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Abstract  

Reductive dehalogenases (RDases) are corrinoid-dependent enzymes that reductively 

dehalogenate organohalides in respiratory processes. By comparing isotope effects in biotically-

catalyzed reactions to reference experiments with abiotic corrinoid-catalysts, compound-specific 

isotope analysis (CSIA) has been shown to yield valuable insights into enzyme mechanisms and 

kinetics, including RDases. Here, we report isotopic fractionation (ε) during biotransformation of 

chloroform (CF) for carbon (εC = -1.52 ± 0.34‰) and chlorine (εCl = -1.84 ± 0.19‰), 

corresponding to a ΛC/Cl value of 1.13 ± 0.35. These results are highly suppressed compared to 

isotope effects observed both during CF biotransformation by another organism with a highly 

similar RDase (> 95% sequence identity) at the amino acid level, and to those observed during 

abiotic dehalogenation of CF. Amino acid differences occur at four locations within the two 

different RDases’ active sites, and this study examines whether these differences potentially 

affect the observed εC, εCl, and ΛC/Cl. Structural protein models approximating the locations of the 

residues elucidate possible controls on reaction mechanisms and/or substrate binding efficiency. 

These four locations are not conserved among other chloroalkane reducing RDases with high 
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amino acid similarity (> 90%), suggesting that these locations may be important in determining 

isotope fractionation within this homologous group of RDases.  

 

Keywords: Compound-specific isotope analysis, amino acid identity, reductive dehalogenases, 

biotransformation, chlorinated alkanes, reductive dechlorination 

 

 

Introduction  

Halogenated alkanes are aliphatic compounds that include chlorinated methanes such as 

chloroform (CF) and dichloromethane (DCM), and chlorinated ethanes such as 1,1,1-

trichloroethane (1,1,1-TCA) and 1,1-dichloroethane (1,1-DCA). These compounds are common 

groundwater contaminants at many sites due to past spills or poor storage and disposal practices 

(Fent, 2003; Rowe et al., 2007). As the threats of halogenated alkanes to human and 

environmental health have become more understood, organizations such as Health Canada 

(Health Canada, 2020), the U.S. Environmental Protection Agency (USEPA) (USEPA, 2012), 

and the World Health Organization (WHO) (WHO, 2004) have introduced regulations and 

recommendations for maximum concentrations in groundwater on the order of parts per billion 

(ppb). As a result, research on transformation mechanisms and pathways of these compounds has 

proliferated in the past 50 years to inform remediation strategies.  

Organohalide-respiring bacteria (OHRB) are a diverse group of microbes that transform 

organohalides via reductive dehalogenation as part of their metabolism (Adrian and Löffler, 

2016). These organisms use enzymes called reductive dehalogenases (referred to as RDases 

when functionally characterized, or RdhA when uncharacterized but predicted from genomes; 
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Adrian and Löffler, 2016), a class of corrinoid-dependent terminal reductases in organohalide 

respiration (Adrian and Löffler, 2016). RDases generally transform organohalides, most 

commonly organochlorides, by removing one or more chlorine atom(s), via pathways such as 

hydrogenolysis or reductive elimination (e.g., β-elimination). Applying OHRB for organohalide 

remediation in groundwater has garnered a high level of interest, but considerable knowledge 

gaps persist, including details of specific reaction mechanisms, substrate specificity, and 

enzymatic activity. Establishing methods to design and optimize in situ biotransformation 

strategies based on the substrates and concentrations present at a site (e.g., by identifying if 

critical native microorganisms are present via genetic characterization) may be enhanced by a 

better understanding of the relationship between RDase amino acid sequences and function.  

RDases are classified into ‘ortholog groups’ (OGs) based on their amino acid sequence 

similarity, grouping RDases with at least 90% sequence identity (Hug et al., 2013). In many 

cases, RDases within OGs have similarities in function, such as biotransformation of the same 

substrates (Molenda et al., 2020). OG 97 is described as a group of dehalogenases that transform 

chlorinated alkanes (e.g. 1,1,1-trichloroethane/chloroform/1,1-dichloroethane) (Molenda et al., 

2020). Members of this group include characterized proteins ThmA (Zhao et al., 2017), CtrA 

(Zhao et al., 2015), TmrA (Deshpande et al., 2013; Jugder et al., 2017), CfrA (Tang et al., 2012), 

and DcrA (Tang et al., 2012). Interestingly, despite the high similarity of these enzymes (> 90% 

in amino acid identity), each enzyme in OG97 exhibits differences in their substrate ranges and 

preferences (see Table 1 footnote). For example, the RDase CfrA can dechlorinate 1,1,1-TCA 

and CF but shows no transformation of 1,1-DCA, while a very similar protein, DcrA, transforms 

1,1-DCA, but not CF or 1,1,1-TCA (Tang and Edwards, 2013). Both CfrA and DcrA transform 

1,1,2-TCA (Wang et al., 2017). This substrate specificity is observed despite their high similarity 
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at the amino acid level (95.2%) (Tang and Edwards, 2013). Molenda et al. (2020) found 

important links between OGs and function (specifically, reductive dechlorination of chlorinated 

methanes and ethanes by multiple enzymes in OG 97) but noted that future work is required to 

establish the causal links between reductive dehalogenase amino acid sequence and function. 

Typical characteristics of OHRB, such as slow growth rates and sensitivity to oxygen, 

combined with the scarcity of biochemical tools for purifying RDases through heterologous 

expression, have challenged biochemical characterization. Recent developments in heterologous 

expression (Halliwell et al., 2021; Jugder et al., 2018; Mac Nelly et al., 2014; Nakamura et al., 

2018; Parthasarathy et al., 2015; Picott et al., 2022) and structural characterization (Bommer et 

al., 2014; Kunze et al., 2017; Payne et al., 2015) of RDases have been key to overcoming these 

challenges and further advancing mechanistic and structural characterization. Numerous reaction 

mechanisms have been proposed, including a direct interaction of the super-reduced cobalt (Co
I
) 

of the corrinoid with the substrate; forming a cobalt-carbon bond in a nucleophilic substitution 

reaction (Schrauzer and Deutsch, 1968), or a cobalt-halogen bond (Payne et al., 2015); and long-

range electron transfer from Co
I
 to form a substrate radical intermediate, followed by elimination 

of the halogen to form a carbanion (Bommer et al., 2014; Kunze et al., 2017; Schmitz et al., 

2007; Ye et al., 2010). Electron transfer processes can also be investigated to determine if they 

involve bond formation between the electron donor and acceptor (inner sphere electron transfer) 

(Saveant, 1990) or not (outer sphere electron transfer) (Marcus, 1992). To date, studies utilizing 

heterologous expression and structural characterization have been most successful for RDases 

from non-obligate OHRB, including mostly chlorinated ethene degrading RDases (e.g. see 

Molenda et al., 2020). Obligate OHRB (such as Dehalobacter) are very sensitive to oxygen, 

grow much more slowly and yield much less biomass than facultative OHRB (Adrian and 
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Löffler, 2016), making their enzymes harder to characterize biochemically (e.g. see Fincker and 

Spormann, 2017). However, recent advances in structural protein modelling (Baek et al., 2021; 

Jumper et al., 2021) can provide insight into the location of amino acid residues relative to the 

active site and allow hypothesis generation about their influence on activity and substrate range.  

Compound-specific isotope analysis (CSIA) has become an established tool in 

contaminant hydrogeology to identify and quantitively estimate the extent of transformation of 

volatile organic compounds (VOCs) in groundwater (Hunkeler et al., 2008). CSIA also has been 

applied to probe enzymatic mechanisms and kinetics (recently reviewed by Ojeda et al. (2020); 

Vogt et al. (2016)). Using CSIA, the stable isotope ratios of an element are measured at natural 

abundance. CSIA in mechanistic studies is based on the kinetic isotope effect (KIE), where 

molecules with the same chemical composition but different isotopic composition 

(isotopologues) generally react slightly faster if they contain exclusively light isotopes of an 

element (
L
E) than if they contain one or more heavy isotopes of an element (

H
E) in a reacting 

bond or its vicinity, corresponding to a normal isotope effect. It should be noted that inverse 

isotope effects can also be observed (e.g., Heckel et al., 2019) where the heavy isotopologue 

reacts faster than the light, but these are generally less frequent. Regardless, changing stable 

isotope ratios (R, where R = 
H
E/

L
E) in a compound over the course of a chemical reaction is 

referred to as isotope fractionation.  

In first-order reactions, the KIE is equal to the ratio of rate constants for heavy and light 

isotopologues (
H
k/

 L
k) (Bigeleisen, 1949). The intrinsic KIE is related to the order and manner of 

bond breakage in a chemical reaction and hence can provide insights into reaction mechanisms. 

However, the observed isotope effect (apparent KIE, AKIE) can be substantially different from 

the intrinsic KIE due to differences in rate-limiting steps in the net enzymatic reaction. 
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Biotransformation pathways are typically comprised of multiple elementary reaction steps, 

including non-transformation steps such as mass transfer (Bosma et al., 1997), or binding of free 

enzyme (E) to substrate (S) to create an ES complex (Michaelis and Menten, 1913). If one of 

these steps in the overall reaction pathway that precedes the transformation step is rate-limiting 

or partially rate-limiting, the AKIE may be suppressed relative to the intrinsic KIE (Northrop, 

1981; O’Leary, 1989), known as a “masking effect”. Masking effects have been shown to occur 

due to a variety of phenomenon, including transport through cell membranes (Ehrl et al., 2018; 

Nijenhuis et al., 2005; Thullner et al., 2013), trace element abundance vs. limitation (Mancini et 

al., 2006), and enzyme-substrate binding (Sherwood Lollar et al., 2010; Świderek and Paneth, 

2013).  

CSIA measures stable isotope ratios of an element (R = 
H
E/

 L
E), typically expressed in δ 

notation in per mille (‰; Eq. 1): 

δ
H

E = (R
sample

-Rstandard)-1  Eq.1 

where Rstandard is the isotopic ratio of an international reference standard for the element 

of interest (e.g., Vienna Pee Dee Belemnite (V-PDB) for carbon, Standard Mean Ocean Chloride 

(SMOC) for chlorine (Hunkeler et al., 2008 and references therein). Dual-isotope analysis, where 

stable isotopes of two different elements within the same molecule are analyzed, is a powerful 

tool that can overcome masking effects (recently reviewed by Ojeda et al. (2020) and Kuntze et 

al. (2019)). Dual-isotope plots show the absolute fractionation of one element (e.g., carbon, 

Δδ
13

C), against another (e.g., chlorine, Δδ
37

Cl), which generally produces a linear relationship 

with a slope, lambda (Λ). If a masking effect is present that does not isotopically fractionate 

either element, both elements will be suppressed to a similar extent, and Λ will therefore be 

unaffected by masking (recently reviewed in Ojeda et al. (2020)). As such, Λ values give more 
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robust insight into the kinetics and reaction mechanisms for enzymatic transformation than 

fractionation effects measured for only one element. Mechanistic investigations using CSIA also 

benefit from comparing biological fractionation effects to abiotic reference experiments, for 

example in studies where abiotic corrinoids are compared to RDases containing catalytically 

active corrinoids (cobamides) (Heckel et al., 2019; Lihl et al., 2019; Renpenning et al., 2014; 

Rodríguez-Fernández et al., 2018). The protein environment (e.g. amino acid residues in the 

vicinity of the active site) and structure are also important parameters, as studies of other classes 

of enzymes containing earth abundant metals (EAMs) at their core have their reactivity 

modulated by the surrounding protein environment (as reviewed by Bullock et al. (2020)).  

Previous work (Chan et al., 2012; Heckel et al., 2019; Lee et al., 2015; Soder-Walz et al., 

2022) using CSIA to investigate biotransformation of CF is shown in Table 1. Significant 

differences in both carbon and chlorine isotope effects were observed for different enrichment 

cultures. Even for cultures that all contain the same organism, Dehalobacter restrictus (Dhb), 

different strains and their associated enzymes, such as strain CF with RDase CfrA (Tang and 

Edwards, 2013), strain UNSWDHB with RDase TmrA (Wong et al., 2016); and KB-1® Plus 

with CF-rdhA, show significant differences (Table 1). Like observations for substrate specificity 

within OG 97 (discussed above), differences in isotope fractionation during biotransformation 

can even be observed for two enzymes (e.g., CfrA and TmrA) that have high similarity (>95%) 

at the amino acid level (Lee et al., 2015; Table 1). Carbon isotope effects produced by 

biotransformation of CF can differ significantly (this study; Heckel et al., 2019) and chlorine 

isotope effects differ in magnitude as well as direction (this study; Heckel et al., 2019; Table 1). 

The differences in AKIEC and AKIECl produce differences in dual-isotope plots (Table 1), e.g., 

ΛC/Cl = 3.39 ± 0.15 for CfrA and ΛC/Cl = -1.2 ± 0.2 for TmrA. Differences for D. restrictus strain 
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UNSWDHB have been observed in mixed culture (CFH2) (Lee et al., 2015), in isolated D. 

restrictus strain UNSWDHB (Heckel et al., 2019), and in cell-free extracts (Heckel et al., 2019). 

It remains unknown whether CF biotransformation proceeds via a direct interaction between the 

cobalt atom of the cobamide (e.g. bimolecular nucleophilic substitution (SN2)), or by electron 

transfer (IS-SET or OS-SET) (Heckel et al., 2019), and the explanation for the significant 

differences in fractionation is still lacking to date.  

Nonetheless by compiling all the available data above (and in Table 1) this paper will 

demonstrate some consistent patterns that inform understanding of the different enzymes and the 

observed variations in fractionation. Importantly where carbon isotope results were run for the 

same culture and strain, even over almost a decade, the same results for c were found within 

uncertainty (Table 1 ACT-3 results for 3 separate studies). Secondly, all data to date confirm that 

different cultures, different strains, and enzymes, can exhibit very different fractionation, with 

much smaller C values observed for other cultures and strains (Table 1 – shaded orange) 

compared to those observed for ACT-3 and for abiotic transformation in Vitamin B12 (Table 1 – 

shaded green). Third and most importantly, when C values are large, Cl values are also large 

(shaded green data in Table 1), while conversely, experiments showing smaller C values also 

show smaller Cl values (shaded orange data in Table 1) (and correspondingly smaller Λ values 

where multi-element isotope data are run). This study provides insights to understand these 

large-scale variations in the current study and the literature to date, and to suggest further lines of 

investigation that should be undertaken to advance this area of inquiry further.  

 KB-1
®
 Plus CF is an enriched microbial culture that is maintained and marketed by 

SiREM as part of its KB-1
®
 Plus line of bioaugmentation cultures. Like the enrichment culture 

CFH2 (Lee et al., 2015), KB-1
®
 Plus CF is an enrichment culture that dechlorinates CF to DCM, 
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as well as further fully dechlorinating and oxidizing DCM to CO2 (Wang et al., 2022). KB-1
®
 

Plus CF contains a Dehalobacter strain with a gene likely responsible for CF transformation 

(KB-1
®
 Plus CF -rdhA). KB-1

®
 Plus CF is a “self-sustaining” culture, where DCM 

transformation produces H2 that is used as an electron donor for CF transformation (Wang et al., 

2022). No previous work has reported carbon or chlorine isotope effects for transformation of 

organohalides by KB-1
®
 Plus CF. Here, we use carbon and chlorine CSIA to investigate the 

isotope effects during biotransformation of CF by the enriched microbial culture KB-1
®
 Plus CF 

and compare to those observed for other CF dechlorinating organisms containing chlorinated 

alkane degrading RDases in OG 97. Furthermore, we compare the amino acid sequence identity 

of all the known RDases in OG 97 to investigate the relationship between isotope fractionation 

and active site amino acid composition of chlorinated alkane degrading RDases (Molenda et al., 

2020). The objective is to investigate relationships between genetic sequences, enzyme activity, 

and observed isotope fractionation. In addition to providing a better understanding of the links 

between protein structure and enzyme activity, this investigation will, in the short-term, provide 

better characterization of stable isotope fractionation associated with biotransformation of these 

priority contaminants and a more robust basis for using CSIA to determine biotransformation 

efficiency and rates of clean-up from contaminated field sites.  

Materials and Methods 

Amino Acid Alignments and Protein Models.  

The KB-1® Plus CF rdhA sequence was identified from metagenome data (publication 

TBD, see full sequence in S.I. Section 3) using BLAST (Altschul et al., 1990) and found highly 

similar sequences to the published cfrA sequence (Accession: AFV05253; Tang et al., 2012). The 
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query cfrA sequence was aligned to the top BLAST hit (Bit score: 2399.92, HSP score: 1299, E-

value: 0, Mismatches: 2) using MUSCLE to determine amino acid differences (Edgar, 2004). 

Amino acid sequence alignments for RDases in OG 97 were prepared in Geneious 8.1.9 using 

the MUSCLE plugin (Edgar, 2004) to align the published sequences of ThmA (Accession No.: 

ANI21407), CtrA (AGO27983), TmrA (WP_034377773), CfrA (AFV05253), and DcrA 

(WP_015043247); (Deshpande et al., 2013; Tang et al., 2012; Zhao et al., 2017, 2015). A fifth 

sequence corresponding to the KB-1
®
 Plus CF RdhA is provided in the S.I. (Section 3), along 

with a full sequence comparison to the ACT-3/CF RDase. Alignments of the specific amino 

acids within the predicted active site/binding pocket (predicted using protein models, discussed 

below) are shown in Figure 3. 

Protein structure models of each sequence were created using Robetta, a protein structure 

prediction service that creates a 3D protein structure when provided an amino acid sequence 

(Kim et al., 2004). As such they are not unique to a specific substrate. Quality metrics are then 

used to evaluate whether the modelled proteins are feasible in nature based on steric interactions 

between residues and how the amino acids are bent. Modelling is accomplished using 

RoseTTAFold, a deep learning-based method that is top-ranked as evaluated through CAMEO 

(Baek et al., 2021). The quality of each structure prediction was assessed with MolProbity 

(Williams et al., 2018) and visualized in PyMOL (Schrödinger LLC, 2021) (details in SI and 

Table S3). Using Robetta, the location of the cofactor within the protein can approximated by 

comparing to previously published structures. It is well known that protein structures are much 

more conserved than the amino acid sequence to retain protein functionality. Unfortunately no 

experimentally determined structures exist for this group of reductive dehalogenases (RDases in 

OG 97). However, comparing the Robetta derived predictions for the RDases to experimentally 
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determined structures for other enzymes do show some similarities. Specifically, comparisons 

can be made to the homologous Nitratireductor pacificus pht-3B catabolic reductive 

dehalogenase (NpRdhA, 20.9% amino acid identity to CfrA) crystal structure (Payne et al., 

2015). Despite there being a sequence similarity of only 20-30% between the experimentally 

determined structures and the modelled structures in OG 97, it is apparent that the RDase family 

shares similarities (a conserved fold) within their active site. This conserved fold is also seen 

between the experimental structures of NpRdhA and those of PceA which only share 21% 

sequence similarity (Bommer et al., 2014). This similarity in structures permits approximation of 

the location of the cofactor in the modelled proteins in OG 97 by superimposing the cofactor 

location using the known NpRdhA sturcture and hence visualization of the predicted active site. 

In this work, this allowed approximation of the amino acids that are in the active site of the 

RDases in OG 97. The models were used to predict which amino acid residues are in the 

predicted active sites, which are then compared (i.e. Figure 3). The models generated using the 

deep learning algorithm (RoseTTAFold) can be assessed by a series of quality scores, established 

by a structure-validation web service (MolProbity) explained in more detail in the SI and Table 

S3.  

 Cultures and Growth Conditions.  

Biotransformation experiments were performed for CF biotransformation by enrichment 

culture ACT-3/CF and KB-1® Plus CF. The parent culture (ACT-3) is derived from 

contaminated aquifer material from a 1,1,1-TCA-contaminated site in the northeastern United 

States (Grostern and Edwards, 2006) and has been maintained for more than 10 years in minimal 

mineral salt medium amended with 1,1,1-TCA as an electron acceptor, with an electron donor 

mix of either MEAL (methanol, ethanol, acetate, and lactate) or EL (ethanol, lactate). This 
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culture contains Dehalobacter restrictus strain CF that dechlorinates CF to DCM (strain CF) 

linked to growth using CfrA (Grostern and Edwards, 2006). A sub-culture, ACT-3/CF has been 

maintained on chloroform (CF) as the electron acceptor with ethanol and lactate as electron 

donors for 4 years in minimal mineral salt medium (Edwards and Grbic-Galic, 1994). For 

experiments with the KB-1® Plus CF, a culture aliquot was provided by SiREM Laboratories 

(Guelph ON). KB-1® Plus CF is an enriched microbial culture containing Dehalobacter that was 

derived from a site in California with both trichloroethylene (TCE) and CF contamination (Wang 

et al., 2022). The enriched parent culture has been maintained since 2010 at SiREM in defined 

mineral medium (Edwards and Grbić-Galić, 1992) amended periodically with CF as the electron 

acceptor. The aliquot of KB-1® Plus CF was maintained at the University of Toronto with an 

initial addition of CF with electron donor (solution of HPLC grade ethanol and lactate) and 

subsequent refeeding with CF only.  

Microcosm Setup. 

For biotransformation experiments, triplicate glass serum vials (Bellco Glass Inc.™) with 

a total volume of 550 mL each were prepared in an anaerobic glovebox (Labconoco™) with 

CO2/H2/N2 atmosphere (10%/10%/80%). The triplicate bottles were then filled with 500 mL of 

enriched anaerobic microbial culture, either ACT-3/CF or KB-1® Plus CF, in a defined mineral 

medium (Edwards and Grbić-Galić, 1992). A sterile control containing 500 mL of autoclaved 

culture was prepared for each experiment and measured to ensure that the isotopic compositions 

were not affected by experimental design or sampling procedure. Each bottle was amended with 

a solution of HPLC grade ethanol and lactate (0.3 mL of a solution with 200 mM ethanol and 

200 mM lactate) and 41 µL of CF to produce 1 mM aqueous concentration. These amendments 

provided a 5-fold excess of donor relative to reductive dechlorination. The CF stock was 
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characterized using offline preparation and dual inlet measurement (δ
13

C= -49.8 ± 0.1‰ based 

on Vienna Pee-Dee-Belemnite, V-PDB). Bottles were then capped with blue butyl stoppers 

(Bellco Glass Inc.™) that were pre-treated by boiling in 0.1M solution of NaOH for 1 hour and 

rinsed with deionized water (after the method of Ward et al., 2004). Triplicate bottles were stored 

on their side in the anaerobic chamber for five hours to ensure complete equilibration between 

the aqueous and gaseous phases before analysis, as determined in laboratory protocol tests. At 

each time point of the experiment, 4-7 mL aqueous samples were withdrawn for isotope analysis 

from each replicate and control bottle using a glass syringe (Hamilton®), and the volume was 

replaced with fresh media. Samples were added to 5-mL or 8-mL glass vials containing 1 mL of 

1 M sulfuric acid to create a total volume of 5 mL or 8-mL and capped with a PTFE-lined cap. 

Samples were stored and shipped at 4ºC and kept upside down prior to analysis. Protein was 

extracted from KB-1® Plus CF to confirm the expression of KB-1® Plus CF RdhA using an 

adapted protocol (Murdoch et al., 2021). Details on protein extraction and analysis are provided 

in the S.I. Section 1.  

Analytical Methods.  

Detailed analytical methods are presented in the S.I. Section 1. Briefly, CF and DCM 

concentrations were quantified using a Varian 3400 gas chromatograph (GC) equipped with a 

flame ionization detector (FID). Three-point calibration curves for CF and DCM were prepared 

and checked daily with standards. Samples were run in duplicate and mean values are reported 

based on reproducibility always better than ± 5%. Carbon isotope measurements were performed 

on a Finnigan MAT 253 IRMS. Isotopically characterized laboratory isotopic standards CF 

(δ
13

C= -47.10 ± 0.14‰) and DCM (δ
13

C= -52.85 ± 0.27‰) were tested daily to confirm 

accuracy. The total uncertainty of δ
13

C measurements is ± 0.5‰ incorporating both accuracy and 
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reproducibility (Hunkeler et al., 2008; Sherwood Lollar et al., 2007). Chlorine isotope 

measurements were performed on a Neptune MC-ICPMS (Thermo Fisher Scientific, Germany) 

interfaced with a Thermo Scientific Trace 1310 GC after the method of Renpenning et al. (2018). 

Three offline characterized in-house standards (measured using DI-IRMS) were used to 

normalize sample measurements on the SMOC scale and ensure accuracy; methyl chloride (MC, 

δ
37

Cl = +6.02‰), and two different trichloroethenes (TCE2, δ
37

Cl = −1.19‰, and TCE6 δ
37

Cl = 

+2.17 ‰) (Renpenning et al., 2015a). The maximum reproducibility (1σ) observed for sample 

and control measurements was less than ± 0.3‰. 

One technical issue that is noted here is the larger degree of inter-laboratory variability in 

chlorine isotope results than for carbon (εCl for CF biotransformation by CfrA in ACT-3 between 

this study and Heckel et al. 2019, Table 1). Specifically, while the three sets of experiments run 

for carbon isotopes for ACT-3 at three different laboratories (Toronto, Leipzig, Munich) all 

returned the same value of εC within uncertainty, the chlorine isotope results for this study run at 

UFZ Leipzig (MC-ICP-MS) are outside uncertainty compared to those run by colleagues at 

Munich (GC-IRMS) from Heckel et al. (2019) (see S.I. for more details on the cross-calibration 

and standards used between these two laboratories). Importantly, these analytical differences 

detailed in the S.I. do not affect the major findings of the current study. First, the main 

interpretational focus of this paper is a comparison of the two new sets of data (indicated in bold 

in Table 1) with consistent carbon isotope effects and run by the same chlorine isotope lab (UFZ 

Leipzig), thereby ensuring they are directly inter-comparable. Secondly, the main finding, that 

both carbon and chlorine isotope fractionation for CF biotransformation by ACT-3 and for 

abiotic baseline reference experiments (green shaded data Table 1), are large compared to all 

other published results (orange shaded data Table 1) remains robust regardless of the differences 
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in the absolute values of εCl from this study versus Heckel et al. (2019) for ACT-3 (see S.I. for 

further details).  

Calculations  

The isotopic ratio of a contaminant undergoing transformation can be related to the fraction of 

original parent remaining using the Rayleigh model (Eq. 2):  

ln( R/Ro) = εE* ln(f)     Eq. 2 

where, in contaminant hydrogeology Ro is the initial isotopic composition of the parent 

contaminant, f is the fraction of original contaminant remaining, and εE is the isotopic 

fractionation (in ‰), which describes the magnitude of isotopic fractionation for a given reaction 

and is equal to (1/(KIE) -1 (see Mariotti et al. 1981) . The KIE reflects the primary isotope effect 

of the reacting bond and εE are measured using bulk molecules, thus εE are typically converted to 

AKIE values (see S.I. Eq. 4) to account for the effects of non-reactive positions, intramolecular 

isotope distributions and intramolecular competition (Elsner et al., 2005). All uncertainty is 

reported to two significant figures and the measured or calculated value is reported to the same 

digit as the uncertainty, as per best practice guidance recommendations (Joint Committee for 

Guides in Metrology, 2008; NIST, 2019). More detail on calculations is provided in the S.I. 

Section 1.  
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Results and Discussions 

Highly Similar Proteins Show Substantial Differences in Carbon and Chlorine Isotope 

Fractionation.  

Expression of the KB-1® Plus CF RdhA was confirmed through proteomics (log(e) =-

252). Rayleigh plots of carbon and chlorine isotopic data, and dual-isotope results are given in 

Figure 1. Table 1 shows a comparison of available AKIE values for chlorinated alkane 

transforming RDases in OG 97. Both carbon (εC = -1.52 ± 0.34‰) and chlorine (εCl = -1.84 ± 

0.19‰) ε for biotransformation of CF by KB-1® Plus CF are significantly smaller compared to 

those reported for biotransformation of CF by ACT-3/CF (see results from Table 1 both from 

this study and Heckel et al. 2019) and compared to those of an abiotic reference system (Table 1; 

Heckel et al. 2019). This smaller fractionation in both carbon and chlorine isotopes compared to 

both abiotic transformation experiments and experiments with ACT-3 could theoretically be 

attributed to a masking effect in the KB-1® Plus CF experiments. Dual-isotope plots also show 

different ΛC/Cl (ΛC/Cl = 3.39 ± 0.50 for ACT-3 containing CfrA and ΛC/Cl = 1.13 ± 0.35 for KB-

1® Plus CF containing KB-1® Plus CF RdhA). The KB-1® Plus CF results are even more 

suppressed compared to the ΛC/Cl value from Heckel et al. (2019), The significantly smaller εC, 

εCl, and ΛC/Cl observed during biotransformation of CF by KB-1® Plus CF compared to ACT-3 

thus suggests either the presence of an additional rate-limiting (masking) step that fractionates 

carbon and/or chlorine isotopes, or possibly a different reaction mechanism. Similar strains of 

Dehalobacter are responsible for CF dechlorination in the ACT-3 and KB-1® Plus CF cultures, 

and thus likely have identical cell wall structures, making transport across the outer membrane 

unlikely as a rate-limiting step contributing to masking. 
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 Consistent with this reasoning, transport across the outer membrane was ruled out as a 

cause for differences in isotope effects produced for CF transformation by two Dehalobacter 

strains in a prior study (Heckel et al., 2019). Furthermore, masking effects due to transport into 

the periplasm in Dehalobacter restrictus were not observed during trichloroethene (TCE) 

transformation (Renpenning et al., 2015b). Renpenning et al., (2015b) attributed the observed 

masking in that study to differing degrees of hydrophobicity of the substrate (with more 

hydrophobic substrates demonstrated a higher degree masking). Extrapolating this principle 

suggests CF would show a lower degree of masking than TCE since CF is less hydrophobic 

(based on organic water partitioning coefficients, KOW, 93) compared to TCE (KOW = 407). The 

differences between the isotope effects observed for biotransformation of CF by ACT-3 and KB-

1® Plus CF are likely either due to mechanistic differences or due to other additional rate-

limiting steps, such as binding of enzyme to substrate, or electron flow from the donor, causing 

differing extents of isotope fractionation suppression in carbon and chlorine to produce different 

dual-isotope slopes. 

Insert Figure 1. 

The sequences of CfrA and KB-1® Plus CF RdhA share over 95% similarity at the amino acid 

level (Figure 2). Despite this high similarity, carbon and chlorine isotope effects observed during 

biotransformation of CF by these two cultures containing CfrA and KB-1® Plus CF RdhA are 

significantly different, as discussed above (Figure 1, Table 1). Both cultures biotransform CF via 

hydrogenolysis to dichloromethane (DCM), however KB-1® Plus CF shows significantly 

smaller carbon and chlorine isotope effects relative to ACT-3 (Figure 1, Table S1). Similarly, 

carbon and chlorine isotope effects observed for CfrA and TmrA are significantly different 

(Table 1) despite sharing > 95% amino acid sequence identity (Lee et al., 2015). The substrate 
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preferences of these enzymes are consistent when heterologously expressed (Picott et al., 2022), 

indicating that differences in substrate preferences are at the enzyme level, and not due to 

differences in the host organism’s respiratory pathway. For transformation of chlorinated ethenes 

similar observations have been made (Büsing et al., 2020; Lihl et al., 2019) suggesting 

differences in isotope fractionation between different RDases in OG 97 may be controlled by a 

small subset of amino acid residues as well.  

Insert Figure 2.  

Amino Acid Similarity Between Reductive Dehalogenases.  

The CfrA and the KB-1® Plus CF RdhA sequences differ in only 19/456 amino acids 

(95.8% similarity, Figure 2). A comparison of the entire protein amino acid compositions for the 

enzymes is presented in the S.I. (Figure S1). While none of the enzymes within OG 97 have been 

structurally determined through crystallization, protein structures can be predicted through 

protein modelling servers like Robetta, which harnesses a deep learning-based method, 

RoseTTAFold, to determine structure from sequence (Baek et al., 2021). Previous structural 

studies of homologous RDases PceA and NpRdhA demonstrated a conserved fold within the 

RDase active structure that forms the buried active site (Bommer et al., 2014; Kunze et al., 2017; 

Payne et al., 2015). By superimposing the CfrA and KB-1® Plus CF RdhA structure models to 

the NpRdhA crystal structure, the amino acid residues in the active sites of CfrA and the KB-1® 

Plus CF RdhA were predicted and compared to those in other OG 97 RDases (Figure 3 and 

Figure S1 for full alignment). Four residues differ between the active sites of CfrA and KB-1® 

Plus CF RdhA (indicated with ‘*’ in Figure 3). Despite the differences in substrate specificity 

and isotope fractionation observed for all reductive dehalogenases in OG 97, the active site 

residues are highly conserved except for five residues, including the four variable locations 
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between CfrA and KB-1® Plus CF RdhA (highlighted in Figure 3). While the models of the 

other enzymes in OG 97 are not shown here, quality scores of these models (used to confirm that 

residues in Figure 3 are within predicted active sites) are given in Table S3. 

Amino acid mutations, even at a single location, have been shown to result in significant 

effects on substrate specificity and enzyme activity of the active sites for a variety of enzymes 

(reviewed by Currin et al., 2015). For example, a single mutation in the LovD enzyme increased 

the kinetics of the transformation step of acyl transfer (kcat) tenfold (Jiménez-Osés et al., 2014). 

Further, three active site mutations in LovD were suggested to significantly stabilize the enzyme 

in an optimal catalytic state (Jiménez-Osés et al., 2014). While such amino acid mutations can 

have pronounced effects on catalysis, these effects are not necessarily dependent on distance 

from the active site (Morley & Kazlauskas, 2005). In contrast to effects on catalysis, mutations 

proximal to the active site have a strong impact on substrate specificity, likely due to impacts on 

substrate binding (Paramesvaran et al., 2009).  

Insert Figure 3.  

Correlating Active Site Amino Acid Alignments with Mechanisms and Isotope Effects.  

This study investigated differences in carbon and chlorine isotope effects for CF 

biotransformation (Table 1) by chloroalkane reductive dehalogenases in OG 97 and the 

relationship to the five variable amino acids at their active site (indicated by coloured residues in 

Figure 3). Locations of the variable residues between CfrA (ACT-3/CF) and KB-1® Plus CF 

RdhA (indicated by ‘*’ in Figure 3) within the proteins can be determined through sequence 

alignment and visualized using three-dimensional protein models (Baek et al., 2021) to derive 

three-dimensional structures from the primary amino acid sequences (Figure 4). The amino acids 
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in the four variable locations between CfrA and KB-1® Plus CF RdhA differ in properties such 

as the potential for hydrogen bonding (location Y80 vs F80, M391 vs. W391), polarity (C260 vs. 

Y260), and aromaticity (location C260 vs. Y260, L388 vs. F388, M391 vs. W39; Table S2). 

Bulkier residues (e.g. aromatic residues) are observed in the active site of KB-1® Plus CF RdhA 

(shown in orange in Figure 4B, D) compared to CfrA (ACT-3/CF; shown in pink in Figure 4A, 

C). Active sites crowded by amino acid residues have been suggested as evidence for long range 

electron transfer in structural studies (Bommer et al., 2014; Payne et al., 2015). As discussed in 

more detail below, carbon and chlorine isotope fractionation for biotransformation of CF by KB-

 Plus CF RdhA are inconsistent with abiotic long-rage electron transfer reference experiments 

(Heckel et al., 2017). Although interpreting the effects of amino acid differences on reaction 

mechanisms cannot be directly made based on the data availale, the greater number of atoms in 

the side chains in the aromatic residues in KB- Plus CF RdhA compared to CfrA could 

potentially create a more crowded enzymatic pocket. In such a case the substrate may be 

postitioned in a different way, leading to differences in the bonding in the transition state and 

hence, different isotope effects. In contrast, active sites containing fewer aromatic functional 

groups result in more flexibility in interaction of the cobalt atom (Co, within corrinoid) and 

halogenated substrate (R-X) by facilitating direct Co-R interaction in an SN2 mechanism. Such 

an enhanced interaction would be consistent with the large carbon and chlorine isotope effects 

observed for CfrA. A previous study (Heckel et al., 2019) demonstrated large carbon and 

chlorine isotope effects during biotransformation of CF by ACT-3 like those observed during 

transformation by abiotic vitamin B12 and proposed an SN2 mechanism for this process. While 

both CfrA and KB-1® Plus CF RdhA likely contain vitamin B12 as a cofactor (both cultures were 

grown with vitamin B12 in the medium), it is possible that the transformation mechanisms of 
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abiotic vitamin B12 differ from vitamin B12-containing RDases depending on the protein 

environment.  

Previous literature includes crystallization structures of PceA with its native cobamide in 

chlorinated ethene transformation (Bommer et al., 2014). Bommer et al. (2014) proposed that 

formation of a carbon-cobalt bond after a nucleophilic attack was unlikely based on spatial 

restrictions within the PceA active site for TCE transformation, however the authors were not 

able to specify the reaction mechanism. Isotope studies of PceA under the same conditions 

(Renpenning et al., 2014) produced highly suppressed carbon (εC = -1.4 ± 0.1‰) and chlorine 

(εCl = -0.6 ± 0.2‰) relative to the same abiotic corrinoid (εC = -25.3 ± 0.8‰, εCl = -3.6‰ ± 0.4) 

for PCE transformation. In contrast, similar ranges were observed for enzymatic TCE 

transformation (εC = -20.0 ± 0.5‰, εCl = -3.7‰ ± 0.2) compared to abiotic corrinoids (εC = -15‰ 

to -18.5‰, εCl = -3.2‰ to -4.2‰). Although long-range electron transfer has been proposed as a 

mechanism for PceA-catalyzed reductive dechlorination of brominated phenols, the isotope 

effects observed for enzymatic reductive dechlorination of PCE and TCE (given above, 

Renpenning et al., 2014) are inconsistent with abiotic reference experiments for outer sphere 

electron transfer of PCE (εC = -7.6‰ to -15.4‰, εCl = 0.05‰ to -1.5‰) and TCE (εC = -11.9‰ 

to -27‰, εCl = 0.04‰ to -2.5‰; Heckel et al., 2017). An analysis of the abiotic corrinoid 

mechanism for chlorinated ethene transformation (Heckel et al., 2018) supported a first step 

involving direct Co-R interaction to form an adduct. Taken together, spatial restrictions within 

the PceA active site may be related to suppressed isotope effects observed for PCE enzymatic 

transformation, either due to masking effects or differences in reaction mechanisms between the 

abiotic corrinoid alone (abiotic) and the active enzyme (biotic) influenced by the protein 

environment: nucleophilic addition with subsequent elimination for the abiotic corrinoid 
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(producing large C and Cl isotope effects); while the PceA enzyme uses a yet unidentified 

mechanism (producing suppressed C and Cl isotope effects).  

Differences in mechanisms between CfrA (ACT-3/CF) and KB-1® Plus CF RdhA may 

also arise due to the residues in their active sites, influencing the observed differences in C and 

Cl isotope effects. As discussed earlier, CF biotransformation by ACT-3/CF likely proceeds via 

an SN2 mechanism, while KB-1® Plus CF biotransformation of CF may proceed via a distinct, 

unidentified mechanism producing suppressed C and Cl isotope effects (Table S1, Figure 3). The 

carbon and chlorine isotope effects for CF biotransformation by KB-1® Plus CF RdhA are 

inconsistent with abiotic reference experiments for outer sphere electron transfer (εC = -17.7 ± 

0.8 ‰ , εCl = 2.6 ± 0.2‰) from Heckel et al. (2017). The protein models (Figure 4) predict that 

the differences in the amino acids between CfrA and KB-1® Plus CF RdhA are within the 

RDase active sites. Since these two enzymes also show differences in the carbon and chlorine 

isotope effects observed for biotransformation of chlorinated alkanes in OG 97, these two sets of 

observation (active site differences, and differences in fractionation) suggests these phenomena 

could be related. It is possible that the differences the amino acids in the RDase active site result 

in different reaction mechanisms and/or an additional rate-limiting step that involves 

fractionation, either of which could result in the varying C and Cl isotope effects between 

RDases in OG 97 (i.e. Figure 5). Certainly, the findings of this study suggest the relationship 

between the amino acid alignments, protein structures, and fractionation should be the focus of 

additional investigation in future studies. While masking of the isotope effect due to enzyme 

substrate binding or electron shuttling within the enzyme because of different amino acids 

between CfrA (ACT-3/CF) and KB-1® Plus CF RdhA cannot be ruled out, as noted previously 

such a change in the binding would also have to be isotopically fractionating to explain the 
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differences in C and Cl isotope effects for biotransformation of CF by ACT-3/CF and KB-1® 

Plus CF. 

Insert Figure 4. 

Patterns of C and Cl Isotope Effects Correspond to Similarities in Amino Acid Residues.  

As discussed in the introduction, a compilation of all isotope fractionation studies to date 

for CF biotransformation (Table 1) shows significant variability but some important consistent 

patterns. First and foremost, different cultures containing different strains of Dehalobacter 

restrictus and different enzymes show different isotope fractionation results for both carbon and 

chlorine. Second the fractionation correlates such that results fall into two groups – those with 

high coupled carbon and chlorine isotope fractionation (shown in green in Table 1); and those 

where both carbon and chlorine isotope fractionation are low (shown in orange in Table 1). 

Despite some variability from laboratory to laboratory that should be explored through inter-

laboratory cross-calibration, especially for chlorine isotope results, these patterns of large and 

small fractionation, and hence large and small AKIE values, are a consistent observation based 

on results from all the groups and publications appearing to date (Figure 5).  

Further these patterns extend to stable isotope fractionation studies done for other 

chlorinated compounds, specifically 1,1,1-TCA and 1,1-DCA (Figure 5). Comparing published 

carbon and chlorine isotope effects using AKIE, isotope results observed during 

biotransformation by RDases in OG 97 can be broadly distinguished into two groups, those with 

moderate to high C and Cl isotope effects (AKIEC > 1.01 and AKIECl > 1.008), including CfrA 

and DcrA, and those with low C and Cl isotope effects (AKIEC < 1.01 and AKIECl < 1.008), 

including TmrA and KB-1® Plus CF RdhA. TmrA, KB-1® Plus CF RdhA, and strain 8M (with 
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a yet uncharacterized RDase) produce smaller carbon and chlorine isotope effects for CF 

transformation. These smaller isotope effects may correspond to similarities in the amino acids at 

residues 80 (F), 388 (F) and 39 (W) (Figure 3, Figure 5), residues common to TmrA and KB-1® 

Plus CF RdhA that are different from CfrA, suggesting these amino acid residues may influence 

the observed isotope effects for OG 97 RDases, either by influencing reaction mechanisms or 

isotopically fractionating masking effects (such as enzyme-substrate binding or rate-limiting 

electron shuttling in the enzyme).  

Insert Figure 5.   

 Based on the observations in this study, the carbon and chlorine isotope effects produced 

by CtrA may be like those of CfrA due to the similarities in their amino acids at residues 260 (C) 

and 388 (L) (Figure 3). If CtrA carbon and chlorine isotope effects are different from those 

observed for CF transformation by CfrA, this would indicate that the differences at residues 80 

and 391 influence the reaction mechanism or the presence of an additional, fractionating rate-

limiting step for biotransformation of chlorinated methanes. Similarly, strain 8M shows 

suppressed carbon and chlorine isotope effects (Soder-Walz et al., 2022), close to what is 

observed for TmrA and KB-1® Plus CF RdhA (Table 1, Figure 5). This RDase has not been 

identified, characterized genetically or biochemically, however if further characterization occurs 

showing the same residues at locations 80 (F), 388 (F) and 391 (W), this would be a helpful test 

of the influence of these residues on carbon and chlorine isotope effects. Testing these 

hypotheses through transformation experiments with CtrA and characterization of the RDase in 

strain 8M is outside of the scope of the present work but represent important future steps in 

further refining this hypothesis. Further characterization of carbon and chlorine isotope 

fractionation of all known substrate ranges within OG 97, along with testing more substrates to 
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confirm if these enzymes are active, would advance the understanding of the mechanisms of 

RDases within this OG. Despite this, these initial observations suggest that differences in 

substrate ranges and observed isotope fractionation for the RDases within OG 97 may be related 

to key amino acid differences within the active sites of these enzymes. 

Relevance for Interpreting CSIA Data in Environmental Remediation.  

A better understanding of what controls substrate specificity, activity, and reaction 

mechanisms of reductive dehalogenases can be used to optimize remediation strategies, e.g., to 

help practitioners evaluate whether native microbes present at a contaminated site can break 

down the contaminants present or to select appropriate microbes for bioaugmentation. CSIA is a 

powerful tool that can be used to gain insights into RDase behavior, and this work demonstrates 

an innovative integration of CSIA data with RDase classification based on amino acid similarity 

(into OGs). The substantial differences observed in carbon and chlorine isotope fractionation, 

despite high similarity at the amino acid level for two cultures with active RDases, provide 

insight into the role of specific residues in the RDase structure controlling either transformation 

mechanisms or masking effects (e.g. enzyme-substrate binding or electron shuttling). These 

findings highlight specific locations in the active sites of RDases that should be further 

investigated, e.g., through structural analysis and/or site-specific mutagenesis, to gain further 

insights into RDase structure and function. ACT-3 and KB-1® Plus CF are both commercially 

available cultures, and the estimates of ΛC/Cl and εE, bulk reported here can be applied at sites 

where these cultures are augmented as a remediation strategy, or where their RDases (CfrA, KB-

1® Plus CF RdhA) are detected. This is particularly important for KB-1® Plus CF RdhA, as the 

terminal degradation product (CO2) is a non-unique product, and thus daughter product 

characterization cannot reliably be used to confirm biotransformation in the field. An important 
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implication of this work is that high amino acid similarity alone between two RDases should not 

be used as a basis to approximate εE, bulk and ΛC/Cl values. Determining the role of residues in 

RDase structure that affect the observed isotope effect during RDase dechlorination activity may 

provide more detailed context on reaction mechanisms to aid in predicting isotope effects using 

computations of reaction coordinates and transition state structures. Such information can give 

practitioners the tools to better estimate appropriate εE, bulk values to estimate rates and extents of 

transformation. ΛC/Cl was not consistent for biotransformation of CF by ACT-3 (3.39 ± 0.16) and 

KB-1® Plus CF (1.13 ± 0.35), indicating that reductive dechlorination of CF either reflects a 

large range of ΛC/Cl values, or that there may be different mechanisms of CF hydrogenolysis 

which produce different ΛC/Cl, similar to what has been proposed for hydrogenolysis of 

chlorinated ethenes
 
(Heckel et al., 2018; Lihl et al., 2019). An improved understanding of RDase 

function and the cause of these differing ΛC/Cl values would significantly improve the reliable 

identification of reaction pathways using dual-isotope analysis and hence improve the design, 

implementation, and optimization of biotransformation as a remediation strategy for 

contaminated groundwater. 
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Figure 1. Rayleigh plots for carbon (A), and chlorine (B) and dual plot (C) for CF degradation 

by ACT-3 (blue) and KB-1® Plus CF (red). Error bars on the Rayleigh plots represent 

propagated uncertainty of concentrations (x-axes) and isotope measurements (y-axes). Dual-plots 

were regressed using the York method (York et al., 2004) as recommended by Ojeda et al. 

(2019). Mean square of weighted deviates (MSWD) and the associated p-value from York 

regression output were used to assess model fit (see detailed discussion in Ojeda et al., 2021). 

Error bars on the dual-plots represent analytical uncertainty for each element. Uncertainty of ε 

and Λ is calculated as 95% C.I. of the slope. Shading around the best fit line shows 95% 

confidence interval of the slope.   
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Figure 2. Matrix showing differences in amino acid sequences between RDases in OG97. The 

number of amino acids differing between protein sequences is shown in upper part of table 

(shaded in green) out of a total of 456 amino acids. Percent identity (the number of identical 

residues in the same location in an amino acid alignment) is shown lower part of table (shaded in 

grey). 

 

Figure 3.  Alignment of key active site residues for chlorinated alkane RDases in OG 97. 

RDases without isotope data are indicated by grey text (ThmA, CtrA). Coloured residues 

indicate where key residues differ from the consensus sequence, and stars mark residues that 

differ between CfrA and the KB-1® Plus CF RdhA (sequence in S.I.). Alignments were created 

using published sequences for ThmA (Accession No.:  ANI21407), CtrA (AGO27983), TmrA 

(WP_034377773), CfrA (AFV05253), and DcrA (WP_015043247);  (Deshpande et al., 2013; 

Tang et al., 2012; Zhao et al., 2017, 2015). 
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Figure 4. Models of the reductive dehalogenases in ACT-3/CF (A, C) and KB-1® Plus CF (B, 

D) from a side view (A, B) and top view (C, D). Amino acid residues unique to CfrA are shown 

in pink (A, C), and in the KB-1® Plus CF RdhA are shown in orange (B, D). The active site 

includes cobalamin (shown in green. The [4Fe-4S] clusters (blue) and cobalamin are 

superimposed from the reference RDase structure (NpRdhA (Kunze et al., 2017)). 
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Figure 5. Carbon vs. chlorine AKIE values for substrates shown for different reductive 

dehalogenases in OG 97 (unpublished data from Philips, 2021 for 1,1-DCA (DcrA enzyme) and 

1,1,1-TCA (same CfrA enzyme as shown in Table 1). Each point is annotated showing RDase 

name/substrate. The green diamond shows abiotic cobalamin (Vitamin B12, as shown in Table 1). 

For Strain 8M (Soder-Walz et al., 2022), the enzyme responsible for CF transformation is 

unnamed/uncharacterized (shown as UnID/strain 8M in figure). Increasing % identity in relation 

to KB-1® Plus CF RdhA is shown by the black arrow next to the legend based on the similarity 

matrix shown in Figure 2. Where not visible, error bars are smaller than plotted symbols. 
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Table 1. Published carbon apparent kinetic isotope effects (AKIEC) and chlorine (AKIECl) for CF (bio)transformation from this work and the 

literature. Isotope data are presented for CfrA (This work; Chan et al., 2012; Heckel et al., 2019), abiotic cyanocobalamin (Heckel et al., 2019),  KB-

1® Plus CF -rdhA (This work), TmrA (Heckel et al., 2019),  and Dhb strain 8M (RDase has not been identified; Soder-Walz et al., 2022). Lines are 

color coded for high degree of C and Cl fractionation (shaded green) and low degree (shaded orange).  Footnotes at bottom of table show the variety 

of substrates each RDase has been shown to date to be able to biodegrade. NA – no data available in literature to date to our knowledge. 

Culture Name  Strain 

(microbe) 

Enzyme Study εC AKIEC εCl 

(Instrument) 

AKIECl ΛC/Cl 

ACT-3 Dhb strain 

CF  

CfrA  
This work  

(Phillips et al.) 
-26.8 ± 

3.2‰  

1.0275 ± 

0.0034 

-6.86 ± 0.35‰  

(MC-ICP-MS) 
1.02101 ± 

0.00012 

3.39 ± 0.15  

Heckel et al., 

2019 

-27.91 ± 

1.66‰  

1.028 ± 0.009 -4.20 ± 0.26‰  

(IRMS) 

1.013 ± 0.0002 6.64 ± 0.14  

Chan et al., 

2012 

-27.5 ± 

0.9‰  

1.028 ± 0.002  NA NA NA 
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Abiotic 

cyanocobalamin 

NA  NA  Heckel et al., 

2019 

-26.04 ± 

0.91‰  

1.026 ± 

0.0009 

-4.00 ± 0.20‰  1.012 ± 0.0002 6.46 ± 0.20 

KB-1® Plus CF  

 

Dhb (not 

named) 

KB-1® 

Plus CF -

RdhA 

This work  

(Phillips et al.) 

-1.52 ± 

0.34‰  

1.00152 ± 

0.00034  

-1.84 ± 0.19‰  1.005551 ± 

0.000036  

1.13 ± 0.35 

CFH2 Dhb strain 

UNSWDHB 

TmrA Heckel et al., 

2019 

-3.1 ± 

0.5‰  

1.003 ± 

0.0005 

2.5 ± 0.3‰  0.997 ± 0.0003 -1.2 ± 0.2 

Lee et al., 2015 -4.3 ± 

0.45‰  

1.004 ± 

0.00045 

NA NA NA 

Enrich. culture 

(not named) 

Dhb strain 

8M 

Not 

identified 

Soder-Walz et 

al., 2022 

-2.8 ± 

0.2‰ 

1.0028 ± 

0.0002 

-0.9 ± 0.2‰ 

(qMS) 

1.0027 ±  

0.0002 

2.8 ± 0.5 

CfrA = CF, 1,1,1-TCA, 1,1,2-TCA 

KB-1® Plus CF-RdhA = CF, 1,1,1-TCA 

TmrA = CF, 1,1,1-TCA, Vinyl Bromide 

CtrA = CF, 1,1,1-TCA, 1,1,2-TCA (no CF biotransformation isotope data) 

ThmA = CF, 1,1,1-TCA, Bromoform (no CF biotransformation isotope data) 
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