly possible that DyP enzymes 

undergo a conformational change involving this large loop upon H2O2 binding. Such H2O2-
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induced conformational changes have been reported for a number of other heme peroxidases 

including cytochrome c peroxidase and horseradish peroxidase.44–48 Since our SPR 

experiments were carried out in the absence of H2O2, the significant difference in KD with 

the four stereoisomers may not be translated into a significant difference in enzyme activities 

toward them, though the overall order of stereochemical preference is retained in both SPR 

and activity assay experiments.

In summary, a 4-step enantioselective method has been developed to prepare anti (1R, 
2S)-1a and (1S, 2R)-1b in the presence of TMSCl and catalytic MgCl2, achieving the goal 

of synthesizing all four stereospecific β-O-4 dilignols in gram scales by controlling 

conditions of enolate formation. The TcDyP displayed different stereodiscrimination against 

these stereoisomers in the absence and presence of H2O2, which may be attributed to the 

conformational change involving a loop widely present in DyP enzymes upon H2O2 binding. 

The overall weak stereodiscrimination by DyPs may appear advantageous in their 

applications as a biocatalyst for lignin degradation, as they will not discriminate the source 

of biomass that may have different localized stereochemistry.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Structures of 4a–4g containing Evans auxiliaries
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Figure 2. 
Representative HPLC profile of diastereoselectivity using method A. The straight line 

indicates MeOH gradient. The peak at 4.8 min represents unreacted aldehyde.
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Figure 3. 
HPLC profiles of TcDyP incubating with 1a and H2O2. Peaks at 3.1, 12.0, 13.2, and 

17.4-20.5 min correspond to impurity from citrate buffer, internal standard, substrate 1a, and 

degradation products, respectively. The inset shows the rate of 1a degradation.
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Figure 4. 
Crystal structure of TcDyP (PDB 5JXU) in surface (left) and cartoon (right) representations. 

The loop consisting of residues 277-310 is colored in pink. The heme b, catalytic residues 

(D220, H312 and R327), W263, and L279 are shown in red, green, blue, and pink sticks.
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Scheme 1. 
Enantioselective synthesis of β-O-4 dilignolsa

aCompounds 5 and 8 were used without purification.
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Table 1

Optimization of aldol reactions using method Aa

entry compd base solvent diastereoselectivityb

1 4a Et3N CH2Cl2 78:7:6:9 (rt)

2 4a Et3N CH2Cl2 80:12:4:4

3 4c Et3N CH2Cl2 78:4:16:2 (rt)

4 4e Et3N CH2Cl2 72:9:10:9 (rt)

5 4f Et3N CH2Cl2 57:27:16 (rt)c

6 4g Et3N CH2Cl2 31:16:53 (rt)c

7 4a BuNH2 CH2Cl2 trace product

8 4a PhNH2 CH2Cl2 no product

9 4a i-Pr2NH CH2Cl2 73:15:4:8

10 4a DIPEAd CH2Cl2 no product

11 4a pyridine CH2Cl2 no product

12 4a DBUe CH2Cl2 no product

13 4a Et3N ClCH2CH2Cl 72:16:7:5

14 4a Et3N EtOAc 76:7:8:9

15 4a Et3N THF 71:2:7:20

16 4a Et3N Et2O 64:6:14:16

17 4a Et3N toluene 57:6:6:31

18 4a Et3N CH3CN no product

a
Unless indicated, all reactions were carried out at 0 °C;

b
Diastereoselectivity was determined by HPLC. See SI for details;

c
Diastereomers were inseparable under this HPLC condition;

d
Diisopropylethylamine;

e
1,8-Diazabicyclo[5.4.0]undec-7-ene.
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