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ABSTRACT 

Methanosarcina are methanogens capable of growth and methanogenesis from 

H,/CO,, formate, methanol, methylamines, and acetate. Methanosarcina conserve 

energy by coupling electron transport and methyl transfer to the generation of ion 

gradients during acetoclastic growth. This work focuses on cytochrome b and 

heterodisulfide reductase, two proteins involved in energy conservation by electron 

transport. A procedure was developed for mass cultivation of Methanosarcina 

thermophila strain TM-1 in 12-liter fermentations which produced up to 10 grams wet 

weight/liter, in order to facilitate biochemical studies. Cytochromes occurring in 

Methanosarcina thermophila were characterized spectrophotometrically using chemical 

and physiological reactants. This analysis revealed two heme centers, one of which 

was only reduced by Na,S,O, or carbon monoxide. Partially purified cytochromes 

were found to be present in a complex and were characterized by electrophoretic and 

spectrophotometric analysis. The cytochrome containing protein was found to 

contain two hemes and had an M, of 28,000 Da. Heterodisulfide reductase was 

isolated from the soluble fraction by anion exchange chromatography and assayed 

using methyl viologen as an artificial electron donor. Electron transport from CO to 

the heterodisulfide of 2-mercaptoethanesulfonic acid (HS-CoM) and 7- 

mercaptoheptanoylthreonine phosphate (HS-HTP) was reconstituted using carbon 

monoxide dehydrogenase, ferredoxin, membranes, and heterodisulfide reductase. 

Both membranes and ferredoxin were required for reduction of the heterodisulfide.



FORWARD 

This thesis focuses on the role of cytochromes and heterodisulfide reductase 

in electron transport during acetotrophic growth of Methanosarcina thermophila. 

Section I contains an introduction and literature review intended to serve as a 

foundation for understanding the study of methanogenesis and, more specifically, 

acetate conversion to methane and carbon dioxide. Section II describes the materials 

and methods used for this work. Section HI contains the results of this work. 

Section IV provides a_ discussion of the importance of this w' ‘> the field. 

References are included in section V. My curriculum vita is sectiou vI. 
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INTRODUCTION . 

In recent years methanogenesis has received an increased amount of 

research attention. The importance of methane to global carbon cycling, the novel 

biochemistry, and several environmental concerns have fueled this increased 

activity. In 1776 Volta first described "combustible air". It was over 100 years later, 

in 1886, that Bechamp linked the production of this combustible gas to microbial 

activity. The methane-producing bacteria then became known through the 

pioneering work of H.A. Barker (4, 67) and R.E. Hungate (35, 36, 37). The study 

of methane-producing bacteria began with the development of effective strict 

anaerobic techniques and primary isolation of methanogens. 

Of pressing concern regarding environmental impact is the human 

production of waste. Methane production has long been known to occur in both 

sewage digesters and landfills, the latter being harvested at the rate of 70 million 

cubic yards per year in the United States (68). With the development of the upflow 

anaerobic sludge blanket (UASB) (15) for use as a digester, many studies on 

methanogen-containing microbial communities were carried out in the Netherlands 

. The UASB is one of the most effective ways to reduce the organic content of 

many agricultural, industrial, and food processing wastes while at the same time 

producing methane as a useful energy source (15). Methanogensalso dehalogenate 

several toxic chlorinated compounds that are industrial solvents or by-products of



commercial chemical processes (24, 39, 47). Increases in atmospheric methane, a 

potent greenhouse gas, have been partially attributed to increases in human 

agricultural activities and deforestation (83). 

The first described and most extensively studied pathway for methane 

production is the reduction of carbon dioxide using hydrogen to produce methane 

(87). This pathway is probably of primary importance in the rumen where fatty 

acid concentrations are kept low by intestinal absorption (16, 35, 37). The first 

described species to use acetate as a substrate for methanogenesis was 

Methanosarcina barkeri (71). This organism, which represents the most 

metabolically diverse order of methanogens, Methanomicrobiales, is capable of 

growth and methane production on H,/CO,, formate, methanol, methyl amines, and 

acetate. The study of acetate fermentation to methane was then stimulated by the 

estimate that over 65% of biologically produced methane was from acetate 

conversion (58, 73, 85). 

The study of acetate consumption as the most environmentally relevant 

substrate focused on the pathway for conversion of acetate to CH, and CO, (26). 

Methanosarcina thermophila was chosen by the principal investigator for this work 

because it lacks the CO, reduction pathway and thus the complexity of overlapping 

alternate pathways. This organism induces production of enzymes needed for 

conversion of acetate when the growth substrate is changed from methanol to 

acetate (38). M. thermophila is the most favorable for the biochemical study of 
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acetate conversion because of the relatively high growth rates supported at higher 

temperatures by this moderate thermophile and the development of the pH 

auxostat for improved growth yields (74). Findings from M. barkeri and M. 

thermophila have been generally accepted as applicable to the other because of the 

similarities between them. 

Major work on the acetate pathway (Fig. 1) has focused on the activation 

of acetate, cleavage of acetyl-CoA, and the final steps of reductive demethylation 

of CH,-CoM. Recently, emphasis has shifted to the study of the role of membranes 

in energy conservation, as it is clear that ion gradients are the sole means of energy 

conservation (9). Electron transport driven proton extrusion has been shown in 

several systems (9, 11, 13), and recent studies have shown that methyl transfer is 

accompanied by direct sodium ion transport (6). 

The work reported here focuses on the role of cytochromes in electron 

transport and advances the understanding of the proteins that may be involved in 

energy conservation by generation of a proton gradient.
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Figure 1. Proposed pathway for the conversion of acetate to CH, and CO, 

by Methanosarcina. AK, acetate kinase; PTA, phosphotransacetylase; 

CODH, CO dehydrogenase enzyme complex; Fd, ferredoxin; H,ase, 
hydrogenase; Cyt b, cytochrome b; HDR, heterodisulfide reductase; HS- 

CoM, 2-mercaptoethanesulfonic acid, HS-HTP, /7- 

mercaptoheptanoylthreonine phosphate. Adapted from Ferry (26)



LITERATURE REVIEW 

The methane-producing bacteria, also known as methanogens, comprise a 

diverse group of organisms belonging to the recently defined Archaea (86). The 

archaea are thought to be as distantly related to the bacteria as they are to the 

Eucarya, which raises many questions as to the universal precursor of life and to 

the distinct evolution of the three domains. The archaea are defined by (i) 16S 

ribosomal RNA sequence homologies with distinct differences from both the 

Eubacteria and Eucarya as well as ribosomal structure and subunit composition, (ii) 

unique membrane phospho- and glyco-lipids which are diether- linked as opposed 

to ester-linked, and differences in the composition of the cell envelope, and (iii) 

RNA polymerase subunit composition which resembles the Eucaryotic type with at 

least eight subunits (41). 

There are three orders of methanogens in the Archaea: Methanobacteriales, 

Methanomicrobiales, Methanococcales (83). The methanogens share a unique 

metabolism, but have varied substrates. The Methanomicrobiales, including the 

genus Methanosarcina, show the greatest metabolic diversity and are capable of 

growth on H,, methanol, acetate, and mono-, di-, and trimethyl amines. 

Additionally, several species use primary, secondary and cyclic alcohols as electron 

donors (84). All bacterial morphologies are represented in the methanogens: rods, 

cocci, spirilla, sarcina and planar. Methanogens typically inhabit freshwater and 
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marine anaerobic environments including the digestive tract of ruminants, termites 

and other animals; sediments, rice paddies, marshes, bogs and tundra peat (83). 

In these habitats methane is produced by a consortia of three groups of 

microorganisms. First fermentative organisms break down complex substrates such 

as proteins, lipids and polysaccharides and ferment the products to fatty acids, H,, 

and CO,. Next the homoacetogenic organisms convert some of the fatty acids to 

formate, acetate, H,, and CO,. Finally, the methanogenic organisms convert these 

products to methane (25). The volatile methane rapidly escapes the local 

environment. This is important in sediments because the H,-evolving organisms 

require a low concentration of hydrogen in the environment so their metabolism 

remains thermodynamically favorable. ‘The methanogens effectively remove H, by 

consuming free hydrogen in a process known as interspecies hydrogen transfer (16). 

The methane is released into the gas phase. In digesters the methanogens also play 

the important role of keeping fatty acid concentrations low by oxidizing H, and 

consuming acetate so that low pH due to acids does not inhibit the digesting 

organisms. Much of the methane produced in sediments is consumed by obligately 

aerobic methanotrophs though some escapes into the atmosphere. Several 

investigators have proposed that anaerobic methane oxidation is carried out by 

sulfate-reducing bacteria while still in the anaerobic water column, and this affects 

release of methane from marine environments (59, 70). 

The study of acetate conversion to methane lagged far behind work on the



CO,/H, pathway (87). The early studies, aimed at determining the mechanism for 

methane formation from acetate, used isotope labeled substrates. This work 

revealed that methane produced from acetate was formed by a different mechanism 

than methane from CO, and that CO, was not an intermediate. Furthermore, they 

found that methane is produced almost exclusively from the methyl carbon of 

acetate, and that many methanogens used acetate directly for biosynthesis of cell 

components (17, 75). Stadtman and Barker (75) proposed that carbon from either 

CO, or acetate would form some common precursor that would be evolved to 

methane, but the identity of this precursor was unknown. 

The study of the pathway for CO, reduction to methane (Fig. 2) has focused 

primarily on reduction of the carbon atom (87). This is a series of three 2-electron 

reductions to form methyl-tetrahydromethanopterin. The methyl group is then 

transferred to HS-CoM to give CH,-S-CoM and this is reduced to methane with 

a final electron pair. The enzymes for each reduction and transfer step have been 

extensively studied (25). 

Several previously unknown cofactors have been described (Table 1) from 

methanogens that use the CO, reduction pathway (87). These cofactors or 

derivatives are found in all methanogens. Also, the complete sequence of one- 

carbon reduction and transfer is known. The reducing equivalents for CO, 

reduction are derived from hydrogen. The reduced form of Fy, (Fy29H,), 1s 

generated by F,,.-reducing hydrogenase, and at least two of the three enzymes 

7
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Figure 2. Pathway for the reduction of CO, to methane. Grey boxes indicate 
reactions involved in membrane-dependent energy transduction. MF, 
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Table 1. Cofactors unique to methanogenic reactions.” 

  

Trivial name Structure Function 

  

CoM 2-mercaptoethanesulfonic acid 

Factor III 5-hydroxybenzimidazoyl cobamide 

Cobalt Porphyrin ring, (corrinoid) 

H,MPT tetrahydromethanopterin 

(H,SPT) tetrahydrosarcinapterin 

MF Methanofuran (folate analog) 

HS-HTP 7-mercaptoheptanoylthreonine phosphate 

Fy 7,8-didemethy]-8-hydroxy-5-deazaflavin 

F439 Nickel porphyrin ring 

methyl] carrier 

methyl] carrier 

C-1 carrier 

C-1 carrier: 

electron carrier 

electron carrier 

methyl reduction 

  

" Adapted from Wolfe (87)



needed to reduce CO, to the methyl level use F,,,H,. Energy is conserved in the 

final steps (Table 2, reaction 5). Methyl-CoM is reduced using HS-HTP to form 

CH, and CoM-S-S-HTP, and the sulfhydryl forms of the coenzymes are regenerated 

using electrons derived from hydrogen (9, 21, 66). 

Methyl Reduction: 

The final step of methane evolution received increased attention with the 

identification of Coenzyme M (HS-CoM, 2-mercaptoethanesulfonic acid) and 

determination of its role as a methyl carrier (77). The methyl reductase protein 

was identified, but several other factors were required for activity. These included 

Fy.-reducing hydrogenase, F,., nonreactive (methyl viologen) hydrogenase, flavin 

and Component B, later identified as 7-mercaptoheptanoylthreonine phosphate 

(HS-HTP) (32). In all known methanogens the final steps of methyl reduction and 

methane evolution are the same (45, 69). Once reduced to the methyl level, the 

methyl group is transferred from H,MPT to HS-CoM yielding CH,-S-CoM. This 

is the common precursor to all biologically produced methane (45, 69). 

Alternatively methyl groups are transferred directly from methanol or methylamines 

to HS-CoM. Methyl-CoM is then reduced by methyl-CoM methylreductase (MCR) 

using an electron provided by HS-HTP to release methane and produce the 

heterodisulfide CoM-S-S-HTP (3, 63). The sulfhydryl forms of these enzymes are 

then regenerated by heterodisulfide reductase (HDR) using electrons derived from 

10



Table 2. Standard free energy changes associated with selected methanogenic 

fermentations and reactions. 

  

  

Reaction Standard Free Energy Change 

1. ADP + P, --> ATP +32 kJ/mol 

2. 4H, + CO, --> CH, + 2 H,0 -130 kJ/mol 

3. 4 CH,0H --> 3 CH, + CO, + 2H,O -106 kJ/mol 

4. CH,COOH --> CH, + CO, -36 kJ/mol 

5. H, + CH,-S-CoM --> CH, + HS-CoM -85 kJ/mol 

6. H, + CoM-S-S-HTP  --> HS-CoM + HS-HTP -42 kJ/mol 

7. CH,-S-CoM + HS-HTP--> CH, + CoM-S-S-HTP -43 kJ/mol 

8. CO+H,O --> CO, + H, -20 kJ/mol 

  

* Adapted from Muller et al. (61) 
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hydrogen (Table 2, reaction 6) or in acetate utilization, the oxidation of the 

carbonyl group of acetate (20). Electrons for this reduction can also be derived 

from methyl group oxidation during growth on methanol or methylamine. Methyl 

group oxidation is thought to occur by reversal of the CO, reduction pathway (61). 

H,-dependent CH,-S-CoM reduction in resting cells is coupled to an 

electrochemical proton gradient and supports ATP synthesis (19, 65). ATP can also 

be synthesized from an artificial pH gradient (65). 

Activation of Acetate and Cleavage of Acetyl-CoA: 

From thermodynamic considerations it was assumed that acetate must first 

be activated and two activating enzymes were identified and purified. Acetate 

kinase first acts by phosphorylating acetate using ATP and consuming one high 

energy phosphate bond (2). Acetyl phosphate is then converted to acetyl-CoA by 

phosphotransacetylase, the second of the activating enzymes (57). Cell extracts can 

use acetyl-PO, as a substrate for methanogenesis in place of acetate and ATP (27, 

49). In light of the activation energy input, these organisms must have evolved an 

energy conservation system that approaches or exceeds 50% efficiency (see Table 

2, reactions 1,4). 

The C-C and C-S bonds of acetyl-CoA are then cleaved by the carbon 

monoxide dehydrogenase complex (CODH), considered the central enzyme for 

acetate conversion (79). The CODH complex is composed of 5 subunits and 
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contains Factor III (corrinoid), Ni, Fe and acid-labile sulfur. The complex can be 

resolved into two functional units by detergent solubilization and anion exchange 

chromatography into a Ni-Fe-S subunit and a Co-Fe-S subunit (1). By EPR 

spectroscopy it has been shown that the Ni-Fe-S subunit binds and oxidizes the CO 

and transfers the methyl group to the corrinoid of the second component (40). 

Methyl Transfer: 

The corrinoid-bound methyl group is transferred to H,SPT (31) and 

subsequently transferred to HS-CoM. It was proposed that this reaction would be 

a site for energy conservation and also that a sodium ion gradient would be the 

high energy intermediate (30, 55). These were postulated based on methy] transfer 

studies using artificial substrates and the strict requirement of this reaction for 

sodium (60). These results indicating primary sodium ion translocation were 

corroborated in Methanobacterium (43). Results from Methanosarcina strain Gol 

show that the H,SPT:HS-CoM methyltransferase is a membrane-bound primary 

sodium ion pump (6). This reaction was strictly dependent on sodium and HS- 

CoM, and inhibitor studies showed that sodium extrusion was primary and 

electrogenic. 

Electron Transport: 

Ferredoxin accepts electrons from the CODH complex (80). The electrons 

13



generated from CO oxidation are used to reduce the methyl group of acetate (28, 

62). It has long been assumed, since there are no obvious sites for substrate-level 

phosphorylation in the acetate pathway, that ATP must be generated using a proton 

motive force derived from this electron transport. This electron transport 

phosphorylation is in accordance with Mitchell’s chemiosmotic mechanism (9). 

The specific steps of electron transport system have not been determined, 

though many studies have identified possible electron carriers and functional 

attributes. Cytochromes were first postulated to function in electron transport (46) 

during acetate consumption when it was found that only those methanogens capable 

of growth on methyl compounds contained cytochromes and that cytochrome levels 

were elevated when those organisms were cultured on acetate as a substrate (42, 

52). As determined by EPR and optical spectroscopy, the membranes of 

Methanosarcina barkeri contain cytochromes, multiple Fe-S centers and possibly a 

rubredoxin, and it is postulated that these may function in electron transport (46). 

Resting cells are capable of oxidizing CO to CO, and H,, and a proton 

gradient is formed by this process (11, 12, 13). This activity has been reconstructed 

using CODH, Fd and membranes. This activity is dependent on ferredoxin as the 

electron carrier from CODH to the membranes (80). Ultimately the electrons 

derived from the carbonyl moiety must be transferred to heterodisulfide reductase 

to regenerate the sulfhydryl forms of HS-CoM and HS-HTP. 

A proton gradient is formed by the reduction of the heterodisulfide with 
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electrons from hydrogen (19, 22). A link from hydrogenase to cytochrome has been 

established by reduction of cytochromes in membranes with hydrogen gas as the 

reductant (80). One can hypothesize that hydrogen is first evolved by oxidation of 

the carbonyl group and then oxidized to reduce the heterodisulfide. This sequence 

of events has not been established for acetate-consuming methanogens. It has been 

proposed that hydrogen may be involved as an obligate intermediate. This is 

supported by the recent purification from M. barkeri of a membrane-bound 

H,:CoM-HTP oxidoreductase complex which contains cytochromes (34). Proof of 

H, as an obligate intermediate is lacking however and several studies provide 

contrary evidence (44, 50, 56). 

Substrate-level phosphorylation is precluded because Methanosarcina cleave 

1 ATP per acetate in activation and gains less than 1 ATP from acetate. It is only 

possible for ion gradients to be involved in energy conservation since there are no 

sites for possible substrate level phosphorylation. Methanosarcina barkeri contains 

a proton driven ATPase. Much recent work has focused on the means of energy 

conservation for ATP synthesis as well as several endergonic reactions that are 

thought to be coupled to energy consumption (61). This organism must have 

evolved a very efficient energy conservation system considering the activation 

energy required and the low free energy change of acetate conversion. 

Recently a methyl transferase that acts as a primary sodium pump was 

purified from Methanosarcina strain Gol (6). The sodium gradient thus generated 
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�r�e�d�u�c�t�i�o�n� �o�f� �t�h�e� �h�e�t�e�r�o�d�i�s�u�l�f�i�d�e� �o�f� �H�S�-�C�o�M� �a�n�d� �H�S�-�H�T�P� �a�n�d� �h�a�s� �b�e�e�n� �s�h�o�w�n� �t�o� 

�b�e� �l�i�n�k�e�d� �i�n� �e�l�e�c�t�r�o�n� �t�r�a�n�s�p�o�r�t� �t�o� �h�y�d�r�o�g�e�n�a�s�e� �a�n�d� �F�,�,�.�-�d�e�h�y�d�r�o�g�e�n�a�s�e� �i�n� 

�M�e�t�h�a�n�o�s�a�r�c�i�n�a� �G�o�l� �(�2�0�,� �2�1�,� �2�2�,� �3�3�)�.� �T�h�e� �H�D�R� �p�r�o�t�e�i�n� �h�a�s� �b�e�e�n� �s�h�o�w�n� �t�o� �b�e� 

�p�r�i�m�a�r�i�l�y� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �t�h�e� �m�e�m�b�r�a�n�e�s� �o�f� �M�e�t�h�a�n�o�s�a�r�c�i�n�a� �s�t�r�a�i�n� �G�o�l� �f�r�o�m� 

�p�r�o�t�o�p�l�a�s�t�s� �(�2�1�,� �2�2�)�.� �I�n� �M�e�t�h�a�n�o�b�a�c�t�e�r�i�u�m� �t�h�e�r�m�o�a�u�t�o�t�r�o�p�h�i�c�u�m� �a� �s�o�l�u�b�l�e� �f�o�r�m� �o�f� 

�t�h�e� �e�n�z�y�m�e� �w�a�s� �f�o�u�n�d� �(�3�3�)�,� �a�n�d� �a� �l�o�o�s�e� �a�s�s�o�c�i�a�t�i�o�n� �w�i�t�h� �t�h�e� �c�y�t�o�p�l�a�s�m�i�c� �s�i�d�e� �o�f� �t�h�e� 

�m�e�m�b�r�a�n�e� �i�s� �p�o�s�s�i�b�l�e� �(�9�)�.� �T�h�e� �e�l�u�c�i�d�a�t�i�o�n� �o�f� �e�l�e�c�t�r�o�n� �t�r�a�n�s�p�o�r�t� �f�r�o�m� �t�h�e� �c�a�r�b�o�n�o�y�l� 

�g�r�o�u�p� �o�f� �a�c�e�t�a�t�e� �t�o� �C�o�M�-�S�-�S�-�H�T�P� �h�a�s� �b�e�c�o�m�e� �a� �q�u�e�s�t�i�o�n� �o�f� �i�n�t�e�r�e�s�t�,� �s�i�n�c�e� �t�h�e� 

�o�r�i�g�i�n� �o�f� �e�l�e�c�t�r�o�n�s� �f�r�o�m� �a�c�e�t�a�t�e�,� �a�n�d� �t�h�e� �p�o�i�n�t�s� �o�f� �c�o�n�s�u�m�p�t�i�o�n� �b�y� �c�o�e�n�z�y�m�e�s� �i�s� 

�k�n�o�w�n�.� �A�s� �M�u�l�l�e�r�,� �B�l�a�u�t�,� �a�n�d� �G�o�t�t�s�c�h�a�l�k� �s�t�a�t�e� �i�n� �M�e�t�h�a�n�o�g�e�n�e�s�i�s�,� �t�h�e�r�e� �i�s� �a� 

�c�u�r�r�e�n�t� �n�e�e�d� �t�o� �i�d�e�n�t�i�f�y� �a� �f�e�r�r�e�d�o�x�i�n�-�d�e�p�e�n�d�e�n�t� �h�e�t�e�r�o�d�i�s�u�l�f�i�d�e� �r�e�d�u�c�t�a�s�e� �s�y�s�t�e�m� 

�s�i�n�c�e� �t�h�e� �h�e�t�e�r�o�d�i�s�u�l�f�i�d�e� �r�e�d�u�c�t�a�s�e� �s�y�s�t�e�m�s� �u�t�i�l�i�z�i�n�g� �F�,�.�,�H�,� �a�n�d� �H�,� �a�r�e� �p�r�o�b�a�b�l�y� �n�o�t� 

�i�n�v�o�l�v�e�d� �i�n� �a�c�e�t�a�t�e� �c�o�n�v�e�r�s�i�o�n� �(�6�1�)�.� 
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�A�c�c�o�r�d�i�n�g� �t�o� �S�t�r�y�e�r� �(�7�6�)� �c�y�t�o�c�h�r�o�m�e�s� �h�a�v�e� �l�o�n�g� �b�e�e�n� �s�t�u�d�i�e�d� �i�n� �a� �v�a�r�i�e�t�y� �o�f� 

�o�r�g�a�n�i�s�m�s� �i�n�c�l�u�d�i�n�g� �b�a�c�t�e�r�i�a� �a�n�d� �t�h�e� �m�i�t�o�c�h�o�n�d�r�i�o�n� �o�f� �m�a�m�m�a�l�s�.� �T�y�p�i�c�a�l� �s�t�u�d�i�e�s� 

�i�n�c�l�u�d�e� �t�h�e� �u�s�e� �o�f� �s�p�e�c�t�r�o�s�c�o�p�y� �t�o� �c�o�m�p�a�r�e� �t�h�e� �a�b�s�o�r�p�t�i�o�n� �s�p�e�c�t�r�u�m� �u�n�d�e�r� �d�i�f�f�e�r�e�n�t� 

�r�e�d�u�c�i�n�g� �a�n�d� �o�x�i�d�i�z�i�n�g� �c�o�n�d�i�t�i�o�n�s�.� �S�t�r�y�e�r� �a�l�s�o� �s�t�a�t�e�s� �t�h�e�r�e� �a�r�e� �s�e�v�e�r�a�l� �v�a�r�i�a�t�i�o�n�s� �t�o� 

�t�h�e� �h�e�m�e� �p�r�o�s�t�h�e�t�i�c� �g�r�o�u�p�.� �I�n� �E�.� �c�o�l�i� �t�h�e� �m�o�s�t� �c�o�m�m�o�n� �i�s� �h�e�m�e� �b� �(�I�r�o�n� 
� � 

�p�r�o�t�o�p�o�r�p�h�y�r�i�n� �I�X�)�.� �I�n� �b�-�t�y�p�e� �c�y�t�o�c�h�r�o�m�e�s� �t�h�e� �p�r�o�s�t�h�e�t�i�c� �g�r�o�u�p� �i�s� �n�o�n�-�c�o�v�a�l�e�n�t�l�y� 

�b�o�u�n�d� �a�n�d� �h�a�s� �t�h�r�e�e� �m�a�x�i�m�a� �i�n� �t�h�e� �r�e�d�u�c�e�d� �m�i�n�u�s� �o�x�i�d�i�z�e�d� �d�i�f�f�e�r�e�n�c�e� �s�p�e�c�t�r�u�m�.� 

�T�h�e� �a�l�p�h�a� �b�a�n�d� �i�s� �n�e�a�r� �5�6�0� �n�m�.� �C�-�t�y�p�e� �c�y�t�o�c�h�r�o�m�e�s� �c�o�n�t�a�i�n� �h�e�m�e� �b� �c�o�v�a�l�e�n�t�l�y� 

�b�o�u�n�d� �v�i�a� �t�w�o� �v�i�n�y�l� �s�i�d�e�-�c�h�a�i�n�s� �t�o� �c�y�s�t�e�i�n�e� �r�e�s�i�d�u�e�s� �o�f� �t�h�e� �p�r�o�t�e�i�n�.� �T�h�e� �t�y�p�e� �o�f� 

�b�i�n�d�i�n�g� �t�o� �t�h�e� �p�r�o�t�e�i�n� �a�n�d� �t�h�e� �i�m�m�e�d�i�a�t�e� �e�n�v�i�r�o�n�m�e�n�t� �o�f� �t�h�e� �p�r�o�s�t�h�e�t�i�c� �g�r�o�u�p� 

�a�f�f�e�c�t� �b�o�t�h� �t�h�e� �m�i�d�p�o�i�n�t� �p�o�t�e�n�t�i�a�l� �a�n�d� �t�h�e� �a�b�s�o�r�p�t�i�o�n� �s�p�e�c�t�r�u�m� �o�f� �t�h�e� �c�y�t�o�c�h�r�o�m�e�.� 

�C�y�t�o�c�h�r�o�m�e�s� �a�r�e� �o�n�e� �e�l�e�c�t�r�o�n� �c�a�r�r�i�e�r�s� �t�h�a�t� �a�r�e� �r�e�d�u�c�e�d� �a�t� �t�h�e� �i�r�o�n� �a�t�o�m� �o�f� �t�h�e� 

�h�e�m�e� �(�7�6�)�.� 

�C�y�t�o�c�h�r�o�m�e�s� �i�n� �M�e�t�h�a�n�o�s�a�r�c�i�n�a� �a�r�e� �p�r�o�b�a�b�l�y� �i�n�v�o�l�v�e�d� �i�n� �e�n�e�r�g�y� �c�o�n�s�e�r�v�a�t�i�o�n� 

�t�h�r�o�u�g�h� �p�r�o�t�o�n� �t�r�a�n�s�l�o�c�a�t�i�o�n� �d�u�r�i�n�g� �a�c�e�t�a�t�e� �c�o�n�s�u�m�p�t�i�o�n� �(�6�1�)�.� �T�h�e� �g�o�a�l� �o�f� �t�h�i�s� 

�s�t�u�d�y� �w�a�s� �t�o� �i�n�v�e�s�t�i�g�a�t�e� �t�h�e� �r�o�l�e� �o�f� �c�y�t�o�c�h�r�o�m�e�s� �i�n� �e�l�e�c�t�r�o�n� �t�r�a�n�s�p�o�r�t� �a�n�d� �t�o� 

�d�e�t�e�r�m�i�n�e� �t�h�e� �e�l�e�c�t�r�o�n� �d�o�n�o�r� �a�n�d� �r�e�c�e�i�v�e�r� �f�o�r� �t�h�e� �c�y�t�o�c�h�r�o�m�e� �s�y�s�t�e�m� �d�u�r�i�n�g� 

�a�c�e�t�a�t�e� �c�o�n�v�e�r�s�i�o�n� �b�y� �M�e�t�h�a�n�o�s�a�r�c�i�n�a� �t�h�e�r�m�o�p�h�i�l�a�.� �I�n� �a�d�d�i�t�i�o�n� �a� �m�e�t�h�o�d� �f�o�r� 

�i�m�p�r�o�v�i�n�g� �c�e�l�l� �y�i�e�l�d�s� �f�r�o�m� �1�5�-�l�i�t�e�r� �f�e�r�m�e�n�t�a�t�i�o�n�s� �w�a�s� �d�e�v�e�l�o�p�e�d� �t�o� �f�a�c�i�l�i�t�a�t�e� 

�b�i�o�c�h�e�m�i�c�a�l� �s�t�u�d�i�e�s�.� 
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�M�A�T�E�R�I�A�L�S� �A�N�D� �M�E�T�H�O�D�S� 

�S�o�u�r�c�e�s� �o�f� �C�h�e�m�i�c�a�l�s�:� 

�M�e�d�i�a� �c�o�m�p�o�n�e�n�t�s� �a�n�d� �g�l�y�c�e�r�o�l� �w�e�r�e� �f�r�o�m� �F�i�s�h�e�r� �S�c�i�e�n�t�i�f�i�c�,� �P�i�t�t�s�b�u�r�g�h�,� �P�A�.� 

�B�u�f�f�e�r�s� �f�o�r� �c�e�l�l� �d�i�s�r�u�p�t�i�o�n� �a�n�d� �c�h�r�o�m�a�t�o�g�r�a�p�h�y� �w�e�r�e� �f�r�o�m� �S�i�g�m�a� �C�h�e�m�i�c�a�l� �C�o�.�,� �S�t�.� 

�L�o�u�i�s�.� �R�e�a�g�e�n�t�s� �f�o�r� �S�D�S�-�P�A�G�E�,� �T�r�i�t�o�n� �X�-�1�0�0�,� �c�y�t�o�c�h�r�o�m�e� �c� �f�r�o�m� �h�o�r�s�e� �h�e�a�r�t�,� 

�H�S�-�C�o�M�,� �B�S�A�,� �a�n�d� �D�T�N�B� �w�e�r�e� �f�r�o�m� �S�i�g�m�a�.� �D�i�m�e�t�h�o�x�y�b�e�n�z�i�d�i�n�e� �w�a�s� �f�r�o�m� 

�E�a�s�t�m�a�n� �K�o�d�a�k� �C�o�.�,� �R�o�c�h�e�s�t�e�r�,� �N�Y�.� �T�h�e� �7�-�b�r�o�m�o�h�e�p�t�a�n�o�i�c� �a�c�i�d� �w�a�s� �f�r�o�m� 

�S�c�h�w�e�i�z�e�r�-�H�a�l�l�,� �S�o�u�t�h� �P�l�a�i�n�f�i�e�l�d�,� �N�J�.� �A�l�l� �c�h�e�m�i�c�a�l�s� �w�e�r�e� �o�f� �r�e�a�g�e�n�t� �g�r�a�d�e�.� 

�O�r�g�a�n�i�s�m�:� 

�M�e�t�h�a�n�o�s�a�r�c�i�n�a� �t�h�e�r�m�o�p�h�i�l�a� �s�t�r�a�i�n� �T�M�-�1� �w�a�s� �g�r�o�w�n� �i�n� �1�2�-�l�i�t�e�r� �f�e�r�m�e�n�t�e�r�s� �o�n� 

�1�0�0� �m�M� �a�c�e�t�a�t�e� �a�t� �5�0�°�C� �a�s� �p�r�e�v�i�o�u�s�l�y� �d�e�s�c�r�i�b�e�d� �(�7�4�)�.� �M�e�t�h�a�n�e� �p�r�o�d�u�c�t�i�o�n� �w�a�s� 

�d�e�t�e�r�m�i�n�e�d� �u�s�i�n�g� �g�a�s� �c�h�r�o�m�a�t�o�g�r�a�p�h�y� �a�s� �d�e�s�c�r�i�b�e�d�.� �T�h�e� �f�e�r�m�e�n�t�e�r�s� �w�e�r�e� 

�i�n�n�o�c�u�l�a�t�e�d� �w�i�t�h� �a� �1�-�l�i�t�e�r� �b�a�t�c�h� �c�u�l�t�u�r�e� �o�r� �b�y� �t�r�a�n�s�f�e�r�r�i�n�g� �2�0�0�-�4�0�0� �m�l� �o�f� �c�u�l�t�u�r�e� 

�f�r�o�m� �a�n�o�t�h�e�r� �f�e�r�m�e�n�t�e�r�.� �T�h�e� �c�u�l�t�u�r�e�s� �w�e�r�e� �h�a�r�v�e�s�t�e�d� �a�n�a�e�r�o�b�i�c�a�l�l�y� �b�y� �c�o�n�t�i�n�u�o�u�s� 

�c�e�n�t�r�i�f�u�g�a�t�i�o�n� �a�n�d� �t�h�e� �c�e�l�l� �p�a�s�t�e� �w�a�s� �s�t�o�r�e�d� �i�n� �l�i�q�u�i�d� �n�i�t�r�o�g�e�n� �u�n�t�i�l� �u�s�e�.� 

�C�o�n�t�i�n�u�e�d� �G�r�o�w�t�h� �w�i�t�h� �M�e�d�i�a� �S�u�p�p�l�e�m�e�n�t�:� 

�A� �m�e�d�i�a� �s�u�p�p�l�e�m�e�n�t� �(�T�a�b�l�e� �3�)� �w�a�s� �p�r�e�p�a�r�e�d� �i�n� �a� �2�-�l�i�t�e�r� �r�o�u�n�d� �b�o�t�t�o�m� �f�l�a�s�k� 
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�T�a�b�l�e� �3�.� �M�e�d�i�a� �S�u�p�p�l�e�m�e�n�t�:� �T�h�e� �f�o�l�l�o�w�i�n�g� �c�o�m�p�o�n�e�n�t�s� �w�e�r�e� �c�o�m�b�i�n�e�d� �t�o� �1� �l�i�t�e�r� 

�t�o�t�a�l� �v�o�l�u�m�e�.� 

� � 

�N�H�,�C�l� �1�8�.�9� �g� �Y�e�a�s�t� �e�x�t�r�a�c�t� �5�.�0� �g� 

�T�r�y�p�t�i�c�a�s�e� �5�.�0� �g� �K�,�2�H�P�O�,� �4�.�3�5� �g� 

�K�H�,�P�O�,� �3�.�4� �¢� �N�i�C�I�-�6�H�,�0� �0�.�0�7�2� �g� 

�C�a�C�l�,�-�2�H�,�0� �0�.�0�3� �g� �F�e�(�N�H�,�)�,�(�S�O�,�)�,�-�6�H�,�O� �0�.�1�5�7� �g� 

�V�i�t�a�m�i�n�s �� �1�5� �m�l� �W�o�l�f�e ��s� �M�i�n�e�r�a�l�s �� �1�0�0� �m�l� 

�0�.�1�%� �r�e�s�a�z�u�r�i�n� �1�.�0� �m�l� 

�M�i�n�e�r�a�l� �I�I�°� �3�7�7� �m�l� �P�A�B�A� �s�o�l�u�t�i�o�n ��®� �1�.�0� �m�l�.� 

� � 

�*� �S�e�e� �W�o�l�i�n� �e�t� �a�l�.� �(�8�8�)�.� 

�>� �M�i�n�e�r�a�l� �I�I� �c�o�n�t�a�i�n�s� �t�h�e� �f�o�l�l�o�w�i�n�g� �c�o�m�p�o�n�e�n�t�s� �(�g�/�l�)�:� �K�H�,�P�O�,�,� �6�.�0�;� �N�H�,�C�l�,� �4�.�8�;� 

�N�a�C�l�,� �1�2�.�0�;� �M�g�S�O�,�-�7�H�,�O�,� �2�.�4�;� �C�a�C�l�,�-�2�H�,�O�,� �1�.�6�.� �S�t�o�r�e� �a�t� �4�°�C�.� 

�°� �P�A�B�A� �(�p�a�r�a�-�a�m�i�n�o�b�e�n�z�o�i�c� �a�c�i�d�)� �s�o�l�u�t�i�o�n� �c�o�n�t�a�i�n�s� �.�0�0�7�5� �g� �P�A�B�A� �i�n� �1�0�0� �m�l� �H�,�O�.� 

�S�t�o�r�e� �a�t� �4�°�C� �i�n� �t�h�e� �d�a�r�k�.� 

�1�9



�t�o� �a� �t�o�t�a�l� �v�o�l�u�m�e� �o�f� �1� �l�i�t�e�r�.� �I�t� �w�a�s� �t�h�e�n� �c�o�v�e�r�e�d� �a�n�d� �s�p�a�r�g�e�d� �w�i�t�h� �n�i�t�r�o�g�e�n� �g�a�s� �f�o�r� 

�3�0� �m�i�n� �a�n�d� �a�u�t�o�c�l�a�v�e�d� �(�3�0� �m�i�n�,� �1�2�1�°�C�)�.� �T�h�e� �s�u�p�p�l�e�m�e�n�t� �w�a�s� �r�e�d�u�c�e�d� �w�i�t�h� �c�y�s�t�e�i�n�e� 

�a�n�d� �s�o�d�i�u�m� �s�u�l�f�i�d�e� �(�0�.�2�5� �g� �e�a�c�h�)� �a�f�t�e�r� �a�u�t�o�c�l�a�v�i�n�g�.� �W�h�e�n� �r�e�d�u�c�e�d�,� �t�h�e� �m�e�d�i�a� 

�s�u�p�p�l�e�m�e�n�t� �w�a�s� �t�r�a�n�s�f�e�r�r�e�d� �t�o� �t�h�e� �f�e�r�m�e�n�t�o�r�.� �T�w�e�l�v�e�-�l�i�t�e�r� �f�e�r�m�e�n�t�e�r� �c�u�l�t�u�r�e�s� �w�e�r�e� 

�s�u�p�p�l�e�m�e�n�t�e�d� �b�y� �t�h�i�s� �p�r�o�c�e�d�u�r�e� �a�f�t�e�r� �6�5� �h�o�u�r�s� �o�f� �g�r�o�w�t�h�.� �G�r�o�w�t�h� �o�f� �t�h�e� �c�u�l�t�u�r�e� 

�c�o�n�t�i�n�u�e�d� �a�t� �h�i�g�h� �r�a�t�e�s� �f�o�r� �a�n�o�t�h�e�r� �2�4� �t�o� �3�0� �h�r�s� �a�n�d� �w�a�s� �h�a�r�v�e�s�t�e�d� �a�s� �d�e�s�c�r�i�b�e�d� 

�a�b�o�v�e�.� 

�P�r�e�p�a�r�a�t�i�o�n� �o�f� �F�r�a�c�t�i�o�n�s�:� 

�C�e�l�l�-�f�r�e�e� �e�x�t�r�a�c�t� �w�a�s� �p�r�e�p�a�r�e�d� �b�y� �t�h�a�w�i�n�g� �c�e�l�l�s� �i�n� �a� �C�o�y� �a�n�a�e�r�o�b�i�c� �c�h�a�m�b�e�r� 

�(�a�t�m�o�s�p�h�e�r�e� �N�,�:�H�,�,� �9�5�:�5�,� �v�:�v�)�.� �A�n� �e�q�u�a�l� �v�o�l�u�m�e� �o�f� �1�0�0� �m�M� �b�i�s�t�r�i�s�-�H�C�l� �(�b�i�s�(�2�-� 

�h�y�d�r�o�x�y�e�t�h�y�l�]� �]�i�m�i�n�o�-�t�r�i�s�[� �h�y�d�r�o�x�y�m�e�t�h�y�l� �]�m�e�t�h�a�n�e�;�2�-�b�i�s�[�2�-�h�y�d�r�o�x�y�e�t�h�y�l�]�a�m�i�n�o�-�2�-� 

�[�h�y�d�r�o�x�y�m�e�t�h�y�]�]�-�1�,�3�-�p�r�o�p�a�n�e�d�i�o�l�)�,� �p�H� �6�.�8�,� �1�0�%� �g�l�y�c�e�r�o�l� �w�a�s� �a�d�d�e�d� �w�i�t�h� �a� �f�e�w� 

�c�r�y�s�t�a�l�s� �o�f� �D�N�a�s�e� �I� �(�g�r�a�d�e� �I�I�,� �B�o�e�h�r�i�n�g�e�r� �M�a�n�n�h�e�i�m�,� �I�n�d�i�a�n�a�p�o�l�i�s�)�.� �T�h�e� �c�e�l�l� 

�s�u�s�p�e�n�s�i�o�n� �w�a�s� �p�l�a�c�e�d� �i�n�t�o� �a� �f�r�e�n�c�h� �p�r�e�s�s�u�r�e� �c�e�l�l�,� �r�e�m�o�v�e�d� �f�r�o�m� �t�h�e� �a�n�a�e�r�b�o�i�c� 

�c�h�a�m�b�e�r� �a�n�d� �b�r�o�k�e�n� �a�t� �2�0�,�0�0�0� �p�s�i� �i�n�t�o� �a� �s�e�a�l�e�d� �a�n�a�e�r�o�b�i�c� �s�e�r�u�m� �b�o�t�t�l�e�.� �T�h�i�s� �c�e�l�l� 

�e�x�t�r�a�c�t� �w�a�s� �t�h�e�n� �c�e�n�t�r�i�f�u�g�e�d� �a�t� �6�5�0�0� �x� �g� �f�o�r� �2�0� �m�i�n�u�t�e�s� �a�t� �4�°�C� �t�o� �r�e�m�o�v�e� �c�e�l�l� 

�d�e�b�r�i�s� �a�n�d� �u�n�b�r�o�k�e�n� �c�e�l�l�s�.� �T�h�e� �s�u�p�e�r�n�a�t�a�n�t� �(�c�e�l�l�-�f�r�e�e� �e�x�t�r�a�c�t�)� �w�a�s� �r�e�m�o�v�e�d� �a�n�d� 

�c�e�n�t�r�i�f�u�g�e�d� �a�t� �1�5�0�,�0�0�0� �x� �g� �f�o�r� �2�.�5� �h�r�s� �a�t� �4�°�C�,� �a�n�d� �t�h�i�s� �s�u�p�e�r�n�a�t�a�n�t� �(�s�o�l�u�b�l�e� �f�r�a�c�t�i�o�n�)� 

�w�a�s� �s�t�o�r�e�d� �a�t� �-�2�0�°�C� �u�n�t�i�l� �u�s�e�.� �T�h�e� �m�e�m�b�r�a�n�e� �p�e�l�l�e�t� �w�a�s� �s�u�s�p�e�n�d�e�d� �i�n� �5�0� �m�M� 

�b�i�s�t�r�i�s�-�H�C�l� �(�p�H� �6�.�8�)�,� �1�0�%� �g�l�y�c�e�r�o�l� �(�B�T�G�)� �i�n� �a� �t�i�s�s�u�e� �h�o�m�o�g�e�n�i�z�e�r�,� �a�n�d� �a�n� �e�q�u�a�l� 

�2�0



�v�o�l�u�m�e� �o�f� �4�%� �(�v�/�v�)� �T�r�i�t�o�n� �X�-�1�0�0� �i�n� �B�T�G� �b�u�f�f�e�r� �w�a�s� �a�d�d�e�d�.� �T�h�e� �m�e�m�b�r�a�n�e�s� �w�e�r�e� 

�s�o�l�u�b�i�l�i�z�e�d� �b�y� �p�l�a�c�i�n�g� �o�n� �a� �r�o�c�k�i�n�g� �p�l�a�t�f�o�r�m� �a�t� �4�°�C� �f�o�r� �4� �h�r�s�,� �c�e�n�t�r�i�f�u�g�e�d� �a�t� �1�5�0�,�0�0�0� 

�x� �g� �f�o�r� �1� �h�o�u�r� �a�t� �4�°�C� �a�n�d� �t�h�e� �s�u�p�e�r�n�a�t�a�n�t� �(�s�o�l�u�b�i�l�i�z�e�d� �m�e�m�b�r�a�n�e�s�)� �w�a�s� �s�t�o�r�e�d� �a�t� �-� 

�2�0�°�C� �u�n�t�i�l� �u�s�e�.� 

�T�o� �p�r�o�d�u�c�e� �m�e�m�b�r�a�n�e�s� �b�y� �s�u�c�r�o�s�e� �g�r�a�d�i�e�n�t� �p�u�r�i�f�i�c�a�t�i�o�n�,� �t�h�e� �c�e�l�l� �e�x�t�r�a�c�t� �w�a�s� 

�l�o�a�d�e�d� �d�i�r�e�c�t�l�y� �o�n�t�o� �a� �d�i�s�c�o�n�t�i�n�u�o�u�s� �s�u�c�r�o�s�e� �g�r�a�d�i�e�n�t� �a�s� �p�r�e�v�i�o�u�s�l�y� �d�e�s�c�r�i�b�e�d� �(�8�0�)� 

�e�x�c�e�p�t� �u�s�i�n�g� �B�T�G� �a�s� �b�u�f�f�e�r�.� �M�e�m�b�r�a�n�e�s� �w�e�r�e� �h�a�r�v�e�s�t�e�d� �f�r�o�m� �t�h�e� �3�0�-�7�0�%� �s�u�c�r�o�s�e� 

�i�n�t�e�r�f�a�c�e�.� 

�S�p�e�c�t�r�o�p�h�o�t�o�m�e�t�r�y�:� 

�C�y�t�o�c�h�r�o�m�e�s� �w�e�r�e� �a�n�a�l�y�z�e�d� �i�n� �r�u�b�b�e�r� �s�t�o�p�p�e�r�e�d� �1�.�5� �m�l� �o�p�t�i�c�a�l� �g�l�a�s�s� �c�u�v�e�t�t�e�s� 

�u�s�i�n�g� �a� �P�e�r�k�i�n� �E�l�m�e�r� �L�a�m�b�d�a� �6� �s�p�e�c�t�r�o�p�h�o�t�o�m�e�t�e�r� �e�q�u�i�p�p�e�d� �w�i�t�h� �a�n� �e�n�d�-�o�n� 

�p�h�o�t�o�m�u�l�t�i�p�l�i�e�r� �a�n�d� �P�e�r�k�i�n� �E�l�m�e�r� �c�o�m�p�u�t�e�r� �s�o�f�t�w�a�r�e�.� �T�h�e� �s�c�a�n� �s�p�e�e�d� �w�a�s� �2�0� 

�n�m�/�s�e�c�,� �t�h�e� �s�p�e�c�t�r�a�l� �b�a�n�d�w�i�d�t�h� �w�a�s� �2�n�m�,� �a�n�d� �t�h�e� �r�e�s�p�o�n�s�e� �w�a�s� �s�e�t� �a�t� �3�.� 

�C�y�t�o�c�h�r�o�m�e�s� �w�e�r�e� �r�e�d�u�c�e�d� �w�i�t�h� �1�0� �u�l� �o�f� �1�.�0� �M� �s�o�d�i�u�m� �d�i�t�h�i�o�n�i�t�e� �a�n�d� �o�x�i�d�i�z�e�d� �b�y� 

�a�i�r� �o�r� �a�d�d�i�t�i�o�n� �o�f� �1�0� �u�l� �o�f� �3�0�%� �h�y�d�r�o�g�e�n� �p�e�r�o�x�i�d�e�.� �C�y�t�o�c�h�r�o�m�e�s� �i�n� �m�e�m�b�r�a�n�e�s� 

�p�u�r�i�f�i�e�d� �b�y� �s�u�c�r�o�s�e� �g�r�a�d�i�e�n�t� �c�e�n�t�r�i�f�u�g�a�t�i�o�n� �w�e�r�e� �r�e�d�u�c�e�d� �w�i�t�h� �h�y�d�r�o�g�e�n� �o�r� �c�a�r�b�o�n� 

�m�o�n�o�x�i�d�e� �(�1�0�0�%� �g�a�s� �p�h�a�s�e�)� �b�y� �f�l�u�s�h�i�n�g� �t�h�e� �h�e�a�d�s�p�a�c�e� �o�f� �a� �r�u�b�b�e�r� �s�t�o�p�p�e�r�-�s�e�a�l�e�d� 

�c�u�v�e�t�t�e� �w�i�t�h� �t�h�e� �g�a�s� �f�o�r� �3� �m�i�n� �a�n�d� �i�n�c�u�b�a�t�i�n�g� �a�t� �r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e� �f�o�r� �1�5� �m�i�n�u�t�e�s�.� 

�F�o�r� �o�x�i�d�a�t�i�o�n� �w�i�t�h� �C�o�M�-�S�-�S�-�H�T�P� �t�h�e� �h�e�a�d�s�p�a�c�e� �w�a�s� �f�l�u�s�h�e�d� �w�i�t�h� �N�,�,� �a�n�d� �6�5� �n�m�o�l� 

�C�o�M�-�S�-�S�-�H�T�P� �w�a�s� �a�d�d�e�d� �i�n� �m�i�n�i�m�a�l� �v�o�l�u�m�e�.� �T�h�e� �r�e�d�u�c�t�i�o�n� �a�n�d� �o�x�i�d�a�t�i�o�n� �o�f� �t�h�e� 

�2�1



�c�y�t�o�c�h�r�o�m�e�s� �w�e�r�e� �d�e�t�e�r�m�i�n�e�d� �f�r�o�m� �t�h�e� �a�b�s�o�r�p�t�i�o�n� �a�t� �4�2�5� �a�n�d� �a�t� �5�5�8� �n�m� �o�f� �t�h�e� 

�d�i�f�f�e�r�e�n�c�e� �s�p�e�c�t�r�u�m�,� �a�n�d� �c�a�l�i�b�r�a�t�e�d� �a�g�a�i�n�s�t� �a� �d�i�t�h�i�o�n�i�t�e�-�r�e�d�u�c�e�d� �m�i�n�u�s� �p�e�r�o�x�i�d�e�-� 

�o�x�i�d�i�z�e�d� �d�i�f�f�e�r�e�n�c�e� �s�p�e�c�t�r�u�m� �(�8�2�)�.� �T�h�e� �t�o�t�a�l� �c�y�t�o�c�h�r�o�m�e� �c�o�n�t�e�n�t� �o�f� �t�h�e� �s�u�c�r�o�s�e�-� 

�g�r�a�d�i�e�n�t� �m�e�m�b�r�a�n�e�s� �w�a�s� �d�e�t�e�r�m�i�n�e�d� �f�r�o�m� �t�h�e� �d�i�t�h�i�o�n�i�t�e� �v�s� �H�,�O�,� �d�i�f�f�e�r�e�n�c�e� 

�s�p�e�c�t�r�u�m� �u�s�i�n�g� �A�g�s�g�-�A�s�g�g� �O�F� �A�g�o�s� �-� �(�A�g�o�o�t�A�g�s�o�)�/�2�.� �T�h�e� �a�m�o�u�n�t� �o�f� �c�y�t�o�c�h�r�o�m�e� 

�i�n�v�o�l�v�e�d� �i�n� �t�h�e� �C�O� �r�e�d�u�c�t�i�o�n�,� �C�o�M�-�S�-�S�-�H�T�P� �o�x�i�d�a�t�i�o�n� �w�a�s� �t�h�e�n� �d�e�t�e�r�m�i�n�e�d� �b�y� �t�h�e� 

�s�a�m�e� �m�e�t�h�o�d� �o�f� �w�a�v�e�l�e�n�g�t�h� �c�o�m�p�a�r�i�s�o�n�s�.� �F�o�r� �a�n�a�l�y�s�i�s� �o�f� �t�h�e� �C�O� �b�i�n�d�i�n�g� 

�p�r�o�p�e�r�t�i�e�s� �o�f� �t�h�e� �c�y�t�o�c�h�r�o�m�e�,� �t�h�e� �s�a�m�p�l�e�s� �w�e�r�e� �f�i�r�s�t� �r�e�d�u�c�e�d� �w�i�t�h� �d�i�t�h�i�o�n�i�t�e� �a�n�d� 

�C�O� �w�a�s� �t�h�e�n� �b�u�b�b�l�e�d� �t�h�r�o�u�g�h� �t�h�e� �s�a�m�p�l�e� �f�o�r� �3� �m�i�n�.� �T�h�e�s�e� �s�p�e�c�t�r�a� �w�e�r�e� �r�e�c�o�r�d�e�d� 

�o�n� �a� �H�e�w�l�e�t�t�-�P�a�c�k�a�r�d� �8�4�5�2�A� �d�i�o�d�e� �a�r�r�a�y� �s�p�e�c�t�r�o�p�h�o�t�o�m�e�t�e�r� �a�s� �d�e�s�c�r�i�b�e�d� �b�y� �K�u�h�n� 

�a�n�d� �G�o�t�t�s�c�h�a�l�k� �(�5�1�)�.� 

�E�l�e�c�t�r�o�p�h�o�r�e�s�i�s�:� 

�P�r�o�t�e�i�n� �s�a�m�p�l�e�s� �w�e�r�e� �a�n�a�l�y�z�e�d� �b�y� �P�A�G�E� �u�s�i�n�g� �t�h�e� �L�a�e�m�l�l�i� �m�e�t�h�o�d� �(�5�4�)� �w�i�t�h� 

�1�5�%� �p�o�l�y�a�c�r�y�l�a�m�i�d�e� �g�e�l�s� �a�s� �d�e�s�c�r�i�b�e�d� �b�y� �S�m�i�t�h� �(�7�2�)�.� �S�a�m�p�l�e�s� �f�o�r� �n�a�t�i�v�e� 

�(�n�o�n�d�e�n�a�t�u�r�i�n�g�)� �g�e�l�s� �w�e�r�e� �p�r�e�p�a�r�e�d� �b�y� �o�m�i�t�t�i�n�g� �S�D�S� �f�r�o�m� �a�l�l� �c�o�m�p�o�n�e�n�t�s�.� �F�o�r� 

�S�D�S�-�P�A�G�E�,� �s�a�m�p�l�e�s� �w�e�r�e� �a�d�d�e�d� �t�o� �S�D�S� �s�a�m�p�l�e� �b�u�f�f�e�r�,� �m�i�x�e�d� �f�o�r� �3�0� �s�e�c�.� �a�n�d� 

�i�n�c�u�b�a�t�e�d� �a�t� �r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e� �f�o�r� �1�5� �m�i�n�.� �P�r�o�t�e�i�n� �w�a�s� �s�t�a�i�n�e�d� �u�s�i�n�g� �C�o�o�m�a�s�s�i�e� 

�b�l�u�e� �R�-�2�5�0�.� �D�i�m�e�t�h�o�x�y�b�e�n�z�i�d�i�n�e� �w�a�s� �u�s�e�d� �t�o� �s�t�a�i�n� �f�o�r� �h�e�m�e� �a�s� �d�e�s�c�r�i�b�e�d� �b�y� 

�F�r�a�n�c�i�s� �(�2�9�)�.� �T�o� �p�r�e�v�e�n�t� �p�o�r�p�h�y�r�i�n� �r�i�n�g� �d�e�g�r�a�d�a�t�i�o�n� �a�l�l� �s�a�m�p�l�e�s� �w�e�r�e� �p�r�e�p�a�r�e�d� 

�w�i�t�h�o�u�t� �2�-�m�e�r�c�a�p�t�o�e�t�h�a�n�o�l� �u�n�l�e�s�s� �n�o�t�e�d�.� �T�h�e� �g�e�l�s� �w�e�r�e� �s�t�a�i�n�e�d� �f�o�r� �h�e�m�e� �a�n�d� 
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�s�u�b�s�e�q�u�e�n�t�l�y� �s�t�a�i�n�e�d� �f�o�r� �p�r�o�t�e�i�n�.� 

�C�h�r�o�m�a�t�o�g�r�a�p�h�y�:� 

�C�o�l�u�m�n� �c�h�r�o�m�a�t�o�g�r�a�p�h�y� �w�a�s� �p�e�r�f�o�r�m�e�d� �o�n� �a� �s�t�a�n�d�a�r�d� �F�P�L�C� �(�P�h�a�r�m�a�c�i�a�,� 

�U�p�s�a�l�a�,� �S�w�e�d�e�n�)� �p�l�u�m�b�e�d� �w�i�t�h� �o�x�y�g�e�n�-�i�m�p�e�r�m�e�a�b�l�e� �S�a�r�a�n� �t�u�b�i�n�g� �(�0�.�1�2�5� �I�D�,� 

�P�y�r�a�m�i�d� �P�l�a�s�t�i�c�s� �I�n�c�.�,� �H�o�p�e�,� �A�R�)� �t�o� �t�h�e� �s�o�l�v�e�n�t� �m�i�x�e�r�,� �a�n�d� �P�E�E�K� �t�u�b�i�n�g� �(�.�0�6�2�5�"� 

�O�D� �x� �.�0�3�0�"� �I�D�,� �U�p�c�h�u�r�c�h� �S�c�i�e�n�t�i�f�i�c�,� �O�a�k� �H�a�r�b�o�r�,� �W�A�)� �f�r�o�m� �t�h�e� �m�i�x�e�r� �t�o� �t�h�e� 

�c�o�l�l�e�c�t�i�o�n� �p�o�i�n�t�.� �F�r�a�c�t�i�o�n�s� �w�e�r�e� �c�o�l�l�e�c�t�e�d� �b�y� �f�i�t�t�i�n�g� �t�h�e� �t�u�b�i�n�g� �w�i�t�h� �a� �s�t�a�i�n�l�e�s�s� �s�t�e�e�l� 

�c�a�n�n�u�l�a� �a�n�d� �c�o�l�l�e�c�t�i�n�g� �i�n�t�o� �a�n� �a�n�a�e�r�o�b�i�c� �c�r�i�m�p�-�s�e�a�l�e�d� �t�u�b�e�.� �B�u�f�f�e�r�s� �w�e�r�e� �p�r�e�p�a�r�e�d� 

�i�n� �s�t�o�p�p�e�r�e�d� �s�i�d�e�a�r�m� �f�l�a�s�k�s�.� �T�h�e� �s�t�o�p�p�e�r�s� �w�e�r�e� �c�o�n�n�e�c�t�e�d� �t�o� �a� �1�0� �m�i�c�r�o�n� �f�i�l�t�e�r� �o�n� 

�t�h�e� �i�n�s�i�d�e� �a�n�d� �t�o� �n�o�r�p�r�e�n�e� �t�u�b�i�n�g� �(�.�1�2�5� �i�n�.� �I�D�)� �w�i�t�h� �a� �c�l�a�m�p� �o�n� �t�h�e� �o�u�t�s�i�d�e� �b�y� �a� 

�c�a�n�n�u�l�a� �p�e�n�e�t�r�a�t�i�n�g� �t�h�e� �s�t�o�p�p�e�r�.� �T�h�e� �n�o�r�p�r�e�n�e� �t�u�b�i�n�g� �w�a�s� �c�o�n�n�e�c�t�e�d� �t�o� �t�h�e� �F�P�L�C� 

�a�f�t�e�r� �v�a�c�u�u�m� �d�e�g�a�s�s�i�n�g� �t�h�e� �b�u�f�f�e�r� �a�t� �l�e�s�s� �t�h�a�n� �1�0�0� �m�i�l�l�i�t�o�r�r�s� �f�o�r� �1� �h�r�.� 

�I�s�o�l�a�t�i�o�n� �o�f� �C�y�t�o�c�h�r�o�m�e� �a�n�d� �H�e�t�e�r�o�d�i�s�u�l�f�i�d�e� �R�e�d�u�c�t�a�s�e�:� 

�F�o�r� �c�y�t�o�c�h�r�o�m�e� �i�s�o�l�a�t�i�o�n� �d�e�t�e�r�g�e�n�t� �s�o�l�u�b�i�l�i�z�e�d� �m�e�m�b�r�a�n�e�s� �(�2� �m�l�,� �1�5� �m�g� 

�p�r�o�t�e�i�n�)� �w�e�r�e� �l�o�a�d�e�d� �o�n�t�o� �a� �M�o�n�o� �Q� �1�0�/�1�0� �c�o�l�u�m�n� �(�P�h�a�r�m�a�c�i�a�)� �t�h�a�t� �w�a�s� 

�p�r�e�e�q�u�i�l�i�b�r�a�t�e�d� �w�i�t�h� �5�0� �m�M� �K�P�O�,� �(�p�H� �6�.�8�)�,� �0�.�2�%� �T�r�i�t�o�n� �X�-�1�0�0� �a�n�d� �r�i�n�s�e�d� �w�i�t�h� �t�w�o� 

�c�o�l�u�m�n� �v�o�l�u�m�e�s� �o�f� �t�h�e� �s�a�m�e� �b�u�f�f�e�r�.� �P�r�o�t�e�i�n� �w�a�s� �e�l�u�t�e�d� �w�i�t�h� �a� �0� �t�o� �1� �m�o�l�a�r� �N�a�C�l� 

�l�i�n�e�a�r� �g�r�a�d�i�e�n�t�,� �a�n�d� �i�n�d�i�v�i�d�u�a�l� �p�e�a�k�s� �w�e�r�e� �c�o�l�l�e�c�t�e�d�.� �F�r�a�c�t�i�o�n�s� �w�e�r�e� �a�n�a�l�y�z�e�d� �b�y� 

�s�t�a�i�n�i�n�g� �S�D�S�-�p�o�l�y�a�c�r�y�l�a�m�i�d�e� �g�e�l�s� �f�o�r� �h�e�m�e�-�d�e�r�i�v�e�d� �p�e�r�o�x�i�d�a�s�e� �a�c�t�i�v�i�t�y� �u�s�i�n�g� 
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�d�i�m�e�t�h�o�x�y�b�e�n�z�i�d�i�n�e� �(�2�9�)� �a�n�d� �p�r�o�t�e�i�n� �w�i�t�h� �C�o�o�m�a�s�s�i�e� �b�l�u�e�.� �S�p�e�c�t�r�a�l� �a�n�a�l�y�s�i�s� �w�a�s� 

�a�l�s�o� �p�e�r�f�o�r�m�e�d� �o�n� �t�h�e�s�e� �f�r�a�c�t�i�o�n�s�.� 

�H�D�R� �w�a�s� �i�s�o�l�a�t�e�d� �f�r�o�m� �t�h�e� �s�o�l�u�b�l�e� �p�r�o�t�e�i�n� �o�n� �a� �m�o�n�o� �Q� �1�0�/�1�0�.� �T�w�o� �m�l� �o�f� 

�t�h�e� �s�o�l�u�b�l�e� �f�r�a�c�t�i�o�n� �(�6�0� �m�g� �p�r�o�t�e�i�n�)� �w�e�r�e� �d�i�l�u�t�e�d� �a�n�d� �m�i�x�e�d� �w�i�t�h� �2� �m�l� �o�f� �B�T�G� 

�c�o�n�t�a�i�n�i�n�g� �0�.�2�%� �T�r�i�t�o�n� �X�-�1�0�0�,� �2�m�M� �d�i�t�h�i�o�t�h�r�e�i�t�o�l� �(�D�T�T�)�.� �T�h�e� �d�i�l�u�t�e�d� �s�a�m�p�l�e� �w�a�s� 

�a�p�p�l�i�e�d� �t�o� �a� �m�o�n�o� �Q� �1�0�/�1�0� �c�o�l�u�m�n� �p�r�e�v�i�o�u�s�l�y� �e�q�u�i�l�i�b�r�a�t�e�d� �w�i�t�h� �5�0� �m�M� �b�i�s�t�r�i�s�-�C�l� 

�(�p�H� �6�.�8�)�,� �1�0�%� �g�l�y�c�e�r�o�l�,� �0�.�1�%� �t�r�i�t�o�n� �X�-�1�0�0� �(�B�T�G�X�)� �c�o�n�t�a�i�n�i�n�g� �2� �m�M� �D�T�T�.� �A�f�t�e�r� 

�w�a�s�h�i�n�g� �w�i�t�h� �2� �c�o�l�u�m�n� �v�o�l�u�m�e�s� �o�f� �B�T�G�X� �p�l�u�s� �2�m�M� �D�T�T�,� �t�h�e� �H�D�R� �w�a�s� �e�l�u�t�e�d� �b�y� 

�a�p�p�l�i�c�a�t�i�o�n� �o�f� �B�T�G�X�,� �2� �m�M� �D�T�T�,� �2�0�0� �m�M� �N�a�C�l�.� �T�h�e� �f�i�r�s�t� �p�e�a�k� �t�o� �e�l�u�t�e� �w�a�s� 

�f�o�u�n�d� �t�o� �c�o�n�t�a�i�n� �h�e�t�e�r�o�d�i�s�u�l�f�i�d�e� �r�e�d�u�c�t�a�s�e� �a�c�t�i�v�i�t�y�.� 

�O�t�h�e�r� �c�o�n�d�i�t�i�o�n�s� �f�o�r� �c�h�r�o�m�a�t�o�g�r�a�p�h�y� �w�e�r�e� �t�e�s�t�e�d�.� �B�o�t�h� �c�y�t�o�c�h�r�o�m�e� �a�n�d� 

�H�D�R� �b�o�u�n�d� �t�o� �h�y�d�r�o�x�y�l�a�p�a�t�i�t�e� �h�i�g�h� �r�e�s�o�l�u�t�i�o�n� �(�C�a�l�b�i�o�c�h�e�m�,� �L�a� �J�o�l�l�a�,� �C�a�.�)� �i�n� 

�B�T�G�X�,� �b�u�t� �n�e�i�t�h�e�r� �e�l�u�t�e�d� �w�i�t�h� �1� �m�o�l�a�r� �N�a�C�l�.� �H�D�R� �c�o�u�l�d� �b�e� �e�l�u�t�e�d� �w�i�t�h� �1�0�0� �m�M� 

�K�P�O�,�,� �b�u�t� �a� �g�r�a�d�i�e�n�t� �w�a�s� �n�o�t� �p�e�r�f�o�r�m�e�d� �a�n�d� �n�o� �p�u�r�i�f�i�c�a�t�i�o�n� �w�a�s� �o�b�t�a�i�n�e�d�.� 

�C�y�t�o�c�h�r�o�m�e� �w�a�s� �b�o�u�n�d� �t�o� �t�h�e� �M�o�n�o� �Q� �c�o�l�u�m�n� �i�n� �2�0� �m�M� �N�a�-�t�r�i�c�i�n�e� �(�p�H� �8�.�5�)�,� �0�.�2�%� 

�t�r�i�t�o�n�;� �o�r� �5�0� �m�M� �b�i�s�t�r�i�s�-�C�l� �(�p�H� �6�.�8�)�,� �a�n�d� �c�o�u�l�d� �b�e� �e�l�u�t�e�d� �w�i�t�h� �N�a�C�l� �a�t� �0�-�1�0�0� �m�M� 

�c�o�n�c�e�n�t�r�a�t�i�o�n�,� �b�u�t� �n�o� �p�u�r�i�f�i�c�a�t�i�o�n� �w�a�s� �o�b�t�a�i�n�e�d�.� 

�I�s�o�l�a�t�i�o�n� �o�f� �C�a�r�b�o�n� �M�o�n�o�x�i�d�e� �D�e�h�y�d�r�o�g�e�n�a�s�e� �a�n�d� �F�e�r�r�e�d�o�x�i�n�:� 

�C�a�r�b�o�n� �m�o�n�o�x�i�d�e� �d�e�h�y�d�r�o�g�e�n�a�s�e� �a�n�d� �f�e�r�r�e�d�o�x�i�n� �w�e�r�e� �p�u�r�i�f�i�e�d� �a�n�a�e�r�o�b�i�c�a�l�l�y� 

�a�s� �p�r�e�v�i�o�u�s�l�y� �d�e�s�c�r�i�b�e�d� �(�4�8�,� �7�8�,� �8�1�)�.� �T�h�e�s�e� �w�e�r�e� �p�r�o�v�i�d�e�d� �b�y� �D�r�.� �M�a�d�e�l�i�n�e� 
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�R�a�s�c�h�e�.� 

�S�y�n�t�h�e�s�i�s� �o�f� �t�h�e� �H�e�t�e�r�o�d�i�s�u�l�f�i�d�e� �o�f� �H�S�-�C�o�M� �a�n�d� �H�S�-�H�T�P�:� 

�7�-�m�e�r�c�a�p�t�o�h�e�p�t�a�n�o�y�l�t�h�r�e�o�n�i�n�e� �p�h�o�s�p�h�a�t�e� �(�H�S�-�H�T�P�)� �a�n�d� �C�o�M�-�S�-�S�-�H�T�P� 

�w�e�r�e� �s�y�n�t�h�e�s�i�z�e�d� �f�r�o�m� �7�-�b�r�o�m�o�h�e�p�t�a�n�o�i�c� �a�c�i�d� �a�s� �p�r�e�v�i�o�u�s�l�y� �d�e�s�r�i�b�e�d� �(�1�0�,� �6�3�)� �a�n�d� 

�C�o�M�-�S�-�S�-�H�T�P� �w�a�s� �a�s�s�s�a�y�e�d� �f�o�r� �a�c�t�i�v�i�t�y� �b�y� �r�e�d�u�c�t�i�o�n� �w�i�t�h� �c�e�l�l� �e�x�t�r�a�c�t�s�.� 

�H�e�t�e�r�o�d�i�s�u�l�f�i�d�e� �c�o�n�t�e�n�t� �w�a�s� �d�e�t�e�r�m�i�n�e�d� �b�y� �r�e�d�u�c�t�i�o�n� �t�o� �f�r�e�e� �t�h�i�o�l�s� �b�y� 

�h�e�t�e�r�o�d�i�s�u�l�f�i�d�e� �r�e�d�u�c�t�a�s�e�.� �T�h�e� �e�n�z�y�m�e� �i�s� �s�p�e�c�i�f�i�c� �o�n�l�y� �f�o�r� �t�h�e� �m�i�x�e�d� �d�i�s�u�l�f�i�d�e� �o�f� 

�H�S�-�H�T�P� �a�n�d� �H�S�-�C�o�M� �(�1�0�,� �1�8�,� �3�3�)�.� �C�o�M�-�S�-�S�-�H�T�P� �s�o�l�u�t�i�o�n� �(�1�3� �m�M�)� �i�n� �5�0� �m�M� 

�K�P�O�,� �b�u�f�f�e�r� �(�p�H� �8�.�0�)� �w�a�s� �u�s�e�d� �f�o�r� �H�D�R� �a�s�s�a�y�s� �a�n�d� �r�e�c�o�n�s�t�i�t�u�t�i�o�n� �e�x�p�e�r�i�m�e�n�t�s�.� 

�E�n�z�y�m�e� �A�s�s�a�y�s�:� 

�C�a�r�b�o�n� �m�o�n�o�x�i�d�e� �d�e�h�y�d�r�o�g�e�n�a�s�e� �a�n�d� �h�y�d�r�o�g�e�n�a�s�e� �w�e�r�e� �a�s�s�a�y�e�d� �a�t� �r�o�o�m� 

�t�e�m�p�e�r�a�t�u�r�e� �w�i�t�h� �m�e�t�h�y�l� �v�i�o�l�o�g�e�n� �a�s� �a�n� �e�l�e�c�t�r�o�n� �a�c�c�e�p�t�o�r� �i�n� �p�h�o�s�p�h�a�t�e� �b�u�f�f�e�r� �a�s� 

�p�r�e�v�i�o�u�s�l�y� �d�e�s�c�r�i�b�e�d� �(�5�,� �7�8�)�.� 

�I� �d�e�v�e�l�o�p�e�d� �a� �r�a�p�i�d� �s�p�e�c�t�r�o�p�h�o�t�o�m�e�t�r�i�c� �a�s�s�a�y� �f�o�r� �t�h�e� �h�e�t�e�r�o�d�i�s�u�l�f�i�d�e� 

�r�e�d�u�c�t�a�s�e� �(�H�D�R�)� �u�s�i�n�g� �m�e�t�h�y�l� �v�i�o�l�o�g�e�n� �a�s� �a�n� �a�r�t�i�f�i�c�i�a�l� �e�l�e�c�t�r�o�n� �c�a�r�r�i�e�r�.� �M�e�t�h�y�l� 

�v�i�o�l�o�g�e�n� �a�b�s�o�r�b�s� �s�t�r�o�n�g�l�y� �a�t� �6�0�3� �n�m� �(�e ¬�=�1�1�.�3� �m�M ��)� �w�h�e�n� �r�e�d�u�c�e�d� �w�i�t�h� �d�i�t�h�i�o�n�i�t�e�.� 

�T�h�e� �o�x�i�d�a�t�i�o�n� �o�f� �t�h�e� �d�y�e� �i�s� �t�h�e�n� �c�o�u�p�l�e�d� �t�o� �t�h�e� �s�p�e�c�i�f�i�c� �r�e�d�u�c�t�i�o�n� �o�f� �C�o�M�-�S�-�S�-�H�T�P� 

�b�y� �t�h�e� �h�e�t�e�r�o�d�i�s�u�l�f�i�d�e� �r�e�d�u�c�t�a�s�e�,� �a�n�d� �t�h�e� �r�e�a�c�t�i�o�n� �i�s� �f�o�l�l�o�w�e�d� �b�y� �m�o�n�i�t�o�r�i�n�g� �a� 

�d�e�c�r�e�a�s�e� �i�n� �a�b�s�o�r�b�a�n�c�e� �a�t� �6�0�3� �n�m�.� �H�e�t�e�r�o�d�i�s�u�l�f�i�d�e� �r�e�d�u�c�t�a�s�e� �w�a�s� �r�o�u�t�i�n�e�l�y� �a�s�s�a�y�e�d� 
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�a�t� �r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e� �u�s�i�n�g� �m�e�t�h�y�l� �v�i�o�l�o�g�e�n� �a�s� �a�n� �e�l�e�c�t�r�o�n� �d�o�n�o�r� �(�3�4�)�.� �R�e�d�u�c�t�i�o�n� 

�o�f� �t�h�e� �h�e�t�e�r�o�d�i�s�u�l�f�i�d�e� �w�a�s� �a�l�s�o� �m�e�a�s�u�r�e�d� �b�y� �d�e�t�e�r�m�i�n�a�t�i�o�n� �o�f� �f�r�e�e� �t�h�i�o�l�s� �u�s�i�n�g� �5�,�5 ��-� 

�d�i�t�h�i�o�-�b�i�s�-�2�-�n�i�t�r�o�b�e�n�z�o�i�c� �a�c�i�d� �(�D�T�N�B�)�,�(�2�3�)� �a�s� �d�e�s�c�r�i�b�e�d� �b�y� �C�l�e�m�e�n�t�s� �a�n�d� �F�e�r�r�y� 

�(�1�8�)�.� �R�e�c�o�n�s�t�i�t�u�t�i�o�n� �o�f� �t�h�e� �C�O� �o�x�i�d�i�z�i�n�g� �C�o�M�-�S�-�S�-�H�T�P� �r�e�d�u�c�i�n�g� �s�y�s�t�e�m� �w�a�s� 

�p�e�r�f�o�r�m�e�d� �i�n� �8�m�]� �a�m�b�e�r� �v�i�a�l�s� �a�t� �5�0�°�C� �u�s�i�n�g� �p�u�r�e� �C�O�D�H�,� �p�u�r�e� �F�d�,� �s�u�c�r�o�s�e� �g�r�a�d�i�e�n�t� 

�p�u�r�i�f�i�e�d� �m�e�m�b�r�a�n�e�s� �a�n�d� �H�D�R� �f�r�a�c�t�i�o�n� �(�C�l�e�m�e�n�t�s� �1�9�9�3�)�.� �T�h�e� �s�t�a�n�d�a�r�d� �1�.�0� �m�l� 

�r�e�a�c�t�i�o�n� �m�i�x�t�u�r�e� �c�o�n�t�a�i�n�e�d� �1�3�.�5� �p�g� �o�f� �C�O�D�H�,� �1�.�6� �p�g� �o�f� �F�d�,� �1�2�0� �p�g� �o�f� �m�e�m�b�r�a�n�e� 

�p�r�o�t�e�i�n�,� �2�6� �p�g� �o�f� �H�D�R� �a�n�d� �1�.�3� �p�m�o�l� �o�f� �C�o�M�-�S�-�S�-�H�T�P�.� 

�P�r�o�t�e�i�n� �w�a�s� �d�e�t�e�r�m�i�n�e�d� �b�y� �t�h�e� �d�y�e�-�b�i�n�d�i�n�g� �m�e�t�h�o�d� �o�f� �B�r�a�d�f�o�r�d� �(�1�4�)� �u�s�i�n�g� 

�t�h�e� �B�i�o�R�a�d� �d�y�e� �r�e�a�g�e�n�t� �(�B�i�o�R�a�d�,� �R�i�c�h�m�o�n�d�,� �C�A�)�.� �B�o�v�i�n�e� �s�e�r�u�m� �a�l�b�u�m�i�n� �w�a�s� 

�u�s�e�d� �a�s� �a� �s�t�a�n�d�a�r�d�.� �F�e�r�r�e�d�o�x�i�n� �w�a�s� �d�e�t�e�r�m�i�n�e�d� �b�y� �t�h�e� �B�C�A� �a�s�s�a�y� �(�P�i�e�r�c�e�,� 

�R�o�c�k�f�o�r�d�,� �I�L�)� �u�s�i�n�g� �p�u�r�i�f�i�e�d� �l�y�o�p�h�i�l�i�z�e�d� �F�d� �a�s� �a� �s�t�a�n�d�a�r�d�.� 
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�R�E�S�U�L�T�S� 

�I�n�c�r�e�a�s�e�d� �C�e�l�l� �Y�i�e�l�d�s� 

�C�e�l�l� �g�r�o�w�t�h� �d�u�r�i�n�g� �f�e�r�m�e�n�t�a�t�i�o�n�s� �w�a�s� �m�o�n�i�t�o�r�e�d� �b�y� �d�e�t�e�r�m�i�n�i�n�g� �t�h�e� �r�a�t�e� �o�f� 

�m�e�t�h�a�n�e� �p�r�o�d�u�c�t�i�o�n� �u�s�i�n�g� �g�a�s� �c�h�r�o�m�a�t�o�g�r�a�p�h�y�.� �I�n� �c�o�n�v�e�n�t�i�o�n�a�l� �f�e�r�m�e�n�t�a�t�i�o�n�s� �b�y� 

�t�h�e� �m�e�t�h�o�d� �o�f� �S�o�w�e�r�s� �(�7�4�)�,� �u�s�i�n�g� �a� �p�H� �a�u�x�o�s�t�a�t�,� �t�h�e� �c�e�l�l�s� �e�n�t�e�r�e�d� �l�a�t�e� �e�x�p�o�n�e�n�t�i�a�l� 

�g�r�o�w�t�h� �p�h�a�s�e� �a�f�t�e�r� �a�p�p�r�o�x�i�m�a�t�e�l�y� �7�0� �h�o�u�r�s� �a�s� �d�e�t�e�r�m�i�n�e�d� �f�r�o�m� �t�h�e� �r�a�t�e�s� �o�f� 

�m�e�t�h�a�n�e� �p�r�o�d�u�c�t�i�o�n�.� �M�a�x�i�m�a�l� �m�e�t�h�a�n�e� �p�r�o�d�u�c�t�i�o�n� �i�n� �t�h�e�s�e� �f�e�r�m�e�n�t�a�t�i�o�n�s� �r�e�a�c�h�e�d� 

�6�0�0�0�-�8�0�0�0� �n�m�o�l� �C�H�,�,�/�s�e�c�/�l�i�t�e�r�.� �C�e�l�l� �y�i�e�l�d�s� �f�o�r� �t�h�e� �1�2�-�l�i�t�e�r� �f�e�r�m�e�n�t�a�t�i�o�n� �a�v�e�r�a�g�e�d� �3�4� 

�g�r�a�m�s� �w�e�t� �w�e�i�g�h�t� �a�f�t�e�r� �t�h�r�e�e� �d�a�y�s� �o�f� �g�r�o�w�t�h� �(�T�a�b�l�e� �4�)�.� �C�e�l�l� �g�r�o�w�t�h� �i�n� �1�2� �l�i�t�e�r� 

�f�e�r�m�e�n�t�a�t�i�o�n�s� �c�o�n�t�i�n�u�e�d� �i�n� �l�o�g� �p�h�a�s�e� �f�o�r� �u�p� �t�o� �3�0� �a�d�d�i�t�i�o�n�a�l� �h�o�u�r�s� �w�h�e�n� �t�h�e� �m�e�d�i�a� 

�s�u�p�p�l�e�m�e�n�t� �(�T�a�b�l�e� �3�)� �w�a�s� �a�d�d�e�d�.� �T�h�e� �c�o�n�t�i�n�u�e�d� �e�x�p�o�n�e�n�t�i�a�l� �p�h�a�s�e� �g�r�o�w�t�h� �w�a�s� 

�c�o�n�f�i�r�m�e�d� �b�y� �g�a�s� �c�h�r�o�m�a�t�o�g�r�a�p�h�y� �m�e�a�s�u�r�e�m�e�n�t�s�.� �F�e�r�m�e�n�t�a�t�i�o�n�s� �t�h�a�t� �w�e�r�e� 

�c�o�n�t�i�n�u�e�d� �b�y� �s�u�p�p�l�e�m�e�n�t�a�t�i�o�n� �y�i�e�l�d�e�d� �u�p� �t�o� �1�2�8� �g�r�a�m�s� �i�n� �t�h�e� �f�o�u�r� �d�a�y� �f�e�r�m�e�n�t�a�t�i�o�n� 

�a�n�d� �m�e�t�h�a�n�e� �p�r�o�d�u�c�t�i�o�n� �r�a�t�e�s� �r�e�a�c�h�e�d� �1�4�,�7�0�0� �n�m�o�l� �C�H�,�/�s�e�c�/�l�.� �T�a�b�l�e� �4� �c�o�m�p�a�r�e�s� 

�m�e�t�h�a�n�e� �p�r�o�d�u�c�t�i�o�n� �a�n�d� �c�e�l�l� �y�i�e�l�d�s� �f�o�r� �t�h�e� �c�o�n�v�e�n�t�i�o�n�a�l� �(�7�4�)� �a�n�d� �s�u�p�p�l�e�m�e�n�t�e�d� 

�f�e�r�m�e�n�t�a�t�i�o�n�s� �(�s�e�e� �m�a�t�e�r�i�a�l� �a�n�d� �m�e�t�h�o�d�s�)�.� 
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�T�a�b�l�e� �4�.� �C�o�m�p�a�r�i�s�o�n� �o�f� �f�e�r�m�e�n�t�a�t�i�o�n�s�. �� 

� � 

� � 

�C�o�n�v�e�n�t�i�o�n�a�l�?� �S�u�p�p�l�e�m�e�n�t�e�d�®� 

�T�i�m�e� �u�n�t�i�l� �h�a�r�v�e�s�t�*� �7�0� �h�o�u�r�s� �|� �9�0�-�9�5� �h�r�s�.� 

�M�a�x�i�m�a�l� �C�H�,� �p�r�o�d�u�c�t�i�o�n� �8�3�0�0� �n�m�o�l�/�s�e�c�/�]� �1�4�,�7�0�0� �n�m�o�l�/�s�e�c�/�1� 

�A�v�g� �C�H�,� �p�r�o�d�u�c�t�i�o�n� �4�9�0�0� �+� �1�6�0�0� �n�m�o�l�/�s�e�c�/�]� �1�0�,�3�0�0� �+� �3�0�0�0� �n�m�o�l�/�s�e�c�/�1�]� 

�M�a�x�i�m�u�m� �c�e�l�l� �y�i�e�l�d� �5�8� �g� �1�2�8� �g� 

�A�v�g� �c�e�l�l� �y�i�e�l�d� �3�4�3�+� �1�4�5�2� �9�3�.�1�+� �1�8�4�g� 

� � 

�V�a�l�u�e�s� �a�r�e� �f�r�o�m� �1�2� �c�o�n�v�e�n�t�i�o�n�a�l� �f�e�r�m�e�n�t�a�t�i�o�n�s� �a�n�d� �7� �s�u�p�p�l�e�m�e�n�t�e�d� 

�f�e�r�m�e�n�t�a�t�i�o�n�s�.� 

�>�»� �B�y� �t�h�e� �m�e�t�h�o�d� �o�f� �S�o�w�e�r�s� �(�7�4�)�.� 

�°� �B�y� �t�h�e� �s�u�p�p�l�e�m�e�n�t�a�t�i�o�n� �p�r�o�c�e�d�u�r�e� �d�e�s�c�r�i�b�e�d� �i�n� �t�e�x�t�,� �u�s�i�n�g� �m�e�d�i�a� 

�s�u�p�p�l�e�m�e�n�t� �(�T�a�b�l�e� �3�)�.� 

�¢� �C�u�l�t�u�r�e�s� �w�e�r�e� �h�a�r�v�e�s�t�e�d� �d�u�r�i�n�g� �l�a�t�e� �e�x�p�o�n�e�n�t�i�a�l� �g�r�o�w�t�h� �p�h�a�s�e� 
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�P�r�e�s�e�n�c�e� �o�f� �c�y�t�o�c�h�r�o�m�e�s� �i�n� �T�M�-�1� �M�e�m�b�r�a�n�e�s�:� 

�M�e�m�b�r�a�n�e�s� �w�e�r�e� �p�u�r�i�f�i�e�d� �b�y� �d�i�s�c�o�n�t�i�n�o�u�s� �s�u�c�r�o�s�e� �g�r�a�d�i�e�n�t� �c�e�n�t�r�i�f�u�g�a�t�i�o�n� �o�f� 

�c�e�l�l� �e�x�t�r�a�c�t�s�.� �T�h�e� �d�i�t�h�i�o�n�i�t�e�-�r�e�d�u�c�e�d� �m�i�n�u�s� �H�,�O�,�-�o�x�i�d�i�z�e�d� �d�i�f�f�e�r�e�n�c�e� �s�p�e�c�t�r�u�m� �(�F�i�g�.� 

�3�)� �i�s� �t�y�p�i�c�a�l� �o�f� �b�-�t�y�p�e� �c�y�t�o�c�h�r�o�m�e�s� �a�n�d� �h�a�s� �a�b�s�o�r�b�a�n�c�e� �m�a�x�i�m�a� �a�t� �5�5�8� �n�m� �(�a�l�p�h�a� 

�b�a�n�d�)�,� �5�3�2� �n�m� �(�b�e�t�a� �b�a�n�d�)� �a�n�d� �4�2�5� �n�m� �(�g�a�m�m�a� �o�r� �S�o�r�e�t� �b�a�n�d�)�.� �T�h�e� �a�l�p�h�a� �a�n�d� 

�g�a�m�m�a� �b�a�n�d�s� �h�a�d� �s�h�o�u�l�d�e�r�s� �a�t� �5�6�3� �a�n�d� �4�3�6� �n�m� �r�e�s�p�e�c�t�i�v�e�l�y� �(�F�i�g�.� �3� �i�n�s�e�t�)�,� �w�h�i�c�h� 

�s�u�g�g�e�s�t�e�d� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �t�w�o� �h�e�m�e� �c�e�n�t�e�r�s�.� �T�h�e� �s�p�e�c�t�r�u�m� �i�s� �c�l�e�a�r�l�y� �i�n�d�i�c�a�t�i�v�e� �o�f� 

�b�-�t�y�p�e� �c�y�t�o�c�h�r�o�m�e�s� �a�n�d� �d�i�d� �n�o�t� �i�n�d�i�c�a�t�e� �t�h�e� �p�r�e�s�c�e�n�c�e� �o�f� �c�-�t�y�p�e� �c�y�t�o�c�h�r�o�m�e�s�.� 

�H�o�w�e�v�e�r�,� �a�n� �a�c�e�t�o�n�e�-�H�C�l� �e�x�t�r�a�c�t� �w�a�s� �n�o�t� �p�r�e�p�a�r�e�d� �a�n�d� �t�h�e� �p�r�e�s�c�e�n�c�e� �o�f� �s�m�a�l�l� 

�a�m�o�u�n�t�s� �o�f� �c�-�t�y�p�e� �c�y�t�o�c�h�r�o�m�e� �c�a�n�n�o�t� �b�e� �e�x�c�l�u�d�e�d�.� 

�H�,�-�r�e�d�u�c�e�d� �m�i�n�u�s� �a�i�r�-�o�x�i�d�i�z�e�d� �d�i�f�f�e�r�e�n�c�e� �s�p�e�c�t�r�a� �(�F�i�g�.� �4�)� �w�e�r�e� �s�i�m�i�l�a�r� �t�o� 

�t�h�o�s�e� �i�n� �F�i�g�u�r�e� �3� �w�h�i�c�h� �s�u�g�g�e�s�t�e�d� �H�,� �r�e�p�l�a�c�e�d� �d�i�t�h�i�o�n�i�t�e� �a�s� �a� �r�e�d�u�c�t�a�n�t� �a�n�d� 

�c�o�n�f�i�r�m�e�d� �e�a�r�l�i�e�r� �r�e�p�o�r�t�s� �(�8�0�)� �t�h�a�t� �m�e�m�b�r�a�n�e�s� �c�o�n�t�a�i�n� �a� �h�y�d�r�o�g�e�n�a�s�e� �l�i�n�k�e�d� �t�o� �b�-� 

�t�y�p�e� �c�y�t�o�c�h�r�o�m�e�s�.� �H�,�-�r�e�d�u�c�e�d� �c�y�t�o�c�h�r�o�m�e�s� �w�e�r�e� �c�o�m�p�l�e�t�e�l�y� �o�x�i�d�i�z�e�d� �b�y� �t�h�e� 

�h�e�t�e�r�o�d�i�s�u�l�f�i�d�e� �C�o�M�-�S�-�S�-�H�T�P� �(�F�i�g�.� �4�)� �a�n�d� �w�e�r�e� �n�o�t� �f�u�r�t�h�e�r� �o�x�i�d�i�z�e�d� �b�y� �H�,�O�,� �(�d�a�t�a� 

�n�o�t� �s�h�o�w�n�)�.�  ��T�h�e�s�e� �r�e�s�u�l�t�s� �a�r�e� �c�o�n�s�i�s�t�e�n�t� �w�i�t�h� �b�-�t�y�p�e� �c�y�t�o�c�h�r�o�m�e�s� �i�n�v�o�l�v�e�d� �i�n� 

�e�l�e�c�t�r�o�n� �t�r�a�n�s�p�o�r�t� �f�r�o�m� �H�,� �t�o� �C�o�M�-�S�-�S�-�H�T�P� �i�n� �M�.� �t�h�e�r�m�o�p�h�i�l�a�.� �S�i�m�i�l�a�r� �r�e�s�u�l�t�s� 

�w�e�r�e� �r�e�c�e�n�t�l�y� �r�e�p�o�r�t�e�d� �f�o�r� �M�.� �b�a�r�k�e�r�i� �(�3�4�)�.� 
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�F�i�g�u�r�e� �3�.� �D�i�t�h�i�o�n�i�t�e�-�r�e�d�u�c�e�d� �m�i�n�u�s� �H�,�O�,�-�o�x�i�d�i�z�e�d� �d�i�f�f�e�r�e�n�c�e� �s�p�e�c�t�r�u�m� �o�f� 
�M�.� �t�h�e�r�m�o�p�h�i�l�a� �m�e�m�b�r�a�n�e�s�.� �T�h�e� �d�i�f�f�e�r�e�n�c�e� �s�p�e�c�t�r�u�m� �s�h�o�w�s� �c�y�t�o�c�h�r�o�m�e�s� �i�n� 
�m�e�m�b�r�a�n�e�s� �t�h�a�t� �w�e�r�e� �p�r�e�p�a�r�e�d� �b�y� �d�i�s�c�o�n�t�i�n�u�o�u�s� �s�u�c�r�o�s�e� �g�r�a�d�i�e�n�t� 
�c�e�n�t�r�i�f�u�g�a�t�i�o�n�.� �S�e�c�o�n�d� �d�e�r�i�v�a�t�i�v�e� �(�i�n�s�e�t�)� �w�a�s� �g�e�n�e�r�a�t�e�d� �f�r�o�m� �t�h�e� �d�i�f�f�e�r�e�n�c�e� 
�s�p�e�c�t�r�u�m� �u�s�i�n�g� �P�e�r�k�i�n� �E�l�m�e�r� �c�o�m�p�u�t�e�r�i�z�e�d� �s�c�a�n�n�i�n�g� �s�o�f�t�w�a�r�e�.� �T�h�e� �s�a�m�p�l�e� 
�c�o�n�t�a�i�n�e�d� �2�.�1� �m�g� �p�r�o�t�e�i�n�/�m�l�.� 
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�W�A�V�E�L�E�N�G�T�H� �(�n�m�)� 

�F�i�g�u�r�e� �4�.� �H�,�-�r�e�d�u�c�e�d� �m�i�n�u�s� �C�o�M�-�S�-�S�-�H�T�P� �o�x�i�d�i�z�e�d� �d�i�f�f�e�r�e�n�c�e� �s�p�e�c�t�r�u�m�.� 
�M�e�m�b�r�a�n�e�s� �w�e�r�e� �t�r�e�a�t�e�d� �w�i�t�h� �1�0�0�%� �H�,� �g�a�s� �p�h�a�s�e� �a�f�t�e�r� �i�s�o�l�a�t�i�o�n� �a�n�d� 
�s�u�b�s�e�q�u�e�n�t�l�y� �o�x�i�d�i�z�e�d� �w�i�t�h� �C�o�M�-�S�-�S�-�H�T�P� �u�n�d�e�r� �a� �N�,� �g�a�s� �p�h�a�s�e�.� �T�h�e� 
�s�a�m�p�l�e� �c�o�n�t�a�i�n�e�d� �1�.�7� �m�g� �p�r�o�t�e�i�n�/�m�l� 
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�R�e�d�u�c�t�i�o�n� �o�f� �C�y�t�o�c�h�r�o�m�e�s� �w�i�t�h� �C�a�r�b�o�n� �M�o�n�o�x�i�d�e�:� 

�T�h�e� �e�f�f�e�c�t�s� �o�f� �c�a�r�b�o�n� �m�o�n�o�x�i�d�e� �o�n� �t�h�e� �s�p�e�c�t�r�a�l� �p�r�o�p�e�r�t�i�e�s� �o�f� �t�h�e� 

�c�y�t�o�c�h�r�o�m�e�s� �w�e�r�e� �i�n�v�e�s�t�i�g�a�t�e�d�.� �D�e�t�e�r�g�e�n�t� �s�o�l�u�b�i�l�i�z�e�d� �m�e�m�b�r�a�n�e�s� �w�e�r�e� �r�e�d�u�c�e�d� 

�w�i�t�h� �d�i�t�h�i�o�n�i�t�e�,� �a�n�d� �C�O� �w�a�s� �b�u�b�b�l�e�d� �t�h�r�o�u�g�h� �t�h�e� �s�a�m�p�l�e� �f�o�r� �3� �m�i�n� �(�F�i�g� �5�A�)�.� �T�h�e� 

�d�i�t�h�i�o�n�i�t�e�-�r�e�d�u�c�e�d�/�C�O�-�t�r�e�a�t�e�d� �m�i�n�u�s� �d�i�t�h�i�o�n�i�t�e�-�r�e�d�u�c�e�d� �d�i�f�f�e�r�e�n�c�e� �s�p�e�c�t�r�u�m� �(�F�i�g� 

�5�B�)� �h�a�d� �m�a�x�i�m�a� �a�t� �5�6�8�,� �5�4�6�,� �4�1�4� �a�n�d� �3�9�5� �n�m� �a�n�d� �m�i�n�i�m�a� �a�t� �5�5�2�,� �4�3�2�,� �a�n�d� �4�0�6�.� 

�T�h�i�s� �r�e�s�u�l�t� �s�h�o�w�s� �t�h�a�t� �C�O� �r�e�a�c�t�s� �w�i�t�h� �d�i�t�h�i�o�n�i�t�e�-�r�e�d�u�c�e�d� �c�y�t�o�c�h�r�o�m�e�s� �i�n� �d�e�t�e�r�g�e�n�t� 

�s�o�l�u�b�i�l�i�z�e�d� �m�e�m�b�r�a�n�e�s� �w�h�e�n� �C�O� �i�s� �p�r�e�s�e�n�t� �i�n� �t�h�e� �h�e�a�d�s�p�a�c�e� �a�n�d� �b�u�b�b�l�e�d� �t�h�r�o�u�g�h� 

�t�h�e� �s�o�l�u�t�i�o�n�.� 

�F�i�g�u�r�e� �6� �s�h�o�w�s� �t�h�e� �d�i�f�f�e�r�e�n�c�e� �s�p�e�c�t�r�u�m� �o�f� �C�O�-�r�e�d�u�c�e�d� �m�i�n�u�s� �C�o�M�-�S�-�S�-�H�T�P� 

�o�x�i�d�i�z�e�d� �m�e�m�b�r�a�n�e�s�.� �I�n� �t�h�i�s� �e�x�p�e�r�i�m�e�n�t�,� �m�e�m�b�r�a�n�e�s� �w�e�r�e� �i�n�c�u�b�a�t�e�d� �w�i�t�h� �1�0�0�%� 

�C�O� �i�n� �t�h�e� �h�e�a�d�s�p�a�c�e�,� �b�u�t� �C�O� �w�a�s� �n�o�t� �b�u�b�b�l�e�d� �t�h�r�o�u�g�h� �t�h�e� �s�o�l�u�t�i�o�n�.� �T�h�i�s� �s�p�e�c�t�r�u�m� 

�w�a�s� �n�e�a�r�l�y� �i�d�e�n�t�i�c�a�l� �t�o� �t�h�e� �d�i�t�h�i�o�n�i�t�e�-�r�e�d�u�c�e�d� �m�i�n�u�s� �H�,�O�,�-�o�x�i�d�i�z�e�d� �s�p�e�c�t�r�u�m� �(�F�i�g�.� 

�3�)�,� �a� �r�e�s�u�l�t� �w�h�i�c�h� �i�n�d�i�c�a�t�e�s� �c�o�m�p�l�e�t�e� �r�e�d�u�c�t�i�o�n� �o�f� �t�h�e� �c�y�t�o�c�h�r�o�m�e�s� �w�i�t�h� �C�O� �a�n�d� 

�c�o�m�p�l�e�t�e� �o�x�i�d�a�t�i�o�n� �b�y� �C�o�M�-�S�-�S�-�H�T�P�.� �T�h�e�r�e� �w�a�s� �n�o� �e�v�i�d�e�n�c�e� �o�f� �C�O� �b�i�n�d�i�n�g� �t�o� �t�h�e� 

�c�y�t�o�c�h�r�o�m�e�s� �w�h�e�n� �o�n�l�y� �t�h�e� �h�e�a�d�s�p�a�c�e� �c�o�n�t�a�i�n�e�d� �C�O�.� �C�y�t�o�c�h�r�o�m�e�s� �w�e�r�e� �n�o�t� 

�o�x�i�d�i�z�e�d� �b�y� �t�h�e� �h�o�m�o�d�i�s�u�l�f�i�d�e� �o�f� �H�S�-�C�o�M� �(�d�a�t�a� �n�o�t� �s�h�o�w�n�)�,� �w�h�i�c�h� �i�n�d�i�c�a�t�e�d� �t�h�a�t� 

�t�h�e� �r�e�a�c�t�i�o�n� �w�a�s� �d�e�p�e�n�d�e�n�t� �o�n� �h�e�t�e�r�o�d�i�s�u�l�f�i�d�e� �r�e�d�u�c�t�a�s�e� �a�c�t�i�v�i�t�y� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� 

�m�e�m�b�r�a�n�e�s�.� �T�h�e�s�e� �r�e�s�u�l�t�s� �a�r�e� �c�o�n�s�i�s�t�e�n�t� �w�i�t�h� �b�-�t�y�p�e� �c�y�t�o�c�h�r�o�m�e�s� �i�n�v�o�l�v�e�d� �i�n� �t�h�e� 

�e�l�e�c�t�r�o�n� �t�r�a�n�s�p�o�r�t� �c�h�a�i�n� �c�o�u�p�l�i�n�g� �o�x�i�d�a�t�i�o�n� �o�f� �C�O� �b�y� �C�O�D�H� �a�n�d� �r�e�d�u�c�t�i�o�n� �o�f� 
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�F�i�g�u�r�e� �5�.� �A�.� �S�p�e�c�t�r�a� �o�f� �d�i�t�h�i�o�n�i�t�e�-�r�e�d�u�c�e�d�/�C�O� �t�r�e�a�t�e�d�,� �a�n�d� �d�i�t�h�i�o�n�i�t�e�-� 
�r�e�d�u�c�e�d� �m�e�b�r�a�n�e�s�.� �T�r�i�t�o�n� �X�-�1�0�0� �s�o�l�u�b�i�l�i�z�e�d� �m�e�m�b�r�a�n�e�s� �(�5� �m�g� �p�r�o�t�e�i�n�/�m�l�)� 
�w�e�r�e� �r�e�d�u�c�e�d� �w�i�t�h� �1�0� �u�m�o�l� �d�i�t�h�i�o�n�i�t�e� �(�2�)� �a�n�d� �w�e�r�e� �s�u�b�s�e�q�u�e�n�t�l�y� �t�r�e�a�t�e�d� �w�i�t�h� 
�C�O� �b�u�b�b�l�i�n�g� �f�o�r� �3� �m�i�n�u�t�e�s� �(�1�)�.� �T�h�e� �s�p�e�c�t�r�u�m� �o�f� �C�O� �t�r�e�a�t�e�d� �m�e�m�b�r�a�n�e�s� �(�2�)� 
�s�h�o�w�s� �a� �p�r�o�m�i�n�e�n�t� �p�e�a�k� �a�t� �3�9�5� �n�m� �t�y�p�i�c�a�l� �o�f� �r�e�d�u�c�e�d� �c�o�r�r�i�n�o�i�d�s� �w�i�t�h� �t�h�e� 
�c�o�b�a�l�t� �a�t�o�m� �i�n� �t�h�e� �C�o�*� �r�e�d�o�x� �s�t�a�t�e�.� 
�B�.� � �D�i�t�h�i�o�n�i�t�e�-�r�e�d�u�c�e�d� �p�l�u�s� �C�O� �m�i�n�u�s� �d�i�t�h�i�o�n�i�t�e�-�r�e�d�u�c�e�d� �d�i�f�f�e�r�e�n�c�e� 
�s�p�e�c�t�r�u�m� �o�f� �d�e�t�e�r�g�e�n�t� �s�o�l�u�b�i�l�i�z�e�d� �m�e�m�b�r�a�n�e�s� �f�r�o�m� �M�.� �t�h�e�r�m�o�p�h�i�l�a� �T�M�-�1�.� 
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�F�i�g�u�r�e� �6�.� �C�O�-�r�e�d�u�c�e�d� �m�i�n�u�s� �C�o�M�-�S�-�S�-�H�T�P� �o�x�i�d�i�z�e�d� �m�e�m�b�r�a�n�e�s�.� 
�M�e�m�b�r�a�n�e�s� �w�e�r�e� �i�s�o�l�a�t�e�d� �a�n�d� �o�x�i�d�i�z�e�d� �(�s�e�e� �t�e�x�t�)�,� �t�h�e�n� �r�e�d�u�c�e�d� �b�y� 
�i�n�c�u�b�a�t�i�o�n� �w�i�t�h� �a� �C�O� �a�t�m�o�s�p�h�e�r�e� �a�n�d� �r�e�o�x�i�d�i�z�e�d� �w�i�t�h� �C�o�M�-�S�-�S�-�H�T�P� �u�n�d�e�r� 
�a� �N�,� �g�a�s� �p�h�a�s�e�.� �I�n�s�e�t� �s�h�o�w�s� �s�e�c�o�n�d� �d�e�r�i�v�a�t�i�v�e�.� �T�h�e� �s�a�m�p�l�e� �c�o�n�t�a�i�n�e�d� �1�.�0�5� 
�m�g� �p�r�o�t�e�i�n�/�m�l�.� 
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�C�o�M�-�S�-�S�-�H�T�P� �b�y� �t�h�e� �h�e�t�e�r�o�d�i�s�u�l�f�i�d�e� �r�e�d�u�c�t�a�s�e�.� 

�T�h�e� �s�p�e�c�t�r�u�m� �o�f� �C�O�-�r�e�d�u�c�e�d� �m�e�m�b�r�a�n�e�s� �(�n�o�t� �s�h�o�w�n�)� �c�o�n�t�a�i�n�e�d� �a�n� 

�a�d�d�i�t�i�o�n�a�l� �a�b�s�o�r�b�a�n�c�e� �m�a�x�i�m�u�m� �a�t� �3�9�5� �n�m� �t�h�a�t� �w�a�s� �n�o�t� �p�r�e�s�e�n�t� �i�n� �H�,�-�r�e�d�u�c�e�d� 

�s�a�m�p�l�e�s�.� �T�h�i�s� �a�b�s�o�r�b�a�n�c�e� �i�s� �a�l�s�o� �a�p�p�a�r�e�n�t� �i�n� �t�h�e� �d�i�t�h�i�o�n�i�t�e�-�r�e�d�u�c�e�d�/�C�O�-�t�r�e�a�t�e�d� 

�s�p�e�c�t�r�u�m� �o�f� �s�o�l�u�b�i�l�i�z�e�d� �m�e�m�b�r�a�n�e�s� �(�s�e�e� �F�i�g�.� �5�A�)�.� �A�b�s�o�r�b�a�n�c�e� �a�t� �3�9�5� �n�m� �i�s� �t�y�p�i�c�a�l� 

�o�f� �c�o�r�r�i�n�o�i�d�s� �i�n� �w�h�i�c�h� �t�h�e� �c�o�b�a�l�t� �a�t�o�m� �i�s� �r�e�d�u�c�e�d� �t�o� �t�h�e� �C�o�*�!� �r�e�d�o�x� �s�t�a�t�e� �(�4�0�)�.� 

�T�h�e�s�e� �r�e�s�u�l�t�s� �s�u�g�g�e�s�t� �t�h�a�t� �C�O�,� �b�u�t� �n�o�t� �H�,�,� �d�o�n�a�t�e�s� �e�l�e�c�t�r�o�n�s� �t�o� �a� �m�e�m�b�r�a�n�e�-� 

�a�s�s�o�c�i�a�t�e�d� �c�o�r�r�i�n�o�i�d�-�c�o�n�t�a�i�n�i�n�g� �p�r�o�t�e�i�n�.� 

�P�a�r�t�i�a�l� �P�u�r�i�f�i�c�a�t�i�o�n� �o�f� �C�y�t�o�c�h�r�o�m�e�s� 

�I�n� �a�n� �i�n�i�t�i�a�l� �a�t�t�e�m�p�t� �t�o� �p�u�r�i�f�y� �t�h�e� �c�y�t�o�c�h�r�o�m�e�s�,� �T�r�i�t�o�n� �X�-�1�0�0� �s�o�l�u�b�i�l�i�z�e�d� 

�m�e�m�b�r�a�n�e�s� �w�e�r�e� �f�r�a�c�t�i�o�n�a�t�e�d� �o�n� �a� �M�o�n�o� �Q� �a�n�i�o�n� �e�x�c�h�a�n�g�e� �c�o�l�u�m�n�.� �F�r�a�c�t�i�o�n�s� 

�w�e�r�e� �a�n�a�l�y�z�e�d� �f�o�r� �c�y�t�o�c�h�r�o�m�e�s� �s�p�e�c�t�r�o�p�h�o�t�o�m�e�t�r�i�c�a�l�l�y� �a�n�d� �b�y� �t�h�e� �m�o�r�e� �s�e�n�s�i�t�i�v�e� 

�m�e�t�h�o�d� �o�f� �s�t�a�i�n�i�n�g� �p�o�l�y�a�c�r�y�l�a�m�i�d�e� �g�e�l�s� �f�o�r� �h�e�m�e�-�d�e�r�i�v�e�d� �p�e�r�o�x�i�d�a�s�e� �a�c�t�i�v�i�t�y�.� �A�f�t�e�r� 

�l�o�a�d�i�n�g� �t�h�e� �s�a�m�p�l�e�,� �t�h�e� �c�o�l�u�m�n� �w�a�s� �w�a�s�h�e�d� �w�i�t�h� �2� �c�o�l�u�m�n� �v�o�l�u�m�e�s� �o�f� �5�0� �m�M� 

�K�P�O�,� �(�p�H� �6�.�9�)� �c�o�n�t�a�i�n�i�n�g� �0�.�2�%� �T�r�i�t�o�n� �X�-�1�0�0�.� �T�h�e� �c�y�t�o�c�h�r�o�m�e�s� �d�i�d� �n�o�t� �b�i�n�d� �a�n�d� 

�w�e�r�e� �e�l�u�t�e�d� �i�s�o�c�r�a�t�i�c�a�l�l�y�.� �T�h�e� �d�i�f�f�e�r�e�n�c�e� �s�p�e�c�t�r�u�m� �o�f� �t�h�i�s� �f�r�a�c�t�i�o�n� �(�n�o�t� �s�h�o�w�n�)� �h�a�d� 

�t�h�e� �s�a�m�e� �a�b�s�o�r�b�a�n�c�e� �m�a�x�i�m�a� �a�s� �t�h�e� �m�e�m�b�r�a�n�e�s� �(�s�e�e� �F�i�g�.� �3�)�,� �i�n�d�i�c�a�t�i�n�g� �t�h�e� �s�a�m�e� 

�c�y�t�o�c�h�r�o�m�e� �c�o�n�t�e�n�t�.� �T�h�e� �c�o�l�u�m�n� �w�a�s� �t�h�e�n� �d�e�v�e�l�o�p�e�d� �w�i�t�h� �a� �l�i�n�e�a�r� �g�r�a�d�i�e�n�t� �o�f� 

�N�a�C�]� �(�0� �t�o� �1� �M�)� �a�n�d� �s�m�a�l�l� �a�m�o�u�n�t�s� �o�f� �c�y�t�o�c�h�r�o�m�e� �w�e�r�e� �p�r�e�s�e�n�t� �i�n� �t�h�e� �f�r�a�c�t�i�o�n� 

�c�o�l�l�e�c�t�e�d� �f�r�o�m� �0�-�1�0�0� �m�M� �N�a�C�l�.� �W�h�e�n� �a�n�a�l�y�z�e�d� �b�y� �n�o�n�d�e�n�a�t�u�r�i�n�g� �P�A�G�E� �o�n�l�y� �o�n�e� 
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�m�a�j�o�r� �p�r�o�t�e�i�n� �b�a�n�d� �w�a�s� �d�e�t�e�c�t�e�d� �i�n� �t�h�e� �i�s�o�c�r�a�t�i�c�a�l�l�y� �e�l�u�t�e�d� �c�y�t�o�c�h�r�o�m�e� �f�r�a�c�t�i�o�n�,� �a�n�d� 

�t�h�i�s� �b�a�n�d� �s�t�a�i�n�e�d� �f�o�r� �h�e�m�e� �(�F�i�g�.� �7�)�.� �S�i�n�c�e� �t�h�e�r�e� �w�a�s� �o�n�l�y� �o�n�e� �b�a�n�d� �o�n� �t�h�e� �n�a�t�i�v�e� 

�g�e�l�s�,� �i�t� �i�s� �p�o�s�s�i�b�l�e� �t�h�a�t� �c�y�t� �b� �i�s� �i�n� �a� �c�o�m�p�l�e�x� �w�i�t�h� �o�t�h�e�r� �p�r�o�t�e�i�n�s�.� �T�h�e� �S�D�S�-� 

�p�o�l�y�a�c�r�y�l�a�m�i�d�e� �g�e�l�s� �o�f� �t�h�e� �c�y�t�o�c�h�r�o�m�e� �f�r�a�c�t�i�o�n� �r�e�v�e�a�l�e�d� �s�i�x� �m�a�j�o�r� �b�a�n�d�s�,� �M�,� �5�8�,� �4�7�,� 

�4�0�,� �2�8�,� �a�n�d� �2�0� �k�D� �(�F�i�g�.� �8�A�)�.� �o�f� �w�h�i�c�h� �s�t�a�i�n� �o�n�l�y� �t�h�e� �2�8� �k�D� �s�t�a�i�n�e�d� �f�o�r� �h�e�m�e� �(�F�i�g�.� 

�8�B�)�.� �T�h�e� �0�-�1�0�0� �m�M� �N�a�C�]� �f�r�a�c�t�i�o�n�s� �c�o�n�t�a�i�n�i�n�g� �s�m�a�l�l� �a�m�o�u�n�t�s� �o�f� �c�y�t�o�c�h�r�o�m�e� 

�s�h�o�w�e�d� �a� �d�i�f�f�e�r�e�n�t� �p�r�o�t�e�i�n� �b�a�n�d�i�n�g� �p�a�t�t�e�r�n� �o�n� �S�D�S�-�P�A�G�E� �b�u�t� �a�g�a�i�n� �o�n�l�y� �c�o�n�t�a�i�n�e�d� 

�h�e�m�e� �i�n� �t�h�e� �2�8� �k�D� �b�a�n�d�.� �S�i�n�c�e� �t�h�e� �s�a�m�p�l�e�s� �w�e�r�e� �n�o�t� �b�o�i�l�e�d� �i�t� �i�s� �n�o�t� �p�o�s�s�i�b�l�e� �t�o� 

�c�o�n�c�l�u�d�e� �t�h�a�t� �t�h�i�s� �2�8� �k�D� �b�a�n�d� �r�e�p�r�e�s�e�n�t�e�d� �a� �s�i�n�g�l�e� �p�o�l�y�p�e�p�t�i�d�e�.� �W�h�e�n� �b�o�i�l�e�d�,� 

�p�r�o�t�e�i�n�s� �i�n� �t�h�e� �2�8� �a�n�d� �5�8� �k�D� �b�a�n�d�s� �f�o�r�m�e�d� �a� �h�i�g�h� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �a�g�g�r�e�g�a�t�e� �t�h�a�t� 

�d�i�d� �n�o�t� �e�n�t�e�r� �t�h�e� �s�e�p�a�r�a�t�i�n�g� �g�e�l� �(�F�i�g�.� �9�)�.� �T�h�i�s� �t�h�e�r�m�a�l� �a�g�g�r�e�g�a�t�i�o�n� �i�s� �c�h�a�r�a�c�t�e�r�i�s�t�i�c� 

�o�f� �m�e�m�b�r�a�n�e�-�a�s�s�o�c�i�a�t�e�d� �p�r�o�t�e�i�n�s�.� 

�C�e�l�l� �f�r�e�e� �e�x�t�r�a�c�t�s�,� �m�e�m�b�r�a�n�e�s�,� �s�o�l�u�b�i�l�i�z�e�d� �m�e�m�b�r�a�n�e�s� �a�n�d� �t�h�e� �M�o�n�o� �Q� 

�f�r�a�c�t�i�o�n� �t�h�a�t� �c�o�n�t�a�i�n�e�d� �c�y�t�o�c�h�r�o�m�e� �w�e�r�e� �e�l�e�c�t�r�o�p�h�o�r�e�s�e�d� �a�s� �d�e�s�c�r�i�b�e�d� �f�o�r� �F�i�g�.� �8� 

�a�n�d� �t�h�e� �g�e�l�s� �w�e�r�e� �s�t�a�i�n�e�d� �f�o�r� �h�e�m�e�-�d�e�r�i�v�e�d� �p�e�r�o�x�i�d�a�s�e� �a�c�t�i�v�i�t�y�.� �T�h�e� �t�h�r�e�e� �s�a�m�p�l�e�s� 

�h�a�d� �o�n�l�y� �o�n�e� �b�a�n�d�,� �a�t� �2�8� �k�D�,� �t�h�a�t� �s�t�a�i�n�e�d� �f�o�r� �h�e�m�e� �(�F�i�g�.� �1�0�)�.� �W�h�e�n� �i�s�o�l�a�t�i�o�n� �o�f� 

�c�y�t�o�c�h�r�o�m�e� �w�a�s� �c�a�r�r�i�e�d� �o�u�t� �a�s� �d�e�s�c�r�i�b�e�d� �a�b�o�v�e� �b�u�t� �w�i�t�h� �5�0� �m�M� �b�i�s�t�r�i�s�-�C�l� �(�p�H� �6�.�8�)� 

�o�r� �2�0� �m�M� �N�a�-�t�r�i�c�i�n�e� �(�p�H� �8�.�5�)� �b�u�f�f�e�r� �s�u�b�s�t�i�t�u�t�i�n�g� �f�o�r� �K�P�O�,�,� �c�y�t�o�c�h�r�o�m�e� �b�o�u�n�d� �t�o� 

�t�h�e� �c�o�l�u�m�n� �m�a�t�r�i�x� �a�n�d� �w�a�s� �e�l�u�t�e�d� �i�n� �0�-�1�0�0� �m�M� �N�a�C�l�.� �T�h�e� �c�y�t�o�c�h�r�o�m�e� �i�s�o�l�a�t�e�d� �b�y� 

�t�h�e�s�e� �p�r�o�c�e�d�u�r�e�s� �w�a�s� �e�l�e�c�t�r�o�p�h�o�r�e�s�e�d� �i�n� �S�D�S�-�P�A�G�E� �a�s� �d�e�s�c�r�i�b�e�d� �f�o�r� �F�i�g�.� �8�,� �a�n�d� 

�a�g�a�i�n� �o�n�l�y� �t�h�e� �2�8� �k�D� �b�a�n�d� �s�t�a�i�n�e�d� �f�o�r� �h�e�m�e� �(�d�a�t�a� �n�o�t� �s�h�o�w�n�)�.� �T�h�e�s�e� �r�e�s�u�l�t�s� 
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�F�i�g�u�r�e� �7�.� �N�a�t�i�v�e� �P�A�G�E� �o�f� �t�h�e� �c�y�t�o�c�h�r�o�m�e� �c�o�n�t�a�i�n�i�n�g� �M�o�n�o� �Q� �c�o�l�u�m�n� 
�f�r�a�c�t�i�o�n�.� �S�a�m�p�l�e�s� �w�e�r�e� �n�o�t� �b�o�i�l�e�d� �a�n�d� �w�e�r�e� �p�r�e�p�a�r�e�d� �w�i�t�h�o�u�t� �S�D�S�.� 
�F�o�l�l�o�w�i�n�g� �e�l�e�c�t�r�o�p�h�o�r�e�s�i�s� �t�h�e� �g�e�l� �w�a�s� �s�t�a�i�n�e�d� �f�o�r� �h�e�m�e�-�d�e�r�i�v�e�d� �p�e�r�o�x�i�d�a�s�e� 
�a�c�t�i�v�i�t�y� �(�n�o�t� �s�h�o�w�n�)� �w�i�t�h� �d�i�m�e�t�h�o�x�y�b�e�n�z�i�d�i�n�e� �(�s�e�e� �r�e�f�.� �2�9�)�.� �T�h�e� �b�a�n�d� �i�n� �l�a�n�e� 
�4� �i�n�d�i�c�a�t�e�d� �b�y� �t�h�e� �a�r�r�o�w� �a�n�d� �t�h�e� �c�o�r�r�e�s�p�o�n�d�i�n�g� �b�a�n�d� �i�n� �l�a�n�e� �2� �s�t�a�i�n�e�d� �f�o�r� 
�t�h�i�s� �a�c�t�i�v�i�t�y�.� �S�u�b�s�e�q�u�e�n�t�l�y� �t�h�e� �g�e�l� �w�a�s� �s�t�a�i�n�e�d� �w�i�t�h� �C�o�o�m�a�s�s�i�e� �b�l�u�e� �R�-�2�5�0� 
�(�s�h�o�w�n�)�.� �L�a�n�e� �1�,� �B�S�A�;� �l�a�n�e� �2�,�4�,� �c�y�t�o�c�h�r�o�m�e� �f�r�a�c�t�i�o�n�;� �l�a�n�e� �3�,� �c�a�r�b�o�n�i�c� 
�a�n�h�y�d�r�a�s�e�;� �l�a�n�e� �5�,� �u�r�e�a�s�e�;� �l�a�n�e� �6�,� �c�h�i�c�k�e�n� �e�g�g� �a�l�b�u�m�i�n�.� 
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�F�i�g�u�r�e� �8�.� �P�a�n�e�l� �A�.� �S�D�S�-�P�A�G�E� �a�n�a�l�y�s�i�s� �o�f� �t�h�e� �i�s�o�l�a�t�e�d� �c�y�t�o�c�h�r�o�m�e� �f�r�a�c�t�i�o�n�.� 
�P�r�o�t�e�i�n� �w�a�s� �d�e�n�a�t�u�r�e�d� �i�n� �S�D�S� �a�t� �r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e� �a�n�d� �s�e�p�e�r�a�t�e�d� �o�n� �a� �1�2�%� 
�p�o�l�y�a�c�r�y�l�a�m�i�d�e� �g�e�l�.� �T�h�e� �g�e�l� �w�a�s� �s�t�a�i�n�e�d� �f�o�r� �h�e�m�e� �(�P�a�n�e�l� �B�)� �a�n�d� 
�s�u�b�s�e�q�u�e�n�t�l�y� �s�t�a�i�n�e�d� �f�o�r� �p�r�o�t�e�i�n� �(�P�a�n�e�l� �A�)� �a�s� �i�n� �F�i�g�.� �7�.� �L�a�n�e� �1�,� �h�o�r�s�e� �h�e�a�r�t� 
�c�y�t�o�c�h�r�o�m�e� �c�;� �l�a�n�e�s� �2� �a�n�d� �4�,� �B�i�o�R�a�d� �l�o�w� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �s�t�a�n�d�a�r�d�s�;� �l�a�n�e�s� 
�3� �a�n�d� �5�,� �M�.� �t�h�e�r�m�o�p�h�i�l�a� �c�y�t�o�c�h�r�o�m�e� �b� �f�r�a�c�t�i�o�n� �f�r�o�m� �M�o�n�o� �Q� �c�o�l�u�m�n�.� �T�h�e� 
�i�n�t�e�n�s�i�t�y� �o�f� �c�y�t�-�c�,� �l�a�n�e� �1�,� �a�n�d� �t�h�e� �2�8� �k�D�a� �b�a�n�d�,� �l�a�n�e�s� �3� �a�n�d� �5�,� �i�s� �e�n�h�a�n�c�e�d� 
�b�y� �p�r�i�o�r� �h�e�m�e� �s�t�a�i�n�i�n�g�.� 
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� � 
�F�i�g�u�r�e� �8�.� �P�a�n�e�l� �B�.� �S�D�S�-�P�A�G�E� �a�n�a�l�y�s�i�s� �o�f� �t�h�e� �i�s�o�l�a�t�e�d� �c�y�t�o�c�h�r�o�m�e� �f�r�a�c�t�i�o�n�.� 
�P�r�o�t�e�i�n� �w�a�s� �d�e�n�a�t�u�r�e�d� �i�n� �S�D�S� �a�t� �r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e� �a�n�d� �s�e�p�e�r�a�t�e�d� �o�n� �a� �1�2�%� 
�p�o�l�y�a�c�r�y�l�a�m�i�d�e� �g�e�l�.� �T�h�e� �g�e�l� �w�a�s� �s�t�a�i�n�e�d� �f�o�r� �h�e�m�e� �(�P�a�n�e�l� �B�)� �a�n�d� 
�s�u�b�s�e�q�u�e�n�t�l�y� �s�t�a�i�n�e�d� �f�o�r� �p�r�o�t�e�i�n� �(�P�a�n�e�l� �A�)� �a�s� �i�n� �F�i�g�.� �7�.� �L�a�n�e� �1�,� �h�o�r�s�e� �h�e�a�r�t� 
�c�y�t�o�c�h�r�o�m�e� �c�;� �l�a�n�e�s� �2� �a�n�d� �4�,� �B�i�o�R�a�d� �l�o�w� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �s�t�a�n�d�a�r�d�s�;� �l�a�n�e�s� 
�3� �a�n�d� �5�,� �M�.� �t�h�e�r�m�o�p�h�i�l�a� �c�y�t�o�c�h�r�o�m�e� �b� �f�r�a�c�t�i�o�n� �f�r�o�m� �M�o�n�o� �Q� �c�o�l�u�m�n�.� �T�h�e� 
�i�n�t�e�n�s�i�t�y� �o�f� �c�y�t�-�c�,� �l�a�n�e� �1�,� �a�n�d� �t�h�e� �2�8� �k�D�a� �b�a�n�d�,� �l�a�n�e�s� �3� �a�n�d� �5�,� �i�s� �e�n�h�a�n�c�e�d� 
�b�y� �p�r�i�o�r� �h�e�m�e� �s�t�a�i�n�i�n�g�.� 
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� � � � 
�F�i�g�u�r�e� �9�.� �S�D�S�-�P�A�G�E� �s�h�o�w�i�n�g� �t�h�e�r�m�a�l� �a�g�g�r�e�g�a�t�i�o�n� �o�f� �t�h�e� �5�8� �a�n�d� �2�8� �k�D� 
�b�a�n�d�s�.� �A�l�l� �s�a�m�p�l�e�s� �w�e�r�e� �h�e�a�t� �t�r�e�a�t�e�d� �a�t� �9�5�°�C� �f�o�r� �f�i�v�e� �m�i�n�u�t�e�s� �i�n� �S�D�S�-� 
�c�o�n�t�a�i�n�i�n�g� �s�a�m�p�l�e� �b�u�f�f�e�r� �w�i�t�h� �2�-�m�e�r�c�a�p�t�o�e�t�h�a�n�o�l�.� �E�l�e�c�t�r�o�p�h�o�r�e�s�i�s� �c�o�n�d�i�t�i�o�n�s� 
�w�e�r�e� �t�h�e� �s�a�m�e� �a�s� �i�n� �F�i�g�.� �8�.� �N�o� �h�e�m�e� �w�a�s� �d�e�t�e�c�t�e�d� �b�y� �t�h�e� �D�M�B� �s�t�a�i�n�i�n�g� �a�s� 
�p�r�e�d�i�c�t�e�d� �(�s�e�e� �r�e�f�.� �2�9�)�.� �A� �h�i�g�h� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �a�g�g�r�e�g�a�t�e� �w�a�s� �f�o�r�m�e�d� �b�y� 
�t�h�e� �2�8� �a�n�d� �5�7� �k�D� �p�r�o�t�e�i�n�s� �a�n�d� �c�a�n� �b�e� �s�e�e�n� �a�t� �t�h�e� �t�o�p� �o�f� �t�h�e� �g�e�l�.� 
�A�r�r�o�w�s� �i�n�d�i�c�a�t�e� �a�b�s�e�n�c�e� �o�f� �t�h�e� �5�8� �a�n�d� �2�8� �k�D� �b�a�n�d�s� �a�n�d� �t�h�e� �a�g�g�r�e�g�a�t�e�.� 
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