
 

 

TREATMENT OF COMPLEX DYES AND 
EFFLUENTS USING ENGINEERED 

LACCASE 1 OF Cyathus bulleri 

 

 

 

MANJU 

 

 

 

 

 

 

 

DEPARTMENT OF BIOCHEMICAL ENGINEERING & 
BIOTECHNOLOGY  

INDIAN INSTITUTE OF TECHNOLOGY DELHI  

OCTOBER 2022 
 



 

 

© Indian Institute of Technology Delhi (IITD), New Delhi, 2022



 

 

TREATMENT OF COMPLEX DYES AND 
EFFLUENTS USING ENGINEERED 

LACCASE 1 OF Cyathus bulleri 
 

by 

 

MANJU 

 

DEPARTMENT OF BIOCHEMICAL ENGINEERING & 
BIOTECHNOLOGY 

 

Submitted  

In fulfilment of the requirements for the degree of Doctor of Philosophy  

to the 

 

 

 

INDIAN INSTITUTE OF TECHNOLOGY DELHI  

OCTOBER 2022 
 
 



 

 

 

 

 

 

 
 

         DEDICATION 
 

  

 

 

 

 

 

 

 

In loving memory of my Mom and Dad...  
 

 

 

 

 

 

 

 

 

 

 

 



 

i 

 

CERTIFICATE 

 

 

This is to certify that the thesis entitled “Treatment of complex dyes and effluents using 

engineered Laccase 1 of Cyathus bulleri” being submitted by Ms. Manju to the Department 

of Biochemical Engineering and Biotechnology, Indian Institute of Technology Delhi, for the 

award of the degree of ‘DOCTOR OF PHILOSOPHY’, is a record of the bonafide research 

work carried out by her, which has been prepared under our supervision and guidance in 

conformity with the rules and regulations of the ‘Indian Institute of Technology Delhi’. The 

research reports and the results presented in this thesis have not been submitted for any degree 

or diploma in any other University or Institute.  

 

 
 

Professor Saroj Mishra  

Professor  

Department Of Biochemical Engineering & 

Biotechnology  

Indian Institute of Technology Delhi  

 

Date:  

Place: 

  

Dr. Preeti Srivastava  

Associate Professor  

Department Of Biochemical Engineering 

& Biotechnology  

Indian Institute of Technology Delhi  

 

Date:  

Place: 



 

ii 

 

Acknowledgement 
PhD, a journey in which every day has four seasons, with some sunny and some gloomy moments, the progress 

with day-to-day variation is really fantastic. The challenge during this phase is finding strength for keeping 

calm and remaining motivated during moments of hardship when things don’t work as expected. But we all 

know, “truly meaningful journeys are hard”. Here invaluable support along with best possible advice of the 

people we are associated with is the best antidote. I am loving to acknowledge these people at this moment as 

without their support I would not have witnessed this day. 

First and foremost, I am extremely grateful to my supervisors, Prof. Saroj Mishra and Dr. Preeti 

Srivastava for their invaluable mentorship, patience, and continuous support during my PhD study. Their 

plentiful experience and immense knowledge have encouraged me through all this phase. The ease of approach, 

and very much comfortable and motivational experimental result discussion sessions have encouraged me to 

bring best out of myself. Ma’am your calmly diligent nature and graceful conduct has always been inspiring to 

me, not only on science front but in personal life too. I would love to imbibe many of the qualities that you 

both possess. I am also thankful to my student’s research committee members for their valuable feedbacks. 

During PhD years, one is never really off work, I remember how before actually falling asleep I used 

to use those leisure moments to analyse the results obtained through the day and defining certain points which 

may be put forth in upcoming discussion sessions. Science had always been my passion and I must say that I 

really have lived these years. This phase became more beautiful with the company of my fellow lab-mates, I 

thank Dr. Sumbul Afreen, Dr. Nitu Maity, Dr. Sakshi Aggarwal (alike elder sisters), and Rohit Khandelwal 

for the stimulating scientific discussions in the field of molecular biology over lunch hours and tea breaks. I 

would also like to convey my sincere thanks to my juniors, Aakanksha Ahalwat and Avijeet Jaiswal for their 

readiness to help whenever I was in need of it. My special thanks go to Dar Tafazul Islam who sincerely helped 

me in conducting my experiments on membrane reactor. He is a knowledgeable fellow and was always available 

at the time of need. I wish him good luck in all his future endeavours. I would extend my thanks to Dr. Sumeet 

Kapoor (Lab in charge) and Rehman Ji for helping me set up my experiments without any hindrance by 

providing all equipments. 



 

iii 

 

The unconditional love of my family is truly acknowledgeable. I thank my Mom and Dad with whose 

true efforts I could achieve this academic accomplishment. My Dad, a man of principle, always taught me to 

face challenges without failure. His efforts had always been inspirational to me. I dedicate my thesis to my 

Mom (my whole world) who supported me through out this journey and always extended a helping hand 

whenever I was in need, without her help it would never have been possible for me to reach this stage. I thank 

my siblings, Upender, Devender, Sunita, and Neetu and their children Sanskaar, Swarnnim, Sanskriti, and 

Shashwat for their unconditional love and affection. My sincere thanks go to my Husband (my true soulmate), 

Jag Parvesh Dahiya, who supported me throughout this phase with a true heart. His continuous help has 

allowed me to complete this document. He is a person with golden heart who has always boosted me up with 

confidence whenever I felt low.  My dear daughter, Manya Dahiya, and my sweet son (still to be named...) 

also deserve my true thanks for giving me time enough to complete my thesis writing. Smile on their face keeps 

me going. 

I thank Almighty for his blessings throughout my journey till here and I wish it 

continues…………………… 

…Manju 

 

 



 

iv 

 

ABSTRACT 

Textile industry accounts for nearly 14% of the total manufacturing output in India and is highly 

water intensive using 50-100 liters/kg textiles in wet processing. According to a recent World 

Bank report, 17-20% percent of global water contamination is contributed solely by finishing 

and coloring procedures. Fungal laccases have high biotechnological potential for 

bioremediation processes owing to their ability to degrade phenolics, aminophenols, 

aryldiamines and polyamines. In the present study, the efficiency of engineered Laccase1 

isoform (LCC1) of Cyathus bulleri is reported in decolorizing and detoxification of Indigo 

Carmine (IC), effluent containing this dye as well as real effluent from a textile mill. The gene 

(LCC1) encoding wild type (WT) LCC1, was modified through site-directed mutagenesis at 

predefined positions generating three catalytically superior High-Activity-Variants (HAVs), 

viz., [LCC1-35; (Gly463Arg), LCC1-61; (Ser318Thr), LCC1-62; (Ile490Met)]. The extracellularly 

produced laccases in Pichia pastoris were partially purified and exhibited 2-9 X times higher 

decolorization of real effluents than the WTLCC1 even in the absence of a mediator. More than 

90% decolorization (~1.6 times higher than that of the WTLCC1) was shown of IC in 18 h by 

the three HAVs without the addition of any mediator. To increase the rate of decolorization, 

several natural and synthetic mediators were screened which dramatically increased the rates and 

reduced the treatment time to 20 min. Maximum increase in the rate (23 X relative to the 

WTLCC1) was obtained with the HAV LCC1-62 with the natural mediator 2,6-Dimethoxy 

Phenol (DMP) making it an attractive option for mediator-assisted laccase treatment. 

Examination of the mediator-laccase variant combination on decolorization of IC at molecular 

level, through in-silico studies, provided evidence that His132, Ser134, Leu475, and Glu476 were 

associated with the hot-spot regions in the active pocket of LCC1. Apart from identifying the 

binding residues, the binding efficiency, strength of the hydrogen bonds, conformation of the 

ligand, and size of the active size pocket were identified as important factors contributing to the 
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higher catalytic efficiency of the HAVs. Identified laccase variant, LCC1-62, was very effective 

in treating real effluent in the membrane reactor in batch as well as continuous mode giving 94% 

decolorization without any mediator. Our findings strongly suggest the feasibility of application 

of LCC1-62 at larger scale for textile effluent treatment.  
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साराांश 

कपड़ा उद्योग भ़ारत में कुल विविम़ााण उत्प़ादि क़ा लगभग 14% विस्स़ा िै और गीले प्रसंस्करण में 50-100 

लीटर/वकलोग्ऱाम िस्त्ो ंक़ा उपयोग करके अत्यविक प़ािी की खपत िोती िै। विश्व बैंक की एक ि़ावलय़ा 

ररपोटा के अिुस़ार, िैवश्वक जल प्रदूषण क़ा 17-20% प्रवतशत पूरी तरि से पररष्करण और रंग भरिे की 

प्रविय़ाओ ंसे िोत़ा िै। फंगल लैकेसेस में ब़ायोरेमेविएशि प्रविय़ाओ ंके वलए उच्च जैि-प्रौद्योवगकी क्षमत़ा 

िोती िै, जो फेिोवलक्स, एवमिोफेिोल्स, एररलि़ायम़ाइि और पॉलीम़ाइि को िीच़ा वदख़ािे की उिकी 

क्षमत़ा के क़ारण िोती िै। िताम़ाि अध्ययि में, स़ायथस बुलेरी के इंजीवियर लैकेस1 आइसोफॉमा 

(एलसीसी1) की दक्षत़ा को इंविगो क़ारम़ाइि (आईसी) के रंगिीि और विषिरण में बत़ाय़ा गय़ा िै, इस ि़ाई 

से युक्त अपवशष्ट के स़ाथ-स़ाथ एक कपड़ा वमल से ि़ास्तविक अपवशष्ट भी। जीि (LCC1) जंगली प्रक़ार 

(WT) LCC1 को कूटबद्ध करत़ा िै, वजसे स़ाइट-विदेवशत उत्पररिताजि के म़ाध्यम से पूिाविि़ााररत पदो ंपर 

संशोवित वकय़ा गय़ा थ़ा, जो तीि उते्प्ररक रूप से बेितर उच्च-गवतविवि-िेररएंट (HAVs) उत्पन्न करत़ा िै, 

अथ़ाात, [LCC1-35; (Gly463Arg), LCC1-61; (Ser318Thr), LCC1-62; (Ile490Met)]। वपवचय़ा पेस्टोररस 

में ब़ाह्य रूप से उत्प़ावदत लैकेसेस को आंवशक रूप से शुद्ध वकय़ा गय़ा थ़ा और एक मध्यस्थ की अिुपस्स्थवत 

में भी WTLCC1 की तुलि़ा में ि़ास्तविक अपवशष्टो ंके 2-9 X गुि़ा अविक वििणीकरण क़ा प्रदशाि वकय़ा 

गय़ा थ़ा। 90% से अविक विरंजि (WTLCC1 की तुलि़ा में ~ 1.6 गुि़ा अविक) वबि़ा वकसी मध्यस्थ को 

श़ावमल वकए तीि एचएिी द्व़ाऱा 18 घंटे में आईसी क़ा वदख़ाय़ा गय़ा थ़ा। रंग बदलिे की दर को बढ़ािे के 

वलए, कई प्ऱाकृवतक और वसंथेवटक मध्यस्थो ंकी ज़ंाच की गई, वजन्ोिें ि़ाटकीय रूप से दरो ंमें िृस्द्ध की 

और उपच़ार के समय को घट़ाकर 20 वमिट कर वदय़ा। दर में अविकतम िृस्द्ध (WTLCC1 के स़ापेक्ष 23 

X) HAV LCC1-62 के स़ाथ प्ऱाकृवतक मध्यस्थ 2,6-ि़ाइमेथॉक्सी वफिोल (DMP) के स़ाथ प्ऱाप्त की गई, 

वजससे यि मध्यस्थ-सि़ायत़ा प्ऱाप्त लैकेस उपच़ार के वलए एक आकषाक विकल्प बि गय़ा। इि-वसवलको 

अध्ययिो ंके म़ाध्यम से आणविक स्तर पर आईसी के रंग बदलिे पर मध्यस्थ-लैकेस प्रक़ार के संयोजि की 

ज़ंाच िे इस ब़ात क़ा सबूत वदय़ा वक His132, Ser134, Leu475, और Glu476 LCC1 के सविय पॉकेट में िॉट-
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स्पॉट के्षत्ो ंसे जुडे थे। ब़ाध्यक़ारी अिशेषो ंकी पिच़ाि करिे के अल़ाि़ा, ब़ाध्यक़ारी दक्षत़ा, ि़ाइिर ोजि ब़ंाि 

की त़ाकत, वलगैंि की संरचि़ा, और सविय आक़ार की जेब के आक़ार को एचएिी की उच्च उते्प्ररक दक्षत़ा 

में योगद़ाि करिे ि़ाले मित्वपूणा क़ारको ंके रूप में पिच़ाि़ा गय़ा। पिच़ािे गए लैकेस िैररएंट, LCC1-62, 

बैच में विल्ली ररएक्टर में ि़ास्तविक बवििःस्ऱाि के उपच़ार के स़ाथ-स़ाथ विरंतर मोि में वबि़ा वकसी मध्यस्थ 

के 94% वििणीकरण देिे में बहुत प्रभ़ािी थ़ा। िम़ारे विष्कषा कपड़ा अपवशष्ट उपच़ार के वलए बडे पैम़ािे 

पर एलसीसी 1-62 के आिेदि की व्यिि़ायात़ा क़ा दृढत़ा से सुि़ाि देते िैं। 
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HOBt (B), guaiacol (C), and 2,6-DMP (D). Respective percentage decolorization is 

presented as inset in the figures 63 
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Figure 4.6 Visible-spectral scans of enzymatically treated IC samples, with the aid of 2,6-DMP, 

showing highest rate of coerulignone formation with LCC1-62 64 

Figure 4.7 Graphical representation of relative abundance of amino acid residues in Cyathus bulleri 

laccase isoform-1 (WTLCC1). Glycine (9.2%) was the most abundant amino acid found 

in its sequence while methionine (0.8%) was observed to have lowest abundance 66 

Figure 4.8 Cartoon model depiction of predicted models for WTLCC1 and its HAVs. The active site 

region of the enzyme is highlighted with white circle. A closer look on the encircled 

region clearly depicts the broadest active site pocket in case of LCC1-62 68 

Figure 4.9 A. Ramachandran plot of φ–ψ distribution of wild type laccase and its variants produced 

by PROCHECK. [A, B, L] most favoured regions; [a, b, l, p] additional allowed regions; 

[~a, ~b, ~l, ~p] generously allowed regions; white areas are disallowed regions. 

Percentage of residues in the allowable regions of respective Ramachandran plots of our 

proteins approves high accuracy of predicted models. B. Analysis of statistical potential 

of 3D models using ProSA-web service. Group of protein structures built using NMR-

spectroscopy (dark blue) or X-ray crystallography (light blue) are illustrated. It is clear 

that the Z-score of input structures (highlighted with red circles) is well within the range 

of scores typically observed for native proteins of comparable size. C. The local model 

quality is depicted in terms of energy plots of structures, where energies are plotted as a 

function of residue sequence position. For smoothening the curve (thick green line), 

average energy calculation is done over 40-residue long fragments (i, i+39), and the value 

is assigned to central residue at position i+19. Thin green line in the background depicts 

a smaller window size with energy of 10 residues averaged together 70 

Figure 4.10 3D profile of modeled structures of the WTLCC1 and its variants, generated by using 

Verify-3D web server. Above zero values (≥ 0.2) of overall compatibility scores of all 

models indicate that their respective residues are accurately folded. 71 

Figure 4.11 Docked enzyme-ligand poses predicted based on binding affinity and RMSD values. 

Active site residues are highlighted in yellow and deep teal. All images were generated 

using PyMOL molecular graphic software 73 

Figure 4.12 Interactions established between ligand and receptor molecules. Only amino acids 

residues in contact with mediator compounds are shown with H-bonds pattern. Bond 

lengths are measured in angstrom (Å) 75 

.Figure 4.13 ESI-MS profile of IC before treatment (A), and after enzymatic treatment, without any 

aid of mediator by WTLCC1, LCC1-35, LCC1-61 (B, C, D respectively), and in the 

presence of ABTS by WTLCC1 (E), and LCC1-62 (F). Identified peaks are encircled 

with red color. Exclusive peaks in case of LCC1-62_ABTS treated samples are encircled 

with pink color 78 
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Figure 4.14 Proposed route for IC degradation through enzymatic treatment using high activity 

variants of WTLCC1 79 

Figure 4.15 Dimensions of active pocket of WTLCC1 (A), LCC1-35 (B), LCC1-61 (C), and LCC1-

62 (D). Active pocket of the enzyme is shown on protein surface (A-D). Protein mesh 

showing active pocket region of enzyme measured using distance between the residues 

making boundary of active pocket (a-d). It was found that active pocket of wild form of 

laccase enzyme was narrower when compared to the that of three HAVs, while, LCC1-

62 was observed to possess widest active pocket 83 

Figure 4.16 WTLCC1, active site residues are highlighted with yellow and teal color (A). Receptor-

Ligand complex (WTLCC1:2,6-DMP), showing binding of ligand into the pseudo pocket, 

P1, of WTLCC1. It can be clearly observed that active pocket residues highlighted with 

teal color (enclosed with black circle), are extended till the pseudo pocket region (B) 84 

Figure 5.1 Membrane reactor set up running on recirculation mode 91 

Figure 5.2 Schematic diagram of the membrane reactor 92 

Figure 5.3 Fouling characterization of the PES membrane using combined effluent. The permeate 

flux was recorded as a function of TMP. The permeate flux was also recorded in samples 

containing the enzyme solution (0.5 U/ml). The duration of operation of the reactor is 

shown in the parenthesis in the inset.  Black solid squares show relation between flux and 

TMP of clean water (control). 94 

Figure 5.4 Absorption spectrum of the permeate samples collected at regular intervals during control 

study. Membrane adsorption was observed to cease after 20 h of reactor operation. The 

inset figure shows percentage increase in color of the permeate samples collected at 

regular intervals 95 

Figure 5.5 Percentage decolorization of combined effluent during batch mode of reactor operation. 

Highest decolorization was obtained at an HRT of 6 h 96 

Figure 5.6 Absorption spectrum of the combined effluent before and after treatment (A). The actual 

color of the untreated (B) and the treated effluent (C). 97 

Figure 5.7 Enzyme stability in the reactor studied at standard operating conditions. A maximum drop 

of 40% was observed in enzyme activity over all reactor experiments above 3 h of reactor 

operation 97 

Figure 5.8 Laccase activity profile over different “times of reactor operation” in batch mode under 

different HRTs A. 1.5 h, B. 4 h, C. 6 h, D. 9 h. 98 

Figure 5.9 Enzyme activity replenishment profile in two different experiments in continuous mode 

of reactor operation at 6 h HRT. Red squares and green triangles show the trend of 

replenishment for activity range 0.14 – 0.039 U/ml and 0.14 – 0.009 U/ml respectively 99 

Figure 5.10 Concentrations of the dye in the permeate, drawn as a function of time during the reactor 

operation. The variance of concentrations of dye in permeate for the enzyme activity 
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ranging from 0.14-0.009 U/ml was significantly higher when compared to that of the dye 

concentration in permeate for the enzyme activity ranging from 0.14-0.039 U/ml. 100 

Figure 5.11 Percentage decolorization of combined effluent using LCC1-62 in continuous reactor at 

3 h and 6 h HRT 101 

Figure 5.12 Plots showing continuous reactor operation at 3 h and 6 h HRT. The corresponding data 

without any enzyme treatment is shown on the left. 101 

Figure 5.13 Variance of dye concentration under pseudo-steady state of reactor operation at 3- and 

6-h HRT. The mean concentration of the dye is shown as a straight line. 102 

Figure 5.14 TDS (Total Dissolved Salts) profile of reactor operated over 3 h and 6 h HRT 102 

Figure 5.15 The membrane flux as a function of TMP recorded before the start and after completion 

of reactor run conducted at the HRT of 3 and 6 h. 103 

Figure 5.16 Graphical representation of percent revertants obtained respectively for different samples 

listed in table 5.1 (A). The plates showing His+ revertant in case of untreated combined 

effluent (B) and LCC1-62 treated effluent (C). 104 
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