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Abstract
The flavin-dependent halogenases are the most prevalent class of halogenase responsible
for the regio- and stereoselective incorporation of halogens into natural products. These enzymes
require FAD, O2, NADH, and a flavin reductase to perform catalysis. The majority of these
enzymes are observed to catalyze the halogenation of aromatic substrates. CmlS is a unique
member of the flavin-dependent halogenase family in that it dichlorinates an alkyl group prior to
incorporation onto the antibiotic chloramphenicol. CmlS from the chloramphenicol producing
strain Streptomyces venezuelae was cloned and heterologously expressed in Escherichia coli in
high yield. The X-ray crystal structure of CmlS was solved to 2.2 Å resolution, yielding key
insights into a potential mechanism of catalysis. As well, a covalent bond between D277 and the
FAD 8α methyl group was discovered. This is a novel post-translational modification that is
likely conserved among a large subset of flavin dependent halogenases and raises interesting
questions about the catalytic mechanism of flavin dependent halogenation. Another key enzyme
involved in the incorporation of the dichloroacetyl moiety into chloramphenicol is CmlK, an acylCoA synthetase. Only through the tandem action of CmlS and CmlK enzymes will
chloramphenicol be formed with its dichloroacetyl group. A variety of activity assays were
performed with CmlS and CmlK with the hope of discovering their substrate specificities.
However, in vitro reconstitution of the activity of CmlS or CmlK was not successful. Future
studies are discussed which will hopefully lead to delineating the roles of CmlS and CmlK in the
biosynthesis of the dichloroacetyl group, and ultimately a detailed mechanistic description of
halogenation by CmlS.
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Chapter 1
Introduction
1.1 Halogenated Natural Products
Halogenated natural products are surprisingly widespread in nature with over 4500
identified to date1. These molecules exhibit a broad range of structural diversity and biological
activities, including desirable antibacterial or antitumor properties. For this reason organohalogen
natural products are considered to be a valuable source of new drugs. Vancomycin, for example,
has been used historically as an antibiotic of “last resort” against antibiotic resistant Grampositive bacteria2.

The presence of two chlorine substituents on vancomycin is necessary for the molecule to
maintain its biologically active conformation3. Strains of vancomycin resistant bacteria are
starting to appear, signifying the need for newer drugs to combat these evolving threats.
1

Salinosporamide A is an example of a halogenated natural product that is a mechanism based
inactivator of the 20S proteosome which is in clinical trials as an anticancer agent. The chlorine
substituent on this molecule is necessary for inhibitory activity by acting as a leaving group,
thereby trapping the Thr acyl intermediate formed by the enzyme4.

While the vast majority of the isolated halogenated products come from both marine and
terrestrial bacteria, there are some examples of halogenated natural products derived in animals,
including humans. 3-Chlorotyrosine is one such example and is believed to be synthesized
through the action of myeloperoxidase although not as a part of a biosynthetic pathway.

In addition to contributing to oxidative stress, the HOCl halogenating agent produced by
myeloperoxidase is believed to be one of the causes of renal failure in patients undergoing
hemodialysis. For this reason 3-chlorotyrosine is being considered as a marker for oxidative
stress5.
The importance of halogenated molecules can be clearly seen from the diverse and vital
roles they play in biological systems as well as their inherent capabilities as drug scaffolds. The
2

discovery and mechanistic analysis of the enzymes required for halogenation is of considerable
interest. This is because ‘halogenases’ may be used for biocatalytic incorporation of halogens
into molecules with regio- and stereocontrol which would normally be very difficult to perform
by pure synthetic methods.

1.2 Enzymatic Halogenation
1.2.1 Haloperoxidases
1.2.1.1 Heme-Dependent Haloperoxidases
Heme dependent haloperoxidases utilize a heme bound iron to catalyze the formation of a
hypohalous acid. Caldariomyces fumago chloroperoxidase, known as CPO, was the first of these
enzymes to be discovered and has been shown to dichlorinate 1,3-cyclopentanedione among other
reactions6. The halogenation mechanism of CPO and other heme dependent halogenases begins
with peroxide bound to the FeIII-porphyrin. This is followed by the expulsion of hydroxide (likely
acid catalyzed) to yield a highly reactive FeIV=O intermediate (refered to as ‘compound I’). The
FeIV=O subsequently oxidizes a halide, producing a FeIII bound hypohalite (XO-). Substrates can
then be halogenated directly by this iron-halide species or by free hypohalous acid (XOH) if it is
released from the enzyme as shown in Figure 1-1.

Figure 1-1 Mechanism of heme-dependent haloperoxidases.

3

1.2.1.2 Vanadium-Dependent Haloperoxidases
Another class of haloperoxidase is the vanadium-dependent family that is primarily found
in the pathways of marine natural products. The mechanism of these haloperoxidases is distinct
from the heme-dependent variety in that the hydroperoxide is bound to a vanadium ion of the
enzyme, which is then attacked by a halide and the oxidation state of vanadium (+5) does not
change throughout the course of the reaction. The activated peroxo intermediate attacked by a
halide (typically bromide) to yield vanadium-bound hypohalite. Once again, halogenation can
occur directly by the vanadium bound acid or by hypohalous acid should it be released by the
enzyme as shown in Figure 1-2.

Figure 1-2 Mechanism of formation of hypobromic acid by vanadium-dependent
haloperoxidases.

Vanadium dependent haloperoxidases generally exhibit the same lack of substrate specificity as
their heme-dependent relatives due to the formation of free hypohalous acid, although there are
recent examples of regio- and stereoselective halogenation by these enzymes (Figure 1-3 and
Figure 1-4)7, 8.

Figure 1-3 Regioselective bromination performed by a vanadium dependent bromoperoxidase
during the biosynthesis of α-Snyderol.
4

Figure 1-4 Regioselective and stereoselective chlorination by vanadium-dependent
chloroperoxidases during the biosynthesis of napyradiomycin.

1.2.2 Perhydrolases
A third enzyme class that requires peroxide to produce halogen-containing metabolites
are perhydrolases. While these are not technically haloperoxidases, they share the similarity of
producing hypohalous acid as their halogenating agent. This class of enzyme contains an active
site catalytic triad, consisting of a serine, an aspartate, and a histidine residue, for catalysis.
During each reaction a short chain carboxylic acid is bound in the active site by the serine
residue, which is then attacked by hydrogen peroxide, to form a peracid. This peracid continues
on to oxidize halide ions, forming hypohalous acid, which can then act as an unspecific
halogenating agent as can be seen in Figure 1-5.

Figure 1-5 Reaction mechanism for the formation of hypohalous acid by perhydrolases.

5

While haloperoxidases (heme and vanadium) and perhydrolases are effective halogenation
catalysts, they lack the substrate specificity and regioselectivity, and in some cases the reactivity,
that is necessary to form many of the natural products that have been discovered over the past 60
years.

1.2.3 Non-Heme Iron Halogenases
There exist several halogenated natural products, such as barbamide, which have a
halogen incorporated at an unactivated carbon center.

These molecules require a new type of mechanism for halogenation since these carbon centers are
not reactive towards halides activated as hypohalous acids. The α-ketoglutarate (α-KG)
dependent halogenases overcome this lack of reactivity through a radical mechanism for
halogenation utilizing an active site ferrous iron (FeII), α-ketoglutarate, halide, and oxygen. In
these enzymes the FeII ion is coordinated through two histidine residues present in the active site,
while a halide, α-ketoglutarate, and water coordinate the remaining ligand sites9. Upon binding
and reduction of O2 by the FeII ion, decarboxylation of α-ketoglutarate is used to drive formation
of an FeIV=O intermediate. This intermediate abstracts a hydrogen atom from the substrate,
creating a carbon centered radical which undergoes a radical ‘rebound’ reaction with the halide,
rather than with the hydroxide, leading to halogenation rather than hydroxylation9. It is believed
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that this selectivity is reached by positioning the substrate closer to the chlorine than the hydroxyl
intermediate, as well as the lower redox potential of a chlorine radical as opposed to a hydroxide
radical10.

Figure 1-6 Mechanism of Non-heme iron dependent halogenases.

1.2.4 Nucleophilic Halogenases
Enzymes that incorporate anionic halides directly into natural products via an SN2
reaction are not as common as the electrophilic classes of halogenases, but nevertheless are
responsible for the production of substantial quantities of natural organohalogens. All known
nucleophilic halogenases use S-adenosylmethionine (SAM) as the electrophilic substrate, with the
halide (F-, Br-, Cl-, I-) acting as a nucleophile. Two classes are known. The methyl halide
transferase class is widely distributed in plants and microorganisms and is a major source of the
ozone depleting molecules, and commonly used soil fumigants, methyl chloride and methyl
bromide, which were first discovered by Wuosmass et al11. Since their initial discovery and the
solving of a representative structure12 genetic engineering of these enzymes has been underway
for potential applications in industry. Bayer et al 13 have engineered methyl transferases to use
non-food agricultural resources to produce methyl halides which have a number of different uses
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as chemicals and fuels. In contrast, the second type of nucleophilic halogenase, comprised of
Streptomyces cattleya fluorinase14 and Salinispora tropica chlorinase15 use fluoride and chloride
respectively to attack the 5’-methylene carbon of SAM, leading to the 5’-deoxy-5’haloadenosine.

Figure 1-7 Nucleophilic halogenase reaction schemes.

The halide must be desolvated by the enzyme preceding reaction with substrate, which is most
demanding for fluoride16. Due to the reduced nucleophilicity of halides due to hydrogen bonding
with water each enzyme must provide an active site that is able to desolvate the halide and yet
provide stabilization for the nucleophile. It is believed to be the binding of S-adenosylmethionine
that provides the final binding energy to fully desolvate the halide, allowing it to react in an SN2type reaction14. The fluoride ion is initially bound by residues of the enzyme that displace some
of the water molecules and then as SAM is bound the fluoride ion is forced into a hydrophobic
pocket of the active site forcing the desolvation of the anion. Since the enzyme has such a high
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affinity for the adenosine moiety of SAM, the desolvation, though energetically unfavourable, is
driven forward17.

1.3 Flavin-Dependent Halogenases
The flavin-dependent halogenases (FDHs) are the final known class of halogenases
responsible for incorporating halogens into natural products. The initial discovery of this family
was made by Dairi et al 18 who, while investigating the biosynthesis of 7-chlorotetracycline,
discovered a gene encoding an enzyme of unknown function that was necessary for incorporation
of the chlorine in this antibiotic. However, it was not until van Pée’s seminal work with PrnA, a
7-chlorotryptophan halogenase from the pyrrolnitrin biosynthetic pathway in Pseudomonas
fluorescens, that the dependence of halogenation activity on flavin adenine dinucleotide (FAD)
was demonstrated19. The FDH’s require NADH, FAD, a flavin reductase, and O2 for enzymatic
activity. The flavin reductase uses NADH to reduce FAD to FADH2 which is subsequently
bound by the FDH for catalysis22.

Figure 1-8 Initial reaction scheme for a flavin dependent halogenase. The reduced flavin,
provided by a flavin reductase, is oxidized to a peroxide intermediate, which convertes bound
chloride to the corresponding hypochlorous acid. The latter is delivered to react with a conserved
Lys residue.
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Little specificity is observed between PrnA and the flavin reductase, even though PrnF provides
this activity in the pyrrolnitrin pathway19. The PrnA and other FDH’s share conserved GxGxxG
and WxWxIP amino acid sequence motifs, the latter distinguishing the FDH’s from flavin
dependent monoxygenases.
Shortly after the discovery of PrnA, another tryptophan halogenase, RebH, was identified
in the gene cluster responsible for the formation of rebeccamycin20. While studying this
enzyme’s activity in vitro, a long-lived intermediate, which could still chlorinate tryptophan, was
discovered. While incubating RebH in the absence of tryptophan, but with the necessary
cofactors, Yeh et al 21 found that addition of tryptophan, even after and extended period of time,
would still yield its chlorinated derivative. The presence of this intermediate helped to identify
the mechanism through which the FDHs functioned in a regiospecific fashion, unlike the
haloperoxidases described previously (for example, PrnA and RebH chlorinate tryptophan
regioselectively at the considerably less reactive 7 carbon of the indole ring, rather than the
expected 2 carbon). In the presence of O2, the bound FADH2 is oxidized to a flavin (4α)
peroxide intermediate (FAD(4α)OOH) that is attacked by a bound halide. Unlike the
haloperoxidases, which tend to release hypohalous acids non-specifically, the FDH generated
hypohalous acid is forced to travel down a tunnel22 to react with a strictly conserved Lys residue,
forming a chloramine intermediate21. This covalently bound form of electrophilic halide is used
to control the regio-chemistry of halogenation of a specifically bound substrate, as shown for
tryptophan in Figure 1-9. In the case of the 5-chlorotryptophan halogenase PyrH, new hydrogen
bonding interactions in the C-terminus of the enzyme positions the 5-carbon of the indole ring in
proximity of the chloramine intermediate formed on the conserved Lys residue23.
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Figure 1-9 Mechanism of chlorination of tryptophan by PrnA and RebH.

PrnA and RebH also contain an aspartic acid residue that is important for catalysis in the
tryptophan 7-halogenases. The aspartic acid, stabilized by two histidines, is believed to help
deprotonate the tryptophan substrate as well as help stabilize the charge of a Wheland
intermediate that develops in the course of the reaction24. The need for these extra residues for
catalysis is believed to be due to the fact that tryptophan is less reactive than other aromatic
substrates24. Much of the mechanistic and structural studies performed to date has been focused
on the tryptophan halogenases (e.g. PrnA, RebH, PyrH, KtzQ, and KtzR)23, 25-27. However, there
are a myriad of other uncharacterized FDHs that catalyze the halogenation of a number of
different functional groups. For example, the tyrosine halogenase, CndH, has been shown to
halogenate its substrate only when bound to acyl carrier protein28. This work revealed the
presence of two classes of FDHs: those that halogenate free small molecules and those that
halogenate substrates bound to a carrier protein. SgcC329, also a tyrosine halogenase, and PltA30,
an acyl-pyrrole halogenase are also of this class. This new variant of the FDH is characterized by
a much more open and less resolved C-terminus to allow for interactions with a carrier protein
that will introduce substrate into the active site. This finding coupled with the work done with
PyrH by Zhu et al 23 found that differences in the C-terminus of the FDHs is what leads to regio11

and substrate specificity. PryH is a tryptophan 5-halogenase and after the resolution of its
structure and careful scrutiny of its C-terminus as compared to PrnA led to a key discovery.
Tryptophan is bound in both cases by the C-terminus and a slight alteration in its orientation leads
to a different conformation in each of these two enzymes active sites which concordantly led to
the different sites of chlorination23. Another role the C-termini could play would be to mediate
protein-protein interactions since it is already known that some FDH’s only halogenate acyl
carrier protein bound substrates. Most of the FDHs catalyze a single halogenation while there are
a minor few that will halogenate a substrate multiple times. PltA is among those, performing a
dichlorination of an acyl carrier protein bound pyrrole30. CmlS is another such rarity in that it
performs a dichlorination of its substrate leading to the formation of chloramphenicol31.
The vast majority of FDH’s catalyze halogenation of aromatic substrates through an
electrophilic aromatic substitution reaction. In contrast, CmlS is one of the few FDH’s that
catalyze the chlorination of an acyl group. With this in mind we hypothesized that CmlS utilizes
an enolate mechanism to catalyze halogenation. A detailed mechanistic study of CmlS would
reveal the machinery needed by one such enzyme to function and shed light on how FDH’s
catalyze halogenation of a diverse array of substrates using a relatively conserved halogenation
active site.

12

References
1. Gribble, G. W. (2004). Natural organohalogens: A new frontier for medicinal agents? Journal
of Chemical Education, 81, 1441-1449.
2. Williams, D. H., & Bardsley, B. (1999). The vancomycin group of antibiotics and the fight
against resistant bacteria. Angewandte Chemie International Edition, 38(9), 1172-1193.
3. Harris, C. M., Kannan, R., Kopecka, H., & Harris, T. M. (1985). The role of the chlorine
substituents in the antibiotic vancomycin: Preparation and characterization of mono-and
didechlorovancomycin. Journal of the American Chemical Society, 107(23), 6652-6658.
4. Groll, M., Huber, R., & Potts, B. C. M. (2006). Crystal structures of salinosporamide A (NPI0052) and B (NPI-0047) in complex with the 20S proteasome reveal important consequences
of [beta]-lactone ring opening and a mechanism for irreversible binding. Journal of the
American Chemical Society, 128(15), 5136-5141.
5. Hazen, S. L., & Heinecke, J. W. (1997). 3-chlorotyrosine, a specific marker of
myeloperoxidase-catalyzed oxidation, is markedly elevated in low density lipoprotein
isolated from human atherosclerotic intima. Journal of Clinical Investigation, 99(9), 2075.
6. Hager, L. P., Morris, D. R., Brown, F. S., & Eberwein, H. (1966). Chloroperoxidase. Journal
of Biological Chemistry, 241(8), 1769.
7. Carter-Franklin, J. N., & Butler, A. (2004). Vanadium bromoperoxidase-catalyzed biosynthesis
of halogenated marine natural products. Journal of the American Chemical Society, 126(46),
15060-15066.
8. Winter, J. M., Moffitt, M. C., Zazopoulos, E., McAlpine, J. B., Dorrestein, P. C., & Moore, B.
S. (2007). Molecular basis for chloronium-mediated meroterpene cyclization. Journal of
Biological Chemistry, 282(22), 16362.

13

9. Kulik, H. J., Blasiak, L. C., Marzari, N., & Drennan, C. L. (2009). First-principles study of
non-heme fe (II) halogenase SyrB2 reactivity. Journal of the American Chemical Society,
131(40), 14426-14433.
10. Blasiak, L. C., Vaillancourt, F. H., Walsh, C. T., & Drennan, C. L. (2006). Crystal structure of
the non-haem iron halogenase SyrB2 in syringomycin biosynthesis. Nature, 440(7082), 368371.
11. Wuosmaa, A. M., & Hager, L. P. (1990). Methyl chloride transferase: A carbocation route for
biosynthesis of halometabolites. Science, 249(4965), 160.
12. Schmidberger, J. W., James, A. B., Edwards, R., Naismith, J. H., & O'Hagan, D. (2010).
Halomethane biosynthesis: Structure of a SAM-dependent halide methyltransferase from
arabidopsis thaliana. Angewandte Chemie International Edition, 49(21), 3646-3648.
13. Bayer, T. S., Widmaier, D. M., Temme, K., Mirsky, E. A., Santi, D. V., & Voigt, C. A.
(2009). Synthesis of methyl halides from biomass using engineered microbes. Journal of the
American Chemical Society, 131(18), 6508-6515.
14. Dong, C., Huang, F., Deng, H., Schaffrath, C., Spencer, J. B., O'Hagan, D., et al. (2004).
Crystal structure and mechanism of a bacterial fluorinating enzyme. Nature, 427(6974), 561565.
15. Eustáquio, A. S., Pojer, F., Noel, J. P., & Moore, B. S. (2007). Discovery and characterization
of a marine bacterial SAM-dependent chlorinase. Nature, 4, 68-74.
16. Senn, H. M., O'Hagan, D., & Thiel, W. (2005). Insight into enzymatic C− F bond formation
from QM and QM/MM calculations. Journal of the American Chemical Society, 127(39),
13643-13655.

14

17. Zhu, X., Robinson, D. A., McEwan, A. R., O'Hagan, D., & Naismith, J. H. (2007).
Mechanism of enzymatic fluorination in streptomyces cattleya. Journal of the American
Chemical Society, 129(47), 14597-14604.
18. Dairi, T., Nakano, T., Aisaka, K., Katsumata, R., & Hasegawa, M. (1995). Cloning and
nucleotide sequence of the gene responsible for chlorination of tetracycline. Biosciences
Biotechnology and Biochemistry, 59(6), 1099-1106.
19. Keller, S., Wage, T., Hohaus, K., Hoelzer, M., Eichhorn, E., & van Pee, K. H. (2000).
Purification and partial characterization of tryptophan 7-halogenase (PrnA) from
pseudomonas fluorescens. Angewandte Chemie International Edition, 39(13), 2300-2302.
20. Sánchez, C., Butovich, I. A., Braña, A. F., Rohr, J., Méndez, C., & Salas, J. A. (2002). The
biosynthetic gene cluster for the antitumor rebeccamycin. Chemistry & Biology, 9(4), 519531.
21. Yeh, E., Blasiak, L. C., Koglin, A., Drennan, C. L., & Walsh, C. T. (2007). Chlorination by a
long-lived intermediate in the mechanism of flavin-dependent halogenases, Biochemistry,
46(5), 1284-1292.
22. Dong, C., Flecks, S., Unversucht, S., Haupt, C., van Pee, K., & Naismith, J. H. (2005).
Tryptophan 7-halogenase (PrnA) structure suggests a mechanism for regioselective
chlorination. Science, 309(5744), 2216-2219.
23. Zhu, X., De Laurentis, W., Leang, K., Herrmann, J., Ihlefeld, K., van Pée, K. H., et al. (2009).
Structural insights into regioselectivity in the enzymatic chlorination of tryptophan. Journal
of Molecular Biology,
24. Flecks, S., Patallo, E., Zhu, X., Ernyei, A., Seifert, G., Schneider, A., et al. (2008). New
insights into the mechanism of enzymatic chlorination of tryptophan. Angewandte Chemie
International Edition, 47(49), 9533-9536.
15

25. Dong, C., Kotzsch, A., Dorward, M., van Pée, K., & Naismith, J. H. (2004). Crystallization
and X-ray diffraction of a halogenating enzyme, tryptophan 7-halogenase, from
pseudomonas fluorescens. Acta Crystallographica Section D, 60(8), 1438-1440.
26. Bitto, E., Huang, Y., Bingman, C. A., Singh, S., Thorson, J. S., & Phillips, G. N. (2008). The
structure of flavin-dependent tryptophan 7-halogenase RebH. Proteins: Structure, Function,
and Bioinformatics, 70(1), 289-293.
27. Heemstra Jr, J. R., & Walsh, C. T. (2008). Tandem action of the O2-and FADH2-dependent
halogenases KtzQ and KtzR produce 6, 7-dichlorotryptophan for kutzneride assembly.
Journal of the American Chemical Society, 130(43), 14024-14025.
28. Buedenbender, S., Rachid, S., Müller, R., & Schulz, G. E. (2009). Structure and action of the
myxobacterial chondrochloren halogenase CndH: A new variant of FAD-dependent
halogenases. Journal of Molecular Biology, 385(2), 520-530.
29. Van Lanen, S. L. S. G., & Shen, B. (2007). Regiospecific chlorination of (S)-β-tyrosyl-Scarrier protein catalyzed by SgcC3 in the biosynthesis of the enediyne antitumor antibiotic
C-1027. Journal of the American Chemical Society, 129, 41.
30. Dorrestein, P. C., Yeh, E., Garneau-Tsodikova, S., Kelleher, N. L., & Walsh, C. T. (2005).
Dichlorination of a pyrrolyl-S-carrier protein by FADH2-dependent halogenase PltA during
pyoluteorin biosynthesis. Proceedings of the National Academy of Sciences of the United
States of America, 102(39), 13843.
31. Piraee, M., White, R. L., & Vining, L. C. (2004). Biosynthesis of the dichloroacetyl
component of chloramphenicol in streptomyces venezuelae ISP5230: Genes required for
halogenation. Microbiology, 150(1), 85.

16

Chapter 2
The Crystal Structure of CmlS and its Covalent Modification with a
Flavin Cofactor
2.1 Introduction
2.1.1 Chloramphenicol and its Dichloroacetyl Moiety
Chloramphenicol is a potent antibiotic which functions by inhibiting protein synthesis by
binding to bacterial ribosomes. The combination of the dichloroacetamide moiety as well as the
aromatic nitro group makes this an interesting molecule to study especially from a biosynthetic
standpoint. The dichloroacetyl moiety of chloramphenicol is responsible for filling a cavity
which helps to impede tRNA from binding to peptidyl transferase1. An operon of 12 genes
encode the biosynthesis of chloramphenicol in Streptomyces venezuelae2 and Micromonospora
sp. ATCC 32149, including one that codes for a non-ribosomal peptide synthetase (cmlP) and a
flavin dependent halogenase (cmlS).

Chloramphenicol biosynthesis starts as shikimic acid which is converted via the shikimate
pathway to chorismic acid. CmlE is the first enzyme to act during the synthesis of
chloramphenicol by participating in the shikimate pathway. CmlB then converts chorismic acid
to 4-amino-4-deoxychorismic acid (ADC) followed by the conversion of ADC to
aminodeoxyprephenic acid by the ADC mutase CmlD. CmlC, a cyclohexadienyl dehydrogenase,
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uses NAD+ as an oxidant to catalyze the aromatization of 4-amino-4-deoxy-phrenic acid to paminophenylpyruvic acid. This is subsequently converted to p-aminophenylalanine (PAPA),
likely by a non-specific pyridoxal phosphate-dependent aminotransferase, because no such gene
is found in the operon. The non-ribosomal peptide synthetase, CmlP, which contains 3 separate
domains, an adenylation domain, a thiolation domain, and a reductase domain, adenylates PAPA
so that the thiolation domain phosphopantethiene arm can form a thioester linkage with the
substrate. CmlP is also the only enzyme from this pathway that has been characterized in vitro3.
CmlP serves as a molecular workbench for tailoring reactions performed by CmlA (benzyllic
hydroxylation) and CmlI (oxidation of the amine to the nitro group), and possibly installation of
the dichloroacetyl group. Synthesis and installation of the dichloroacetyl group likely requires the
activities of three enzymes encoded by the operon: CmlK, an enzyme with homology to acyl
adenylate / acyl-CoA synthetases; CmlS, a flavin dependent halogenase; and CmlH (sometimes
annotated as CmlG), which has weak homology with the condensation domain of non-ribosomal
peptide synthetases and accordingly may perform the final transfer of the dichloroacetyl group to
the chloramphenicol precursor. Following these reactions, CmlP likely reduces the thioester with
an equivalent of NADH using its reductase domain and the resulting aldehyde reduced to afford
chloramphenicol by CmlJ, a short chain dehydrogenase.
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Figure 2-1 Putative biosynthetic pathway for the antibiotic chloramphenicol in Streptomyces
venezuelae.
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2.1.2 CmlS, A Flavin-Dependent Halogenase
While investigating the gene cluster responsible for the biosynthesis of chloramphenicol
two enzymes were discovered that were shown to be necessary for the inclusion of the
dichloroacetyl group on the antibiotic4. One of the enzymes, CmlS, shared amino acid sequence
homology to the recently discovered flavin dependent halogenases, including the key GxGxxG
and WxWxIP motifs. The GxGxxG motif is an important pattern purely for FDH CmlS stands
apart from previously studied FDHs in that it is responsible for the dichlorination of an alkyl
group. The vast majority of FDHs have substrates which are aromatic in nature, and very few
catalyze more than one halogenation event. The second enzyme, CmlK, which was found to be
necessary for the inclusion of a dichloroacetyl moiety onto chloramphenicol, shared homology
with acyl adenylate / acyl CoA synthetases. Early functional analyses by Leo Vining and his
group found that disruption of cmlK or cmlS genes in Streptomyces venezuelae resulted in the
production of corynecins, with corynecin II being the most predominant4 (Figure 2-2).

Figure 2-2 Corynecin II, a chloramphenicol derivative produced by ΔcmlS and ΔcmlK S.
venezuelae mutants.

Corynecin II differs from chloramphenicol in that a propionyl moiety replaces the dichloroacetyl
group. These results led to the hypothesis that in the absence of CmlS (halogenation) and CmlK
(carboxylate activation) activities, CmlH draws from the pool of acyl-CoA molecules present in
the cell, with propionyl-CoA likely having the highest kcat/KM value for acyl transfer. CmlS is a
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very useful enzyme for study from a mechanistic and evolutionary perspective. Since the reaction
catalyzed by CmlS is fairly unique among FDH’s, a thorough understanding of its catalytic
mechanism and structure could help to understand how the FDH family encompasses such a
broad spectrum of substrates with conserved catalytic machinery.

2.2 Experimental Procedures and Methods
2.2.1 Materials
Oligonucleotides used for PCR amplification were synthesized by Sigma-Genosys.
Polymerases were purchased from Stratagene. Restriction enzymes and T4 DNA ligase were
purchased from either Fermentas or New England Biolabs. NucleoSpin® plasmid purification
kits (Macherey-Nagel) were ordered from MJS Biolynx, Inc. QIAquik gel extraction kits, NiNTA resin, and crystal screening kits were purchased from QIAGEN. The pET-28a vector was
obtained from Novagen. XL1-Blue E. coli cells were purchased from Stratagene (supplied by
VWR, Canada). The E. coli strains BL21, BL21(DE3) and the methionine auxotroph DL41
(DE3) were purchased from Novagen. All E. coli strains were rendered heat shock competent
using the Inoue method5. Protogel for SDS-PAGE analysis was purchased from DiaMed.
Agarose for DNA electrophoresis was obtained from Ameresco. CompleteTM (EDTA free)
protease inhibitor cocktail tablets were provided by Roche Diagnostics. Fisher Biosciences
Canada supplied all media (Luria Bertani (LB) broth, Luria Bertani agar, glucose). All DNA
sequencing was performed by Robarts Research Institute (London, Ontario). Crystallization
screening was performed in 96-well plates obtained from Greiner. 24-Well plates used for
optimization of crystallization conditions were purchased from VDX. Medicilon provided M9
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SeMET High Yield medium, which was methionine deficient. All other chemicals, unless
otherwise stated, were obtained from Sigma-Aldrich.
2.2.2 Cloning of the Halogenase Gene cmlS
Dr. Anupam Bhattacharya had previously cloned the cmlS gene, which is described in
brief below. The wild type cmlS gene was PCR amplified directly from Streptomyces venezuelae
cells (generously donated by Professors David Jakeman and Leo Vining of Dalhousie University)
using the primers 5’-GCAGCCATATGACACGATCGAAGGTGGCGA-3’ and 5’CCGCAAGCTTTCAGACCTCGTACTCGAC-3’ (NdeI and HindIII sites highlighted in bold)
and Pfu Turbo polymerase. The PCR insert was digested with NdeI and HindIII and ligated into
pET-28a, which had been digested the same way, to afford pET-28a-cmlS. The ligation mixture
was then used to transform heat shock competent XL1-Blue cells, which were selected on LBagar plates containing 1% glucose (w/v) and 50 µg/mL kanamycin. Positive transformations
resulted in colonies, which were then picked and grown overnight as 5 mL cultures. The DNA
was harvested using a NucleoSpin® plasmid DNA preparation kit. Restriction digests were
performed on the purified plasmids using NdeI and HindIII to ensure that the desired insert was
present. Positive clones were then sent for sequencing using the T7 forward (5’TAATACGACTCACTATAGGG-3’) and T7 terminator reverse (5’GCTAGTTATTGCTCAGCGG-3’) primers as well as an internal primer 5’TACGACGAGTTCTACCGGA-3’ to verify that there were no mutations present in the gene.

2.2.3 Expression and Purification of CmlS
pET-28a-cmlS was transformed into heat shock competent BL21 (DE3) cells that were
subsequently grown on LB agar plates containing 1% glucose and 50 µg/mL kanamycin
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overnight at 37 °C. A single colony was picked to inoculate a 5 mL culture of LB, 1% glucose
and 50 µg/mL kanamycin, which was then grown overnight in an air shaker at 37 °C and 225
rpm. This saturated culture was then used to inoculate a 500 mL culture of LB, 1% glucose, and
50 µg/mL kanamycin. The culture was incubated in an air shaker at 37 °C with 225 rpm until the
optical density (OD600) reached at value of ~0.6 at which point it was induced with 0.5 mM IPTG
and incubated at 15°C for 24 hours. The cells were then harvested by centrifugation at 3000 rpm,
4°C for 30 min and stored at -20°C. Frozen cell pellets were re-suspended in 50 mM sodium
phosphate, 0.5 mM TCEP, 300 mM NaCl, 10 mM imidazole, pH 7.5. A single Roche protease
inhibitor tablet was dissolved in the same buffer. Re-suspended media was then lysed using two
passes through an EmulsiFlex C5 cell homogenizer (Avestin, Ottawa) at 10 – 15 K psi. The
lysate was then centrifuged at 40 000 g for 30 minutes at 4°C. The supernatant was loaded onto a
5 mL nickel-nitrilotriacetic acid (Ni-NTA) column (Novagen) using a peristaltic pump (flow rate
~ 5 mL min-1) then attached to an AKTA fast protein liquid chromatography (FPLC) purification
system (GE Healthcare). The column was subsequently washed with 10 column volumes of
Buffer A (50 mM sodium phosphate, 0.5 mM TCEP, 300 mM NaCl, 10 mM imidazole, pH 7.5).
Pure CmlS was then eluted by increasing the imidazole gradient from 10 – 500 mM over 10
column volumes at a flow rate of 5 mL min-1. Pure CmlS fractions (>95%) identified using SDSPAGE were pooled and dialyzed using Snakeskin dialysis tubing (Thermo Scientific) into 50 mM
sodium phosphate, 0.5 mM TCEP, 2 mM EDTA, 20 mM NaCl, pH 7.5. Dialized CmlS was then
concentrated using a Millipore Amicon Ultra 15 centrifugal filter (30 000 Da molecular weight
cut-off). The concentration of purified CmlS was determined using the Bradford assay6.
Aliquots of CmlS were then flash frozen in liquid nitrogen with 50% glycerol. For gel filtration
analysis, a 30 mL column (Tricorn 10/300 column packed with sephacryl S-200 HB resin from
GE Healthcare) was equilibrated with 5 column volumes of 50 mM Tris and 150 mM NaCl pH
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7.5 at 1 mL min-1. The column was calibrated using the following standards: blue dextran (2
mg/mL, 2000 kDa), β-amylase (4 mg/mL, 200 kDa), alcohol dehydrogenase (5 mg/mL, 150
kDa), albumin bovine serum (10 mg/mL, 66 kDa), carbonic anhydrase (3 mg/mL, 29 kDa), and
cytochrome C (2 mg/mL, 12.4 kDa). Each standard was run through the column at a rate of 1 mL
min-1. CmlS was then diluted to a concentration of 1 mg/mL and injected onto the column and
run through at a rate of 1 mL min-1 in the same buffer as listed above. The absorbance of the
eluent was monitored at a wavelength of 280 nm.
2.2.4 Crystallization of CmlS
Crystallization studies were performed by Ryan Latimer under the direct supervision and
tutelage of Kateryna Podzelinska of the Jia lab at Queen’s University, Department of
Biochemistry. The selenomethionine-labeled form of CmlS was produced using the E. coli strain
DL41(DE3), a methionine auxotroph. The cells were grown in M9 SeMET High Yield medium
and expressed under the same conditions as for native protein. The labeled CmlS was purified in
the same way as described above with the exception that glycerol was not used when flash
freezing aliquots of the protein for use in crystallization (~150 µL). CmlS was stored in 50 mM
Tris-HCl, 2mM DTT pH 7.5 and was kept at a concentration of 74 uM (~5 mg/mL). It was found
that it was not necessary to remove the N-terminal hexa-histidine tag from recombinant CmlS to
obtain high quality crystals. All crystallization conditions were screened at room temperature.
QIAGEN crystallization screening kits were used initially to find what conditions would yield
crystals. Sitting-drop vapour diffusion technique was employed in 96-well plates for the
screening where 1 uL of protein solution was mixed with 1 uL of crystallization solution and
allowed to equilibrate with 100 uL of well solution. The JCSG+ suite gave initial hits in wells
54, 64, and 79, all of which contained PEG 3350 with different buffers (0.2 M zinc acetate pH 8,
0.1 M HEPES pH 7.5, and 0.1 M succinic acid pH 7.0 respectively). Optimization of the
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crystallization conditions was performed using the hanging-drop vapour diffusion method in 24
well plates where 2 uL of protein solution was mixed with 2 uL of crystallization solution on
siliconized plates over 1 mL of well solution. Differing concentrations of PEG 3350 were run
against varying pH in 100 mM HEPES buffer (sodium form). The highest quality crystals
resulted when 100 mM sodium HEPES was used between pH 6.8 – 7.4 with a concentration of 17
– 22% PEG 3350. The crystals appeared as large flat yellow plates and after ~6 days, had
reached their maximum size of approximately 0.25 x 0.1 x 0.02 mm. Once the selenomethionine
derivative of CmlS was produced, the same crystallization conditions were utilized in hopes of
obtaining high quality crystals for analysis by a synchrotron light source. A slight deviation from
these conditions yielded crystals big enough for diffraction studies. An hour before each
expansion was set up CmlS was incubated at 4°C with 50 mM of each L-arginine and Lglutamate. It is known that L-arginine and L-glutamate enhance the solubility and stability of
some enzymes, however, the manner through which this stability is achieved is unknown29. Then
in 100 mM sodium HEPES with a pH between 8.5 and 9.25 and a concentration between 18 –
23% PEG 3350 the best quality crystals were formed. Crystals that were deemed viable for
diffraction studies were stored at -80°C in liquid nitrogen after having been soaked in 5, 10, and
15% PEG 200 solution as a cryoprotectant. Once stored the crystals were shipped to Brookhaven
National Laboratory National Synchrotron Light Source for diffraction studies. A data set was
collected using 1° oscillations with an exposure of 40 s per image and a distance to detector of
200 mm on the X-12B beamline of the ADSC Quantum 4 CCD detector at -80°C.
2.2.5 The Structure of CmlS
2.2.5.1 The Overall Structure of CmlS
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The structure of CmlS was determined using the single-wavelength anomalous dispersion
method to 2.2 Å resolution by Kateryna Podzelinska. The positions of 8 of 9 selenium atoms in
the asymmetric unit were determined using autoSHARP and the initial structure was formed
using autoSHARP and ARPwARP. Extensive manual building of the protein was performed
using XFIT/XTALVIEW while refinements were carried out using REFMAC5. The structure
was refined to an R value of 20.0% and an Rfree value of 26.1%. Additionally, 90.5% of the
residues lie in the most favourable regions according to the Ramachandran plot, with 9.3%
residing in the additionally allowed regions and 0.2% lying in the disallowed regions. The final
structure of CmlS contained 232 water molecules and 1 molecule of flavin (FAD). Residues
F390, F408, R409, D499, R559 and L560 were refined as glycine and residue R481 as alanine
due to the fact that their side chain density could not be seen. Sequence homologues were
determined by performing a basic local alignment search tool (BLAST)7 enquiry by inputting the
amino acid sequence of CmlS available from http://blast.ncbi.nlm.nih.gov/Blast.cgi. Multiple
sequence alignments were then performed using ClustalW8 by inputting the amino acid sequence
of each of the enzymes of interest. ClustalW is available at
http://www.ebi.ac.uk/Tools/clustalw2/index.html. To perform structure comparisons between
proteins DaliLite9 (http://www.ebi.ac.uk/Tools/dalilite/index.html) was employed by entering the
PDB entry code of each of the proteins being studied. The program would then output an overlay
of the two structures which could be further analyzed using PyMol.
2.2.5.2 ESI-Mass Spectrometry of CmlS
The following work was performed in the mass spectrometry facility in the department of
Chemistry at Queen’s University by Dr. Jiaxi Wang. Purified CmlS was desalted on a ZipTip C4
microcolumn (Millipore) and eluted into acetonitrile/water (1:1) with 1% formic acid. Using a
nanospray tip, CmlS was injected directly in positive ion mode on an Applied Biosystems MDS
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QSTAR instrument. Time-of-flight detection scans were run between 100 and 2500 amu. The
instrument was tuned to the following settings: curtain gas, 30; declustering potential, 80;
focusing potential, 250; declustering potential; 2:15; collision gas, 3; ion release delay, 6; ion
release width, 5.
2.2.5.3 Generation, Expression and Purification of CmlS Mutants
A number of different mutants of cmlS were created in order to elucidate the nature of
these important residues in the function of the enzyme. This section will outline the techniques
used to create each while only the D277N mutant is of particular interest in this chapter. The
remainder will be encountered again in Chapter 4.
Table 2-1 Mutagenic primers for cmlS*.
Primer

Sequence

D277N_for
5'-TCGTGCAGAACTGGTCCTACGAC-3'
D277N_rev
5'-GTAGGACCAGTTCTGCACGATCC-3'
K71A_for
5'-ACGTCAAGGCGCCCTCGGCGAC-3'
K71A_rev
5'-CCGAGGGCGCCTTGACGTAGTTC-3'
Y350F_for
5'-ACGAGCAGTTCCACCAGTTCCTC-3'
Y350F_rev
5'-GAACTGGTGGAACTGCTCGTAGG-3'
ΔR559-V571_rev
5'-GGCCGCAAGCTTTAGCCCTGGACGAAGACCTTC-3'
ΔE552-V571_rev
5'-GGCCGCAAGCTTTAGCCCTGCGCGTCGTAGCC-3'
CmlS_for
5’- GCAGCCATATGACACGATCG-3’
CmlS_rev
5’-CCGCAAGCTTTCAGACCTCG-3’
*Mutagenic alleles shown in bold, NdeI and HindIII sites underlined.

The 4-primer PCR method was used to create each point mutation. An example of the 4-primer
method is given for the D277N mutant. In one PCR reaction D277N_for and CmlS_rev were used
to amplify one fragment of the cmlS gene using pET-28-CmlS as a template, while D277N_ rev
and CmlS for were used to amplify the other, overlapping, half of the gene in a second reaction.
HercII polymerase was used under the following conditions: 97°C for 5 minutes, 20 x (97°C for
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30 seconds, 59°C for 30 seconds, 72°C for 45 seconds), 72°C for 5 minutes. Fragments were
expected to be approximately 850 and 900 bp for each reaction, which was confirmed by agarose
gel electrophoresis. The PCR products were purified using a Qiagen Gel Extraction Kit
according to the manufacturer’s instructions. In a subsequent ‘assembly’ PCR reaction the
overlapping fragments were combined (1 uL each) along with the flanking primers CmlS_for and
CmlS_rev and cycled using HercII polymerase and the following program: 97°C for 5 minutes,
20 x (97°C for 30 seconds, 59°C for 30 seconds, 72°C for 45 seconds), 72°C for 5 minutes. The
correctly assembled, full length PCR product was verified by agarose gel electrophoresis. The
‘truncated’ forms of CmlS were generated in a single PCR step using the CmlS_for primer with
either the ΔR559-V571_rev or ΔE552-V571_rev reverse primers and pET-28a-cmlS as a
template. Pfu Ultra polymerase was used under the following conditions: 97°C for 5 minutes, 20
x (97°C for 30 seconds, 59°C for 30 seconds, 72°C for 45 seconds), 72°C for 5 minutes. A
double digest was performed on the 1700 bp PCR products generated above and the pET-28a
vector using HindIII and NdeI restriction enzymes (37°C for 2 hours). A ligation was then
performed using T4 ligase at 16°C for ~14 hours. The ligation mixture (heat denatured at 65°C
for 10 minutes) was used to transform heat shock competent XL1 Blue cells, which were then
grown overnight on LB agar plates containing 1% glucose and 50 ug/mL kanamycin at 37°C.
Colonies were picked from the plates and used to inoculate 5 mL LB containing 1% glucose and
50 ug/mL kanamycin. The cultures were grown overnight at 37 °C and subsequently run through
a NucleoSpin® plasmid DNA preparation kit to isolate the plasmid DNA. An analytical digest
was run using NdeI and HindIII to confirm the presence of the correct insert in the vector and
positive clones were sent for sequencing using T7 forward and T7 terminator reverse primers as
well as an internal primer 5’-TACGACGAGTTCTACCGGA-3’. Sequencing of both DNA
strands from HindIII to NdeI restriction sites confirmed the desired mutations in all cases. Once
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the desired mutation had been cloned the same procedure was used to express and purify each
mutant as with wild-type CmlS as outlined in 2.2.3
2.2.5.4 Chemical Denaturation of CmlS
Absorbance spectra were recorded using a Varian Cary 50 spectrometer at room
temperature. CmlS WT was mixed with 8 M guanidine hydrochloride (GdHCl) to yield a
solution with a final concentration 22 uM CmlS, 6 M GdHCl, 50 mM Tris, 0.5 mM EDTA, 0.125
mM TCEP pH 7.5. This solution was used for the initial scan from 240 to 550 nm. CmlS was
then diluted 20-fold in 6M GdHCl and identical buffer solution and then concentrated in an
Amicon ultrafiltration device (10k MWCO) back to its original volume. The spectrum of the
retentate was then recorded. A second dilution was performed, as was just described, as well as
concentration and recording of a third spectrum. The concentration of flavin in each recorded
spectrum was calculated based on the absorbance of FAD at 450 nm in GdHCl (ε450=11 900 M1

cm-1)10. This value was then subtracted from the absorbance at 280 using the extinction

coefficient for FAD at 280 nm in GdHCl (ε280=22 900 M-1cm-1)10. Then using the extinction
coefficient for CmlS at 280 nm in GdHCl based on amino acid content (ε280=94 240 M-1cm-1)11
and the new absorbance at 280 nm, the concentration of CmlS could be determined.
2.2.5.5 Chemical Denaturation of CmlS D277N
The CmlS D277N mutant was expressed and purified in the same manner as described
for the wild-type CmlS. With purified CmlS D277N the denaturation experiment was carried out
a second time in the exact same manner with the exception that a second round of dilution and
concentration via centrifugation did not need to be performed.

2.3 Results
2.3.1 Over-Expression and Purification of Wild Type-CmlS
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Sequencing of pET-28a-cmlS revealed discrepancies between our sequence and that
provided by GenBank (accession # AAK08979). In pET-28a-cmlS there are two silent mutations
at bases 702 and 948, and the reported DNA sequence between bases 907 and 924 was not
present. These bases code for the sequence IFRRSV, which correspond to the amino acid
residues 303 – 308 in AAK08979. An amino-acid sequence alignment of CmlS with some close
homologues (as determined by a BLAST search) seen in Figure 2-3 shows that this particular
sequence disrupts a highly conserved sequence motif. This is strongly suggestive that the
GenBank CmlS sequence containing this insert is incorrect and is likely due to an error in the
original sequencing of the cmlS gene.
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Figure 2-3 Sequence alignment of CmlS (PDB code 3I3L) with CndH (PDB code 3E1T), StaI
(GenBank Accession no: AAM80532), CrpH (GenBank Accession no: ABM21576), and PltA
(GenBank Accession no: AAD24884). E44 and D277 are indicated with red arrowheads. The
conserved Lys residue is outlined in green. Conserved FDH sequence motifs are outlined in blue.
The location for the insertion of the IFRRSV motif is indicated with two black arrows. The
sequence identity for each of the homologues is given in brackets beside each respectively.

CmlS was expressed as an N-terminal hexahistidine tagged protein in E. coli. Soluble protein was
purified over a Ni-NTA column and collected based on fractions showing absorbance at 280 nm
(Figure 2-4 (A)). These fractions were then analyzed via SDS-PAGE and those showing pure
protein (>95%) of the correct MW (67 kDa) were pooled and set to dialyze into desired buffer
(Figure 2-4 (B)). One litre of culture yielded ~30 mg of purified protein.

Figure 2-4 Purification of CmlS. (A) FPLC chromatogram using an imidazole gradient to elute
protein shows fractions containing CmlS. Absorbance was measured at 280 nm in arbitrary units.
(B) 12% SDS-PAGE analysis of CmlS. Molecular weight standards (in kDa) from Fermentas
SM0431. Lane 1: Load fraction containing soluble CmlS. Lane 2: Flow through fraction after
loading on Ni-NTA column. Lane 3: Insoluble cell pellet containing CmlS. Lane 4 - 9: Eluted
fractions from FPLC containing CmlS.
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The best buffer conditions found for storing CmlS were 50 mM Na phosphate, 2 mM EDTA, 0.5
mM TCEP, and 150 mM NaCl pH 7.5. The high salt concentration and reducing agent helped to
prevent CmlS from precipitating out of solution over longer periods of time. CmlS could be flash
frozen in liquid nitrogen in the presence of 50% glycerol and then thawed on ice for further use.
CmlS was also run over an analytical size gel filtration column to determine its oligomeric state in
solution (Figure 2-5). For size exclusion analysis, a 30 mL column (Tricorn 10/300 column packed
with Sephacryl S-200 HB resin (GE Healthcare) was employed. The column was equilibrated with
5 column volumes of 50 mM Tris and 150 mM NaCl pH 7.5 at 1 mL min-1. The standards used for
calibration of the column are as follows: blue dextran (2 mg/mL, 2000 kDa), β-amylase (4 mg/mL,
200 kDa), alcohol dehydrogenase (5 mg/mL, 150 kDa), bovine serum albumin (10 mg/mL, 66 kDa),
carbonic anhydrase (3 mg/mL, 29 kDa), and cytochrome c (2 mg/mL, 12.4 kDa). Each sample was
run through the column at a flow rate of 1 mL min-1. The calibration curve for the column can be
seen in Figure 2-5 (b) and was used to determine the size (in kDa) of eluted fraction from the
column. As can be seen CmlS eluted at a volume of 15.44 mL which corresponds to a size of 60.7
kDa, slightly before bovine serum albumin, which has a size of 66 kDa. The expected size of CmlS
is 67.2 kDa. This suggests that CmlS exists as a monomer in solution.
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Figure 2-5 Analytical size exclusion chromatogram of CmlS. (a) Absorbance is monitored at 280
nm in arbitrary units. Listed in numbers are the standards used to calibrate the column. Vo is Blue
Dextran (2000 kDa), 1 is β-amylase (200 kDa), 2 is Alcohol dehydrogenase (150 kDa), 3 is Albumin
bovine serum (66 kDa), 4 is Carbonic anhydrase (29 kDa), 5 is Cyctochrome C (12.4 kDa). (b)
Calibration curve calculated based on the elution of the standards over the size exclusion column.
The equation of the line can be used to calculate the weight (kDa) of eluted samples. CmlS elutes at
15.44 mL, which corresponds to a molecular weight of 60.7 kDa whereas the expected molecular
weight of CmlS is 67 kDa.

Purified CmlS exhibited a distinct yellow hue, suggesting the presence of a bound co-factor. A UVVis spectrum was taken of the purified enzyme (Figure 2-6). Two maxima at 375 and 450 nm are
observed which are characteristic of a flavin co-factor.
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Figure 2-6 Absorbance spectrum of CmlS showing characteristic flavin peaks with absorbance
maxima at 375 and 450 nm.

2.3.2 Crystals and Diffraction Pattern of CmlS
As stated earlier, optimal conditions for the crystallization of CmlS were with 100 mM Na
HEPES, pH 6.8–7.4, with 17-22% PEG 3350. The crystals grew as large flat yellow plates, the
color the result of the bound FAD (Figure 2-7).

Figure 2-7 Crystal of CmlS WT grown in 100 mM Na HEPES pH 7.0, 19% PEG 3350
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A selenomethionine labelled derivative of CmlS (SeMet CmlS) was subsequently expressed and
purified, and crystals obtained under very similar conditions as the unlabelled enzyme. The crystals
were tested on an X-ray diffractometer to see if a suitable diffraction pattern could be produced so
the crystals could be sent to Brookhaven National Light Source for tests on their synchrotron.
Shown below is the diffraction pattern obtained with SeMet CmlS (Figure 2-8). The pertinent
details to the data collection and structure solution performed by Kateryna Podzelinska are listed
below (Table 2-2).

Figure 2-8 X-ray diffraction pattern of a crystal of SeMet CmlS.
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Table 2-2 Summary of data collection and refinement statistics (SeMet CmlS)
C2
a=208.1 Å, b=57.7Å
c=59.9 Å, β=97.5°
0.9798
30.0-2.2 (2.28-2.20)
762,884
36,054
99.4 (94.8)
7.2 (6.5)
7.7 (55)
35.7 (4.1)
20.0 (23.4)
26.1 (28.3)
34,078
1786

Space group
Unit cell parameters

Wavelength (Å)
Resolution range (Å)
Observed reflections
Unique reflections
Data completeness (%)
Redundancy
Rsym (%)
〈I/σI〉
Rwork (%)
Rfree (%)
Number of observations (total)
Number of observations for Rfree
RMSD
Bond lengths (Å)
Bond angles (°)
Mean temperature factor (Å2)
Number of protein residues
Number of protein atoms
Number of water atoms
Ramachandran statistics (%)
Most favoured regions
Allowed regions
Generously allowed regions
Disallowed regions
The values in parentheses are data for the high-resolution shell
(2.28-2.20 Å).

0.021
1.538
38.2
550
4356
232
90.5
9.1
0.2
0.2

2.3.3 The Structure of CmlS
2.3.3.1 The Overall Structure of CmlS
The overall shape of CmlS resembles that of a triangle with three lobes mounted above and
below a long central helix (Figure 2-9). CmlS belongs to an α/β superfamily of proteins that have
FAD/NAD(P)-binding domains which includes flavin-dependent monooxygenases (FMOs), the
closest structural homologues to flavin dependent halogenases (FDHs). The bound FAD lies in
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between the two lower lobes of the protein. The lower left lobe of the protein contains a β/β/α layer
architecture that is characteristic of the Rossmann fold. Rossmann folds are structural motifs that
are found in proteins that bind nucleotides. One of the highly conserved motifs of the FDHs,
GGGxxG, is present in the lower left lobe, connecting the first β-strand and α-helix in the Rossmann
fold, and the N-terminus of the α-helix points towards the pyrophosphate moiety of the bound FAD
to aid in charge compensation. The GGGxxG pattern in used to help identify FDH’s present in
biosynthetic gene clusters but does not appear to have an active role in the enzyme. A β-sheet
curves around the isoalloxazine ring of the FAD and contains a second highly conserved FDH motif
GWxWxIP. This motif serves as a part of the lining of the tunnel connecting the FAD binding
region to the halogenation active site. The structure of the C-terminal end of CmlS is distinct from
the structures of tryptophan halogenases (RebH, PrnA) and the tyrosine halogenase CndH, consistent
with the lack of sequence homology in this region. This domain (coloured in green) is mounted
directly above the main central helix and resembles an arch. This portion of the protein bears weak
resemblance to the DNA binding domain of RNA polymerase III (Protein Data Bank (PDB) ID
2yu3; Z=4.5, RMSD=2.8 Å) and a domain of type II methionine amino peptidase of unknown
function (PDB ID 1xgs; Z=4.3, RMSD=2.4 Å).
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Figure 2-9 The overall structure of CmlS with the FAD cofactor shown in green stick format
(indicated by arrow) as well as the N and C termini. The C-terminal domain is shown in green and
the highly conserved flavin-dependent monooxygenase domain is shown in red and blue.

2.3.3.2 Structural homologues of CmlS
CmlS shares the highest structural homology with CndH, a FDH responsible for the
chlorination of a tyrosine residue during the biosynthesis of chondrochloren15. Other high scoring
structural homologues include the tryptophan halogenases PrnA and RebH as well as parahydroxybenzoate hydroxylase, a flavin-dependent monooxygenase from P. fluorescens. Table 2-3
summarizes the DaliLite structural similarity scores for each of the homologues of CmlS, which are
compared in Figure 2-10. Most of the structural homology shared between these enzymes stems
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from the flavin monooxygenase domain displayed by PHBH. The GGGxxG motif is conserved in
all four of these enzymes but the GWxWxIP motif is lacking in PHBH. This motif is responsible for
FAD binding in the FDHs, and although PHBH also binds flavin, this difference in structure
suggests that there is a difference in mechanism involving flavin between the FDH and FMO family
of enzymes.

Table 2-3 CmlS structural homologues listing root mean square deviation and Z score for each of
the enzymes as computed by DaliLite.
Halogenase (PDB ID)
CndH (3d1t)
PrnA (2apg)
RebH (2oa1)
Para-hydroxybenzoate
hydroxylase (1pbe)

Z score
44.0
31.7
31.7

RMSD
2.0 Å
4.7 Å
3.3 Å

31.7

3.5 Å

Figure 2-10 CmlS structural homologues: RebH (PDB ID 2oa1), PrnA (PDB ID 2apg), PHBH
(PDB ID 1pbe), and CndH (PDB ID 3e1t). The conserved flavin-dependent monooxygenase
domain is shown in blue and red whereas the highly variable C-termini are highlighted in green.

40

A structure based amino-acid sequence alignment of CmlS, CndH (34% sequence identity), and
PrnA (14% sequence identity) was performed using ESPript12 as shown in Figure 2-9. This method
of alignment can identify residues that are conserved by virtue of their overlapping positions in
similar structures which would otherwise not be aligned using a pure sequence based alignment.
Using this figure a clearer comparison of active site residues can be made between CmlS and other
members of its family to see what kind of catalytic machinery is conserved.
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Figure 2-11 Structure based sequence alignment of CmlS (PDB code 3I3L) with CndH (PDB code
3E1T) and PrnA (PDB code 2APG). Secondary structures of CmlS are shown as helices, sheets or
turns. E44 and D277 are indicated with red arrowheads. Active site residues are shown with blue
arrowheads and the conserved Lys residue is highlighted with a green arrowhead. Conserved FDH
sequence motifs are underlined in green. The location for the insertion of the IFRRSV motif is
indicated with two black arrows

2.3.4 Interactions With the Flavin Cofactor
2.3.4.1 A Covalently Bound Flavin
All four of these homologues have FAD bound in the elongated form, similarly with CmlS,
and all contain a conserved Asp residue (D33 in CmlS) that hydrogen bonds to the ribose 2’hydroxyl of the adenosine moiety of the FAD cofactor. The strictly conserved E33 residue of CmlS
hydrogen bonds to the 2’-hydroxyl of the adenosine moiety of FAD while R39 forms another
hydrogen bond with the 3’-hydroxyl group of the same moiety. R35 makes a hydrogen bond with
the N7 of the adenosine moiety while D295 makes another hydrogen bond with the ribitol O3
hydroxyl. Oxygens of the pyrophosphate groups are stabilized by R41 and R107. Surprisingly, the
X-ray crystal structure revealed a covalent bond between D277 of CmlS and the 8α carbon of the
flavin ring (Figure 2-12). This is a unique flavin interaction amongst the FDH family, and indeed
amongst flavin enzymes in general. This bond was observed for both the SeMet labeled CmlS
structure and the native CmlS structure separately. The bond length between the carboxyl oxygen of
D277 and the 8α carbon of the flavin was measured to be 1.45 Å with a bond angle of 110.8°, which
is consistent with a covalent ester bond to a sp3 hybridized 8α carbon. To confirm that the bond was
not an artifact from modeling the protein an omit Fo – Fc map was created. In the figure below Fo is
representative of the observed density calculated from diffraction data. Fc on the other hand
represents the calculated map which is obtained from modeling done based on the observed map. A
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Fo – Fc map is a measure of how well the observed map corresponds to the calculated map after
multiple refinements have been performed (since a bias towards the calculated map is present). The
presence of introduced artifacts in the map would indicate that density has been forced into the
overall structure and corrections are necessary. Removal of FAD from the model followed by
refinement should, in this case, show positive density since it is observed by the diffraction data and
was not filled in by modeling. An omit Fo – Fc map differs slightly in that the FAD and Asp residues
were removed and a specific refinement was performed. Without the ligand and residue present
density for each was still clearly present, superimposing FAD and Asp over the density revealed that
they fit into the map perfectly.

Figure 2-12 Covalent attachment of FAD to D277 of CmlS. (a) The omit Fo – Fc electron density
map for FAD and D277, shown as a blue mesh. FAD and D277 were omitted for refinement and
electron density map calculations. (b) The Fo – Fc electron density map with the radius of 4 Å
around the covalent bond between D277 and FAD. (c) ChemDraw interpretation.

An overlay of CmlS and CndH, its closest structural homologue (Z = 44.0, RMSD = 2.1 Å), reveals
very strong similarity in this region of the structure, as well as an intriguing deviation (Figure 2-12).
In both proteins, the FAD molecules superimpose nearly perfectly. In CmlS, the covalently linked
D277 is followed by W278. These two residues lay in a 180° orientation to one another with the
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D277 bound flavin oriented towards the interior of the protein while W278 is exposed to the surface.
However, in CndH the FAD is not covalently bound and the equivalent residues, D285 and Y286,
still lay 180° to one another. In the case of CndH, however, the peptide backbone is flipped 180°
compared to in CmlS, with D285 pointing toward the solvent exposed surface and the aromatic ring
of tyrosine pointing toward the flavin ring moiety.

Figure 2-13 Structural alignment of the FAD binding region of CmlS (gray) and CndH (blue).
Residues for each are given with those of CndH in parentheses. The alignment was performed with
DaliLite and the figure prepared with PyMol.

A comparison between the sequences of a number of different FDHs reveals that there is a high
degree of conservation of the motif D(W/Y)SY, shown in blue in Figure 2-14.
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Figure 2-14 Sequence alignment of CmlS and other FDHs in the D277 range (indicated with a black
arrow). In parentheses is the first number of each sequence. Listed are as follow: CrpH (GenBank
accession no. ABM21576.1), StaI (GenBank Accesion no: AAM80532), PltA (GenBank Accesion
no: AAD24884), CndH (PDB ID 3E1T), Streptomyces roseochromogenes Chlohal (GenBank
accession no. AAN65237), Streptomyces sp. halo2544 (GenBank accession no. ABF82430), PrnA
(PDB ID 2AR8), RebH (PDB ID 2E4G), PrnC (GenBank accession no. AAY92872), and Pry16
(GenBank accession no. ABO15852).

This suggests that the covalent bond to FAD may be used by other FDHs at some point during their
reaction. Analysis of both CmlS and CndH suggests that the FAD cofactor may have a dynamic role
during the halogenation reaction. It is possible that the FAD could assume two different orientations
in CmlS, with one being as shown in Figure 2-13 and another with FAD exiting the binding cleft but
remaining bound at the surface of the protein.
2.3.4.2 Electrospray Ionization Mass Spectrometry of CmlS
The bond that is formed between D277 and FAD also exists when CmlS is in solution. An
ESI mass spectrum was taken of CmlS in water/acetonitrile 1:1 with 1% formic acid as shown in
Figure 2-15. A broad series of ions in high charge states (+55 to +80) were observed, which is
characteristic of an unfolded protein in the gas phase.
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Figure 2-15 ESI mass spectrum of CmlS. Charge states are shown above the major peak of series.
Red arrows indicate the ions of CmlS that are covalently bound to FAD. The inset is an expansion
of the +66 charge state with three ions observed: one for apo-CmlS missing the N-terminal
methionine, one for CmlS covalently attached to D-gluconate, and one for CmlS covalently
modified with FAD. Figure prepared by Dr. Zechel.

The two major ions correspond to masses of 66 318 ± 1 Da and 66 496 ± 1 Da, and are observed in
each charge state. The first mass, 66 318 ± 1 Da, corresponds very well to CmlS without its Nterminal methionine. It is quite probable that this derivative was formed through the action of
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methionine aminopeptidase during expression in E. coli. The second mass, 66 496 ± 1 Da
corresponds to CmlS without N-terminal methionine covalently linked to D-gluconate.

Figure 2-16 CmlS modified by gluconate through a bond to histidine.

This bond could be formed by one of the histidines of the N-terminal hexahistidine tag, which is a
common modification observed in proteins over-expressed in E. coli due to the accumulation of Dgluconolactone13. There is also another smaller yet very important peak observed in all of the
charged states but that stands out particularly well in the +65 and +66 states. The molecular mass
for this peak is 67 096 ± 50 Da, averaged over the +66 to +56 charge states. This mass corresponds
to CmlS missing its N-terminal methionine but with a covalently attached FAD molecule (66 318 +
785 – 2H = 67 101 Da). A similar peak for the gluconylated form of CmlS would be expected,
however, that peak appears to be overwhelmed by the ion in the following charge state. The
relatively low abundance of the CmlS-FAD peak may be the combination of two factors. First, the
pyrophosphate moiety of the bound FAD may inhibit ionization efficiency, as is commonly seen for
phosphorylated proteins14. Second, it is likely that the D277-FAD ester linkage is prone to
fragmentation under the ESI-MS conditions used here. Unfortunately, adjustment of the orifice
potential (which can effect ion fragmentation) of the ESI-MS instrument did not lead to an increase
in the abundance of this ion.
2.3.4.3 Chemical Denaturation of CmlS
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Another test to help prove the covalent FAD attachment in CmlS was to denature the
enzyme using a high concentration of the chaotropic salt guanidine hydrochloride (GdHCl). GdHCl
has the ability to interact with both polar and non-polar residues in proteins, resulting in the
disruption of structurally important H-bonds and the hydrophobic core, and ultimately affecting
unfolding. The UV-visible spectrum of CmlS denatured in GdHCl (6 M, pH 7.5) was taken and
absorbance maxima were found at 362 and 450 nm (Figure 2-17). This spectrum is similar to CmlS
in non-denaturing buffer as seen in Figure 2-6 except that there is a shift from a maxima at 375 nm
to 362 nm. The ratio of CmlS : FAD was determined to be 2:1 on a molar basis, calculated using the
extinction coefficients for CmlS and FAD at 280 nm and FAD at 450 nm in the presence of 6 M
GdHCl. The solution of denatured CmlS was then diluted and centrifuged back to its original
volume in an ultrafiltration device and another spectrum was recorded. This process was repeated a
second time, with all of the spectra displayed in Figure 2-17.

Figure 2-17 Absorbance spectra of CmlS denatured in GdHCl. The black continuous line is CmlS
(22 uM) in 6 M GdHCl. The dashed line represents the enzyme after it has been diluted 20 fold in
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GdHCl and concentrated in an ultra filtration device back to its original volume. The dotted line
represents the same sample after the process has been repeated a second time. Shown in red is a
sample of FAD (11 uM) in 6 M GdHCl.

Analysis of these spectra reveals that after the first ultrafiltration cycle the ratio of CmlS to FAD
increases slightly to 3:1. This suggests that there was some FAD present that was not covalently
bound which was then washed through the ultrafiltration membrane. After the second ultrafiltration
cycle there was another slight drop in the amount of FAD present and the ratio of CmlS to FAD
increased slightly to 3.6:1. A hypsochromic shift is observed for the near UV peak in these spectra
for the FAD that is bound to CmlS when compared to free FAD. As can be seen the λmax for free
FAD is 375 nm but for the FAD that is covalently bound to CmlS (after the first wash) there is a
significant shift in λmax to 353 nm. This shift is common among flavin rings substituted at the 8α
carbon10.
2.3.4.4 Over-Expression and Purification of CmlS D277N
CmlS D277N was expressed and purified in the exact same manner as describe for CmlS
WT. Over-expression was perfomed using the BL21(DE3) strain of E. coli. Soluble protein was
purified over a Ni-NTA column (Figure 2-18 (A)) and the fractions containing protein were
analyzed via SDS-PAGE (Figure 2-18 (B)).
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Figure 2-18 Purification of CmlS D277N. (a) FPLC chromatogram using an imidazole gradient to
elute protein shows fractions containing CmlS D277N. Absorbance was measured at 280 nm in
arbitrary units. (b) 12% SDS-PAGE analysis of CmlS D277N. Molecular weight standards (in kDa)
from Fermentas SM0431. Lane 1: Load fraction containing CmlS. Lane 2: Flow through fraction
after loading on Ni-NTA column. Lane 3: Insoluble cell pellet containing CmlS D277N. Lane 4 - 8:
Eluted fractions from FPLC containing CmlS D277N.

2.3.4.5 Chemical Denaturation of CmlS D277N
With the Asp residue mutated to Asn in CmlS the same denaturation experiment was
performed as a final confirmation of the covalent nature of the bond with FAD. The D277N mutant
was denatured in 6 M GdHCl and a spectrum was taken. The mutant form of CmlS co-purified with
nearly the same amount of FAD as wild-type (CmlS : FAD ratio of 1.8:1). This indicates that, while
a covalent bond is no longer possible, there is still significant non-covalent affinity between CmlS
and FAD to have it co-purify in that amount. However, unlike the wild-type enzyme, when the
D277N mutant was denatured in GdHCl and ‘washed’ by ultrafiltration, the FAD is efficiently
removed (Figure 2-19), as is expected for a non-covalently bound co-factor.
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Figure 2-19 UV-visible spectra of denatured CmlS D277N. The black continuous line is CmlS
D277N (4.6 uM) in 6 M GdHCl. The dashed line represents the enzyme after it has been diluted 20
fold and concentrated in an ultra filtration device back to its original volume. Shown in red is a
sample of FAD (11 uM) in 6 M GdHCl.

Closer investigation of this spectrum reveals that the hypsochromic shift that was present for the
covalently bound FAD in CmlS WT is no longer present with the D277N mutant, consistent with a
flavin ring that has not been covalently modified at the 8α carbon.
2.3.5 The Active Site of CmlS
2.3.5.1 The Active Site of CmlS
The active site of CmlS is particularly hydrophobic as can be seen from all of the residues
lining it in Figure 2-20. The exception is Y350 which has its hydroxyl group pointed into the cavity
of the active site.
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Figure 2-20 Proposed CmlS active site with the ChemDraw interpretation added for clarity.

Also present near the active site is H309, which has the potential to act as a general base to catalyze
the chlorination reaction. If the preferred substrate of CmlS was one of the free small acids there
would be a greater need for a general base to help form an enolate in the active site since the pKa of
these molecules is relatively high compared to those of their corresponding thioesters. One issue
with this however, is that due to the presence of G564, which is part of the C-terminus blocking the
active site, H309 is pushed away from the active site. If indeed there is some conformational shift in
CmlS that removes the C-terminus from the active site to allow substrates to enter, then it is possible
that, associated with that shift, H309 moves closer to the active site to act as a general base. The
active site of CmlS is nearly identical to that of CndH as can be seen in Figure 2-21.
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Figure 2-21 Overlay of the active site of CmlS (gray) and CndH (blue). CndH residues are
numbered in brackets with chem draw interpretation added for clarity.

The major distinction between the active site of these two enzymes is the presence of Y350 in CmlS
as opposed to F358 in CndH. This polar functional group may play an important role in catalysis as
will be discussed later on.
2.3.5.2 Blocking of the Halogenation Active Site by the C-terminus
Upon inspection of the overall structure of CmlS it was observed that the C-terminus of the
protein (residues 546 to 566) forms a random coil (Figure 2-9) which ends up blocking substrate
access to the proposed halogenation active site (Figure 2-22).
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Figure 2-22 The active site of CmlS from the perspective of an approaching substrate. (a)
Electrostatic surface model of CmlS showing blocked access to the halogenation active site by the
C-terminus shown in blue. (b) Surface model of the final five residues of the C-terminus which
compose the “plug” that blocks access by substrates. (c) View of the key lysine residue as well as
the C-terminal residues. (d) Surface model of CmlS showing access to the active site if the final five
residues were removed.

What is interesting is the number of interactions that this random coil has with the rest of the protein
on the way into the active site. Hydrophobic contacts are made through V554 and V556 with α13
and α16. H-bonds are formed between the carbonyl of Q557 and the indole NH of W442 as well as
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the carbonyl of F555 and R449. F562 forms a plug to the active site. At some point during catalysis
the C-terminus must be removed to allow substrate access to the halogenation machinery present in
the active site. Given that the C-terminus is believed to dictate substrate specificity among FDHs, an
interesting concept with regards to CmlS is that some kind of substrate binding/recognition event
may be necessary before the C-terminal end of the protein moves to allow access to the active site.

2.4 Discussion
2.4.1 The Structure of CmlS and Substrate Specificity
As can be seen from Figure 2-9 and Figure 2-11, the structure of CmlS reveals that there is
very little structural homology in the C-terminal domains of the FDHs. However, the flavindependent monooxygenase domain, which contains the halogenation active site, is clearly shared by
the FDHs. It is clear from these structures that the C-terminal region of each FDH reflects their
varying substrate specifity. As made clear by the structures of PrnA and PyrH (the latter structure
was published during our work with CmlS)27, the C-termini also largely controls the regioselectivity
of halogenation. The elucidation of the structure of CndH in 2009 brought to light the existence of
two separate groups of FDHs15: variant A that act upon free small molecules (such as the tryptophan
halogenases) and variant B that halogenate a substrate bound to a acyl carrier protein as a thioester
(such as CndH). Variant B enzymes have less defined and more open C-termini to allow for the
steric constraints that would accompany having to interact with an acyl carrier protein. Such acyl
carrier proteins bind substrates covalently as thioesters with a phosphopantethiene linker which is
used to deliver substrates (particularly unstable ones) to the active sites of the other enzyme involved
in a particular biosynthetic pathway. However, since the phosphopantethiene arm of the acyl carrier
protein is not particularly long there will be steric interactions between the two proteins which are
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necessary to trigger catalysis in a given enzyme (see SgcC3 for example, which will not halogenate
free tyrosine16).

Figure 2-23 Phosphoantethiene arm of an acyl carrier protein which would carry substrates.

By contrast, the C-terminus of CmlS is well-defined and sterically occluded. Indeed, the substrate
must enter a T shaped tunnel to reach the active site. The X-ray structure therefore suggests that
CmlS is a variant A halogenase, which would act upon a free small molecule. However, it is not
possible from the structure alone to exclude that CmlS is a variant B halogenase, like CndH, and a
more ordered form of the C-terminus was generated under our crystallization conditions.
2.4.2 A Covalently Bound Flavin
The results from mass spectrometry as well as chemical denaturation of both the wild-type
and mutant enzyme are consistent with the observation that CmlS is modified by a covalent linkage
to FAD. This represents a new type of post-translational modification of a protein. There are other
known flavin-dependent enzymes that are covalently bound to the 8α carbon of the flavin ring,
however these covalent bonds are formed through the attachment of histidine, cysteine, or tyrosine
side chains17.
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Figure 2-24 Structures of other covalent bonds to the 8α carbon of FAD by monoamine oxidase B
(Cys), vanillyl alcohol oxidase (His), and p-cresol methylhydroxylase (Tyr).17.

There have been no previous reports of an ester linkage to Asp or Glu. The reaction to form the
covalent attachment is believed to operate autocatalytically and reversibly with the iminoquinone
methide tautomer of the oxidized flavin ring17 as seen in Figure 2-25.

Figure 2-25 Autocatalytic formation of the covalent bond between D277 and FAD.

It is possible to imagine a number of different intermediate states for the bound and unbound form of
FAD when considering the similarities between CmlS and CndH. The FAD that is present in the
RebH active site was seen in a number of different states leading up to the formation of the
FAD(C4α)-OOH intermediate18. This dynamic nature could well explain why the X-ray crystal
structure captured CmlS in a covalently bound form while CndH was not. The D277 residue of
CmlS is highly conserved in a large subset of the FDH family, suggesting that covalent attachment
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may be used by these enzymes as well. A key question arising from this work is what role a
covalently attached flavin might play in catalysis. It is known that electron-withdrawing groups
attached to the 8α carbon of flavin rings increase their redox potential, a feature that is also observed
when proteins are covalently attached to FAD17.
Table 2-4 Redox potentials of various enzymes covalently bound to the C8α of FAD. The enzymes
are as follows: vanillyl alcohol oxidase (PDB ID 1VAO), p-cresol methylhydroxylase (PDB ID
1WVE), cholesterol oxidase (PDB ID 1I19), glucooligosaccharide oxidase (PDB ID 1ZR6).
Enzyme
VAO
PCMH
CholO
GOOX

Type of
Covalent
Bond
His-C8α
Asp-C8α
Trp-C8α
Tyr-C8α

Redox Potential of
covalently bound
FAD (mV)
+55
+84
-101
+126

Redox Potential of FAD
(mutated to remove covalent
bond) (mV)
-65
+47
-204
+61

The covalent bond to D277 would serve to make FADH2 a weaker reducing agent and to make the
FAD(C4α)-OOH intermediate a more effective oxidant of halides. However, ‘redox tuning’ is not
essential to the action of FDHs as can be seen with the tryptophan halogenases, since they do not
have a covalently-bound FAD but are still able to perform chlorination. An alternative reason for
the evolution of this covalent bond is the benefit of keeping FAD close to the active site of the
protein so that once it is reduced to FADH2 by a flavin-reducase it can be sequestered into the
binding pocket. Stopped-flow kinetic analysis of RebH showed that FADH2 must bind to the
enzyme before reducing O2 to form the FAD(C4α)-OOH intermediate18. Autooxidation of FADH2
prior to binding by the enzyme dramatically affects the yields of RebH18, 19. By forming a covalent
bond with this cofactor and allowing it to switch its conformation from ‘in’, where the FAD is kept
inside the binding cleft away from bulk solvent, to ‘out’, where the FAD is exposed to the surface of
the protein where it could interact with a flavin-reductase, the rate of autooxidation could be
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reduced. Comparing the structures of CndH and CmlS in Figure 2-13 shows what the ‘in’ and ‘out’
conformation of the enzymes could look like.
2.4.3 The Active Site of CmlS
The hydrophobic halogenation active site of CmlS is virtually identical to that of CndH
(Figure 2-21), despite the very different reactions carried out by these enzymes (halogenation of an
alkyl group vs a phenolic group). If CmlS acts upon an acyl group through an enolate intermediate,
we can expect residues in the active site which can stabilize negative charge development on the
carbonyl oxygen (Figure 2-26).

Figure 2-26 Proposed reaction mechanism for CmlS acting upon carboxylic acids or their
corresponding thioesters.

Intriguingly, the one notable exception to the hydrophobic nature of the active site is the hydroxyl
group of Y350 (Figure 2-20), which may help to provide this postulated stabilizing role (Figure
2-27).
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Figure 2-27 Stabilization of an enolate formed in the active site of CmlS by Y350.

There may be a need for a general base to be present in the active site in order to help the intial
deprotonation, however, depending on what substrates CmlS acts upon, there may be no need for
this general base since some of the possible dicarbonyl substrates and their corresponding thioesters
have relatively low pKa’s.
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Table 2-5 pKa values of acetyl substrates and corresponding thioesters of CmlS20, 21.
Substrate

pKa
33.5

11
13.5
21
8.5
9.5

When the active sites of CmlS and RebH are compared some striking differences are observed. Of
particular note when comparing these two active sites is that CmlS is missing the Glu and stabilizing
His residues (E357, H109 and H406) that are critical for catalysis in RebH22. Instead CmlS has three
Phe residues at these locations conforming to its hydrophobic trend. In the tryptophan halogenases
the negatively charged Glu side chain is thought to assist stabilization of the Wheland intermediate
that is formed during the chlorination of tryptophan (see Figure 1-9). The CmlS halogenation active
site contains the strictly conserved lysine residue, K71, which is believed to direct chlorination
through the formation of a stable chloramine intermediate once HOCl has been produced23. A
tunnel is observed connecting the flavin ring of FAD to K71 that likely guides the HOCl formed at
the flavin ring to the Lys residue. An interesting feature of the tunnel is that water molecules form
an uninterrupted H-bond network that could, aided by a key residue, function as a general acid in
either the FAD binding site or the halogenation active site. Intriguingly, the strictly conserved
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residue E44 is situated at the beginning of the tunnel at the solvent exposed surface of CmlS. There
are three potential roles for this highly conserved residue. First, because the chloramine
intermediate is likely to exist in its neutral form at pH 7 (because the pKa of RNH2Cl+ is
approximately ~ 024), E44 could act as a remote general acid to deliver a proton to the amine leaving
group of K71 by acting through a relay with water molecules within the tunnel. General acid
catalysis during the chlorination transition state would help stabilize the unfavourable nitranion
leaving group (pKaLG = 3024). It is known that chloramines require either a specific or general acid
catalyst for halogenation depending on the strength of the nucleophile24 (Figure 2-28).

Figure 2-28 Mechanism for nucleophilic substitution reactions of N-chloramines with varying
nucleophilicity.

The second role that E44 could play would be to protonate the proximal oxygen of the FAD(C4α)OOH intermediate, thereby making it a better leaving group for when chloride ion attacks it to
produce HOCl. In haloperoxidases a similar role for general acid catalysis has been proposed25, 26.
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Figure 2-29 Proposed general acid catalysis in haloperoxidase activity.

In PyrH, mutation of this residue (E46) reduced kcat 60-fold27 showing that this residue plays an
important role in catalysis. This data is consistent with general acid catalysis occurring during the
rate-determining step, which is substrate chlorination for RebH18. Thirdly, this residue resides on a
highly mobile loop (as seen in structures of RebH and PrnA22, 28, with the conformation of this loop
dependent upon substrate being in the active site as well as FAD being in the flavin-binding site23, 27.
So there is also a strong possibility that this conserved Glu residue may play an important role in
flavin binding, rather than general acid catalysis.
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Chapter 3
Characterization of CmlK from the Chloramphenicol Biosynthetic
Pathway of S. venezuelae
3.1 Introduction
One of the most important unanswered questions concerning CmlS is the structure of its
substrate. Genetic studies on the chloramphenicol producing strain Streptomyces venezuelae
revealed that the ΔcmlK resulted in the production of corynecins (Figure 2-2). Clearly CmlK is
critical for the installation of the dichloroacetyl group. CmlK has sequence homology with acyl-CoA
synthetases, a class of enzyme which activate carboxylic acids by reaction with ATP to form an
acyl-adenylate, followed by attack by CoA to form acyl-CoA thioester1. The question is then at
what point does CmlS dichlorinate the acyl group. In the first scenario CmlK would generate a
specific acyl-CoA that is the substrate for CmlS.

Figure 3-1 CmlK as an acyl-CoA synthetase which generates the substrate for CmlS.

In this scenario the ΔcmlK strain of S. venezuelae would fail to see the addition of a dichloroacetyl
moiety onto chloramphenicol due to the lack of substrate being supplied to CmlS. In the second
scenario CmlS would act upon carboxylic acid to form dichloroacetic acid. If this second scenario
proved to be accurate then CmlK would be responsible for converting dichloroacetic acid into its
corresponding thioester so that CmlG could then transfer it onto the amino group of the
chloramphenicol precursor.
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Figure 3-2 CmlS converting a carboxylic acid into dichloroacetate which is then transferred by
CmlK to CoA.

Once again, the ΔcmlK strain of S. venezuelae would fail to transfer a dichloroacetyl group onto
chloramphenicol resulting in the formation of corynecins. Since CmlK plays such a vital role in the
incorporation of the dichloroacetyl moiety of chloramphenicol, efforts were made to express and
purify this enzyme so that its substrate specificity could be determined, which would in turn help
determine the likely substrate for CmlS.

3.2 Experimental Procedures and Methods
3.2.1 Materials
General chemicals, molecular biology, microbiology, and protein purification materials were
obtained as described in chapter 2.
3.2.2 Cloning of the Acyl Adenylate Synthetase Gene cmlK
The gene cmlK was PCR amplified directly from a frozen cell stock of Streptomyces
venezuelae (originally provided by Professors David Jakeman and Leo Vining, Dept. of
Pharmacology, Dalhousie University) with the primers 5’GGCAGCCATATGCGCGACGAACTGCTGCGAAG-3’ (NdeI site shown in bold) 5’GGCCGCAAGCTTTCACTCCTCGTCGGCGCCC-3’ (HindIII site shown in bold). HercII
polymerase (Stratagene) was used with the following PCR program: 97°C for 5 min., 29 × (97°C for
30 s, 61°C for 30 s, 72°C for 75 s), 72°C for 5 min. The 1440 bp PCR product was digested with
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NdeI and HindIII at 37°C for 2 hours. The digested product was then set to ligate into a pET-28a
vector that had been digested similarly. The ligations were allowed to run for 16 hours at 16°C
using T4 DNA ligase (New England Biolabs). The ligation mixture (denatured at 65°C for 10
minutes) was then used to transform XL1-Blue cells that were grown at 37°C overnight on LB plates
that contained 1% glucose and 50 µg/mL kanamycin. Individual colonies were then used to
inoculate 5 mL of LB media containing 1% glucose and 50 µg/mL kanamycin. The cultures were
grown overnight at 37°C in an air shaker (250 rpm). The DNA from these saturated cultures was
then harvested using NucleoSpin® plasmid DNA preparation kits. Restriction digests were
performed on the purified DNA using NdeI and HindIII enzymes to make sure an insert of the
correct size (1440 bp) was present in the vector. Clones having the correctly sized insert were then
sent for sequencing to Robarts Research Institute using the T7 forward and T7 terminator reverse
primers supplied by Robarts as well as an internal primer for CmlK: 5’CTCTTCCTCGACCGGAACGTCG-3’ to be certain that there were no mutations present in the
gene.
3.2.3 Expression and Purification of CmlK
pET-28a-cmlK was used to transform heat shock competent BL21(DE3) cells on LB plates
containing 1% glucose and 50 µg/mL kanamycin overnight at 37°C. Colonies were picked off of
successfully transformed plates and used to inoculate 5 mL of LB media that contained 1% glucose
and 50 µg/mL kanamycin. These cultures were grown overnight at 37°C in an air incubator with
shaking at 225 rpm. A 500 mL culture of LB, 1% glucose, 50 ug/mL kanamycin was then
inoculated with a saturated overnight culture, then incubated at 37°C in an air shaker at 225 rpm.
The optical density (OD600) of the culture was monitored and once it reached a value of ~0.6 the
culture was induced with 0.5 mM IPTG and set to shake for 24 hours at 20°C and 225 rpm. The
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culture was then harvested by centrifugation at 3000 rpm, 4°C for 20 minutes. The supernatant was
removed and the remaining cell pellet was stored at -20°C until further use. Frozen cell pellets were
then re-suspended in 50 mM Tris, 10 mM imidazole, 300 mM NaCl pH 7.5 and the cells lysed using
two passes through an EmulsiFlex C5 cell homogenizer (Avestin) at 10 – 15 K psi. Lysate was then
centrifuged at 40 000 g for 30 minutes at 4°C. The supernatant was then removed and the remaining
insoluble cell pellet was resuspended in 50 mM Tris, 10 mM imidazole, 300 mM NaCl and 8 M
urea, pH 7.5. The resuspended cell pellet was allowed to mix for 1 hour at room temperature at
which point it was set to centrifuge at 40 000 g for 30 minutes at 4°C. The supernatant was then
collected and loaded onto a Ni-NTA gravity column (2 mL). The flow through was collected and
passed over the column another two times to ensure that all of the protein was bound to the resin.
The column was then washed with 10 volumes of 50 mM Tris, 10 mM imidazole, 300 mM NaCl and
8 M urea pH 7.5. After the washing step the protein is eluted using 10 column volumes of 50 mM
tris, 300 mM imidazole, 300 mM NaCl, and 8 M urea, pH 7.5. The eluted fractions were analyzed
by SDS-PAGE with Coomasie Blue (G-250) staining. Fractions showing purified protein were
pooled (~5 mL) then dialyzed overnight in 3 L of 50 mM Tris, 2 mM DTT, and 50 mM NaCl pH 7.0
buffer at 4ºC using Snakeskin dialysis tubing. The gradual dilution of urea allowed CmlK to
potentially refold to its active form. The concentration of CmlK was determined from the
absorbance of solutions at 280 nm (A280) and the calculated extinction coefficient of the protein (ε280
= 23 380 M-1 cm-1). The extinction coefficient was calculated using the ProtParam tool on the
ExPASy website (http://ca.expasy.org/tools/protparam.html)2. Glycerol was added to CmlK in
dialysis buffer (50% v/v) and aliquots were flash frozen in liquid nitrogen for storage at -80°C. For
gel filtration analysis, a 30 mL column (TricornTM 10/300 column packed with prep-grade Superdex
S-200 resin, GE Healthcare) was employed. The column was equilibrated with 5 column volumes
of 50 mM Tris and 150 mM NaCl, pH 7.5, at 1 mL min-1. The standards used for calibration of the
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column are as follows: blue dextran (2 mg/mL, 2000 kDa), β-amylase (4 mg/mL, 200 kDa), alcohol
dehydrogenase (5 mg/mL, 150 kDa), albumin bovine serum (10 mg/mL, 66 kDa), carbonic
anhydrase (3 mg/mL, 29 kDa), and cytochrome C (2 mg/mL, 12.4 kDa). All standards were
obtained from Sigma. Each standard was run through the column at a rate of 1 mL min-1. CmlK was
then diluted to a concentration of 1 mg/mL and injected onto the column and run through at a rate of
1 mL min-1 in the same buffer as listed above. The absorbance of the eluent was monitored at a
wavelength of 280 nm.
3.2.4 Circular Dichroism Spectroscopy of CmlK
For CD spectroscopic analysis chloride had to be removed from the buffer since it absorbs
in the far-UV region of the spectra which contains pertinent information on folding of a protein. To
accomplish this, aliquots of CmlK were dialyzed twice into 50 mM sodium phosphate, 0.5 mM
TCEP, pH 7.5. The protein was brought to a concentration of 1 mg/mL, as measured by A280, and
submitted to the Protein Function Discovery lab at Queen’s University where Kim Munro performed
all of the analyses on a Chirascan Circular Dichroism Spectrometer (Applied Photophysics Ltd.,
Leatherhead, Surrey, U.K.). Data processing was performed using the Pro-data Suite software
program (version 4.1.1., Applied Photophysics Ltd.). Deconvolution of the CD spectra were the
done using the OLIS Spectral Works Software (version 4.3, On-Line Instrument Systems, Inc.,
Bogart, Georgia) using the CONTILL algorithm. The advance protein secondary structure
prediction server (APSSPS)3 available through the ExPASy website (http://expasy.org/tools/) was
used as a tool to compare predictions based on the amino acid sequence with the results derived
from the CD-spectrum. As well the protein homology recognition software (Phyre)4, also available
through the ExPASy website, was used to predict the tertiary structure of CmlK as well as its
secondary structure. The use of either server simply requires the input of the amino acid sequence of
the protein under study to perform the requested tasks.
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3.2.5 Activity Assays
3.2.5.1 Activity Assays of CmlK with Carboxylic Acids
The in vitro assay solution 10 µM CmlK, 1 mM CoA, 15 mM MgCl2, 1 mM carboxylic acid
and 5 mM ATP in 50 mM Tris, 2 mM DTT, 50 mM NaCl pH 7.5. All of the reactions components
were added and mixed and the final component to be added was enzyme. The final volume of each
reaction was brought to 500 µL with buffer and the reactions were allowed to proceed at room
temperature for 18 hours. 50 µL aliquots were taken out at different time points and stored at -20°C.
Aliquots were then thawed on ice for analysis and the protein was removed by centrifugation
through an Amicon Ultra filtration device (3000 Da MWCO). These samples then underwent HPLC
and MALDI mass spectrometry analysis.
3.2.5.2 HPLC of CmlK Reactions
Reverse phase HPLC was employed to analyze the contents of each aliquot of each reaction
to see whether or not there was any turnover from starting material to product. A Waters Nova-Pak
C18 column (3.9 x 150 mm) was attached to a Waters 2695 Separations Module coupled to a Waters
2996 Photodiode Array Detector for analysis. Samples were resolved using a gradient scheme.
Buffer 1 was composed of 100 mM Na phosphate and 75 mM Na acetate at pH 4.6. Buffer 2 was
made up of 60% HPLC grade MeOH and 40% Buffer 1. Buffers were degassed (and filtered
through a 0.45 µm membrane) before being used on the HPLC system. The buffer composition was
varied during analysis as follows: 0 - 10 minutes at 90% buffer 1; from 10 – 28 minutes buffer 1
decreased from 90% to 10%; 28 – 39 minutes buffer 1 was held constant at 10%; and finally from 39
– 40 buffer 1 was held constant at 90%. The column was allowed to equilibrate between runs for 3
minutes to ensure that the composition in the column had returned to the starting mobile phase
concentration. The software used to run the equipment and analyze chromatograms was the
Empower 2 Pro Software version 6.0 from Waters Corp.
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3.2.5.3 MALDI Mass Spectrometry of CmlK Reactions
Aliquots of each reaction of CmlK were submitted to the Protein Function Discovery (PFD)
lab at Queen’s University for analysis by MALDI mass spectrometry by Dave McCleod. The
instrument used was a SCIEX Voyager DE Pro MALDI-TOF running in positive ion reflector mode
using dihydroxybenzoic acid as a matrix.

3.3 Results
3.3.1 Cloning of the cmlK Gene
Cloning the cmlK gene was not straightforward as it was discovered that the sequence
deposited in GenBank (Accession no. AAM01214.1) was incorrect. A basic local alignment search
tool (BLAST)5, available online (http://expasy.org/tools/blast/), revealed a number of other
adenylating enzymes similar to CmlK marked by a major discrepancy. Approximately 40 to 50
amino acids appear to be missing from the N- and C-termini of the CmlK sequence provided online
as seen in the following sequence alignment. Further complicating this issue was that the published
DNA sequence for this region of the chloramphenicol operon in Streptomyces venezuelae (accession
AY026946) was missing the sequence encoding the N-terminus of CmlK.
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Figure 3-3 Sequence alignment of CmlK and homolgous enzymes. CmlK from S. venezuelae
(Accession no. 19882275), CmlK from Micromonospora (Accession no. 238064332), AMPdependent synthetase from D. desulfuricans (Accession no. 291278788), AMP-dependent synthetase
from C. jejuni (153951487) AMP-dependent synthetase from Roseiflexus (Accession no.
148655279), and AMP-dependent sythetase from R. castenzolzii (Accession no. 156743889) are
shown in that order. Alignment was performed using ClustalW and percentage sequence identity are
provided in parentheses at the beginning of the alignment.

Thankfully, Professor Mervyn Bibb of the John Innes Centre in the U.K. was in the process of
sequencing the entire S. venezuelae genome and was kind enough to provide the full sequence for
cmlK. With the new and corrected sequence, primers were designed to clone cmlK into a pET-28a
vector. The 1440 bp insert was amplified successfully from the S. venezuelae genome and was
cloned into pET-28a vector without any mutations present in the gene.
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Figure 3-4 Corrected amino acid sequence and corresponding gene sequence of CmlK
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3.3.2 Expression and Purification of CmlK
CmlK was expressed in high yield as an N-terminal hexahistidine tagged protein in E. coli.
However, it was found that CmlK did not express in the soluble fraction under a number of different
conditions (e.g. varying IPTG concentration, altering pre and post induction incubation
temperatures) so alternate means were necessary to obtain purified protein. Denaturing purification
conditions were found to yield CmlK in great quantities. Ni-NTA resin was loaded into a gravity
column and the cell pellet of a CmlK culture, which had been dissolved in buffer with a high
concentration of urea (8 M), was then loaded onto the column. Subsequent washing and elution
steps afforded CmlK in good yield and high purity as can be seen in Figure 3-5.

Figure 3-5 12% SDS-PAGE of CmlK. Molecular weight standards (in kDa) from Fermentas
SM0431. Lane 1: Load fraction containing CmlK. Lane 2 - 4: Flow through fractions after
successive loadings onto Ni-NTA column. Lane 5 - 10: Eluted fractions containing CmlK.

The purified fractions of CmlK contained a high concentration of urea yielding protein in an
unfolded state. To promote refolding, the collected fractions were set to dialyze into buffer that did
not contain urea. CmlK appeared to refold quite efficiently. No precipitate appeared in the dialysis
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tubing once it had been left to stir overnight, which was a good indication that the protein had not
misfolded leaving an insoluble mass. Buffer conditions that favour the storage of CmlK were as
follows: 50 mM Tris, 2 mM DTT, and 50 mM NaCl pH 7.5. CmlK was run over an analytical gel
filtration column to determine its oligomeric state in solution. The enzyme was brought to a
concentration of 1 mg/mL and run over the column at a flow rate of 1 mL min-1.

Figure 3-6 Analytical size exclusion chromatogram of CmlK. Absorbance is monitored at 280 nm.
Listed in numbers are the standards used to calibrate the column. Vo is Blue Dextran (2000 kDa), 1
is β-amylase (200 kDa), 2 is Alcohol dehydrogenase (150 kDa), 3 is bovine serum albumin (66
kDa), 4 is Carbonic anhydrase (29 kDa), 5 is Cyctochrome C (12.4 kDa). Cmlk elutes at 8.61 mL,
which is in the void volume. CmlK has a mass of 59.4 kDa, so it is expected to elute at ~15.7 mL.

As can be seen in Figure 3-6 CmlK elutes in the void volume of the column. This means that the
protein does not exist in monomeric form in solution but rather most likely as a very large oligomer
or as a soluble aggregate. There is also the possibility that CmlK requires the presence of another
enzyme, such as CmlS, to complex with so that it can exist in solution without aggregation. The two
enzymes could work complementary to one another in solution to form dichloroacetyl-CoA.
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Another analytical size exclusion chromatogram was run of CmlS and CmlK after they had been
incubated together at 1 mg/mL at 4°C and run over the column at 1 mL min-1.

Figure 3-7 Analytical gel filtration chromatogram of CmlK and CmlS. Absorbance is monitored at
280 nm in arbitrary units. The standards used to calibrate the column are as follows: Vo is Blue
Dextran (2000 kDa), 1 is β-amylase (200 kDa), 2 is Alcohol dehydrogenase (150 kDa), 3 is Albumin
bovine serum (66 kDa), 4 is Carbonic anhydrase (29 kDa), 5 is Cyctochrome C (12.4 kDa). A
complex of CmlS and CmlK would be expected to have a mass of 122.1 kDa and to eluted at ~13.6
mL.

CmlK alone is expected to elute at a volume of 15.7 mL and CmlS at 15.1 mL. If the two were to
form a complex it would have a mass of 122 kDa and be expected at a volume of ~13.6 mL. What
can be seen in Figure 3-7 is that there are two large distinct peaks for each of the proteins
individually (CmlK in the void volume and CmlS at 15.4 mL) but no peak for a complex between
both. It appears as though CmlK does not share any interactions with CmlS in solution and does not
seem to exist as anything other than a larger aggregate.
3.3.3 Circular Dichroism of CmlK
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Circular dichroism spectroscopy was used to investigate the nature of the secondary
structure of refolded CmlK. Once the denaturing agent was removed the protein solution did not
appear to have any precipitate, which led to the belief that the protein was refolded and still soluble.
If CmlK were to refold improperly while the urea was being removed it would be expected that it
would not remain soluble and would precipitate. However, the simple lack of precipitate was not
conclusive enough to assume proper reconstitution of CmlK so the CD trials were performed.
Figure 3-8 displays the spectrum for CmlK and the presence of the two maxima (at 195 nm and
255nm) and a minimum (~215 nm) indicates the presence α-helices, β-sheets, and random coils as
opposed to unfolded protein.

Figure 3-8 Far-UV circular dichroism spectrum of CmlK.

Based on the analysis of the spectra using the CONTILL program, refolded CmlK is
estimated to be composed of 14% α-helices, 31% β-strands, 20% β-turns, and 35% random coils.
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Using the APSSPS tool on the ExPASy website the predicted values for CmlK’s secondary structure
were 33% α-helices, 21 % β-strands, and 46% random coils. APSSPS uses a neural network based
on a multiple sequence alignment generated by PSIBLAST combined with a modified version of the
example based learning technique to generate the predicted structure. The Phyre server was used as
a second method of predicting the secondary structure of CmlK. Phyre uses three independent
secondary structure prediction servers to produce one final consensus prediction. The Phyre server
produced values of 33 % α-helices, 22 % β-strands, and 45% random coil for CmlK, which are in
very close agreement with the prediction from APSSPS. Both the Phyre and APSSPS programs
only provide results in three separate categories and so in order to compare these results with those
obtained from CD spectroscopy the β-sheets and β-turns from CD should be considered together as
β-strands leaving final results of 14% α-helices, 51% β-strands, and 35% random coils. While the
predicted values may agree quite well with one another, they do not agree very well with those
generated through CD spectroscopy. The Phyre server also predicts the tertiary structure of a protein
by using existing structures of enzymes that share homology with the protein under study as a
template for the new structure. Three enzymes shared homology to CmlK; benzoate CoA ligase
(PDB ID 2v7b), human acyl-CoA synthetase (PDB ID 3c5e), and firefly luciferase (PDB ID 2d1r).
Of these three enzymes benzoate CoA ligase shared the highest sequence identity at 22% followed
by luciferase with 19% and acyl-CoA synthetase with 17%. The Phyre server was used to predict
the 3-D structure of CmlK based on of each of these three existing structures. Only the structure
based off of benzoate CoA ligase is shown in Figure 3-9.
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Figure 3-9 Predicted structure of CmlK using Phyre and benzoate CoA ligase (PDB ID 2v7b) as a
template.

It should be noted that the secondary structure of CmlK shown in Figure 3-9 is based on the
predicted values from the Phyre program and so are not very similar to those found through CD
spectroscopy.
3.3.4 Assaying the Activity of CmlK
3.3.4.1 HPLC Analysis of Reactions

As a predicted acyl-CoA synthetase, CmlK is expected to esterify a carboxylic acid with ATP to
form an acyl adenylate. Subsequently, this activated acyl group would be transferred to the free
thiol of coenzyme A (CoA) to form the corresponding acyl-CoA. The first reaction performed was
with sodium acetate. As can be seen in Figure 3-11, HPLC analysis of aliquots removed over 18 hrs,
the peak that corresponds to AcCoA is not observed.
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Figure 3-10 HPLC chromatogram of AcCoA standard.

Figure 3-11 HPLC chromatogram of CmlK and acetate monitored at 260 nm. Time points after 1
hour and 18 hours are overlayed.

85

It is possible that the acyl adenylate formed and simply did not react with CoA. AMP and ATP both
elute at the very beginning of the gradient that was used on the HPLC as would the polar acyl
adenylate, therefore this method of analysis is not sufficient to differentiate between them. The
second carboxylic acid to be tested with CmlK was dichloroacetic acid. It is possible that CmlK
operates after CmlS in the biosynthesis of chloramphenicol by transferring a dichloroacetyl group
onto CoA through an adenylate intermediate. The HPLC chromatogram displayed in Figure 3-13
shows CoA over the course of the reaction without any conversion to product.

Figure 3-12 HPLC chromatogram of a standard of DCACoA.
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Figure 3-13 HPLC chromatogram of CmlK and dichloroacetic acid monitored at 260 nm. Time
points after 1 hour and 18 hours are overlayed.

Again, the expected product peak (dichloroacetyl CoA) does not appear over the course of the
experiment. Acetoacetate was also reacted with CmlK to potentially form acetoacetyl CoA. The
HPLC chromatogram is displayed in Figure 3-15.
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Figure 3-14 Standard HPLC chromatogram of AcAcCoA.

Figure 3-15 HPLC chromatogram of aliquots from the reaction of CmlK, ATP, and acetoacetate.
Time points after 1 hour and 18 hours are shown.

CoA does is not converted and a peak does not appear that corresponds with acetoacetyl CoA. The
final substrate tested with CmlK was malonic acid. If this were to form a malonyl adenylate then the
corresponding thioester that would be formed would be malonyl CoA. The HPLC chromatogram is
displayed in Figure 3-17.
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Figure 3-16 Standard HPLC chromatogram of MaCoA.

Figure 3-17 HPLC analysis of the reaction of CmlK with ATP and malonic acid. Time points after
1 hour and 18 hours are shown.
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Once again no conversion to malonyl CoA is observed. As stated earlier, it is impossible to
distinguish between AMP, ATP and any adenylates formed during the reaction using this particular
gradient system. Another technique would be used to take a further look into the contents of each
aliquot.
3.3.4.2 MALDI MS Analysis of CmlK Reactions
Matrix assisted laser desorption ionization (MADLI) mass spectrometry was used to analyze
the reactions with CmlK and the carboxylic acids as a secondary check for acyl-CoA products, as
well as formation of AMP, which is a side-product of the reaction as shown in Figure 3-1. Positive
ion mode was used in each case. For each of the different substrates, multiple time points were
taken out in the form of aliquots. Over the course of 18 hours the reaction contents did not appear to
change and for that reason only the MS data for the final time points are shown. The MALDI
spectrum of the reaction of CmlK with acetate (18 hours) is shown in Figure 3-18:

Figure 3-18 MALDI mass spectrum of a reaction between CmlK and acetate after 18 hours.

90

The two most predominant ions in the spectrum, m/z = 508 and 768, correspond to the m + 1 ions of
ATP and CoA, respectively (ATP; 507 Da and CoA; 767 Da). Sodium adduct ions are also observed
at m/z = 530 for ATP and 790 for CoA (m + 23). The peak at m/z = 273 is from the MALDI
ionization matrix and can be disregarded. Fragment ions are also present for both starting materials
throughout the spectrum. The peak at m/z = 428 is from the fragmentation of ATP to ADP with the
loss of a metaphosphate group (-81 Da). The other fragment ion is from CoA losing a N-(2mercaptoethyl)propionamide group (-133 Da) as illustrated in Figure 3-19.

Figure 3-19 Fragmentation of CoA observed by MALDI mass spectroscopy.

As can be seen there are no ions present that would suggest presence of acetyl-CoA, the expected
product AMP, or the acetyl-adenylate intermediate.
The MALDI spectrum for the reaction between CmlK and dichloroacetic acid after 18 hrs is
shown in Figure 3-20.

91

Figure 3-20 MALDI mass spectrum of CmlK and dichloroacetic acid after 18 hours.

The expected ion (M+1) for dichloroacetyl CoA is m/z = 878. This peak is not present in the
spectrum of the reaction after 1 hour or 18 hours and neither is a peak for AMP, which would be
expected if the adenylate had formed. The same starting material peaks for CoA and ATP are
present as well as their sodium adducts and their fragement ions. This data, as well as that obtained
from HPLC analysis suggests that dichloroacetic acid is not a substrate for CmlK. Acetoacetate was
analyzed via MALDI and the results are very similar to those found for acetate and dichloroacetic
acid.
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Figure 3-21 MALDI mass spectrum for CmlK and acetoacetate after 18 hours.

Once again, no product ion corresponding to acetoacetyl CoA was observed, which is expected at
m/z = 852 Da. The final free acid to be tested with CmlK was malonic acid. As can be seen in the
following figure there appears to be no significant change over the course of the reaction since the
only peaks that are present in the spectrum are those from the starting material.
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Figure 3-22 MALDI mass spectrum of CmlK and malonic acid after 18 hours.

If malonic acid had been converted to malonyl CoA a new peak would be expected in the mass
spectrum at m/z = 852 (M+1). It appears as though the purified and refolded form of CmlK that had
been obtained did not react with any of the free acids it was tested against.

3.4 Discussion
The cloning and expression of CmlK in soluble form proved to be problematic. The
sequence for S. venezuelae cmlK that is provided online through GenBank (accession no.
AAM01214.1) proved to be incorrect. The DNA sequence was missing a region that codes for ~50
amino acids on its N-terminus. Thanks to sequence data provided by Professor Mervyn Bibb of the
John Innes Centre, a putative full length cmlK gene was successfully amplified from Streptomyces
venezuelae cells and and cloned directly into a pET-28a vector. CmlK was expressed at high levels
in E. coli but was present only in insoluble form as an inclusion body. CmlK was successfully
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refolded in essentially quantitative yield, but size exclusion chromatography indicated that the
refolded protein existed as a large aggregate in solution.
Since CmlK was purified using denaturing conditions it was necessary to make sure that the
enzyme had refolded properly upon the removal of denaturant. CD spectroscopy was employed as a
means of detecting any secondary structure. As well, two web based programs were used to predict
the secondary and tertiary structure of CmlK, which were compared with the values obtained by CDspectroscopy. CD spectroscopy indicated that refolded CmlK possessed secondary structure
elements, yet there were discrepancies between these values and those predicted using the online
software. The discrepancies between the observed secondary structure of CmlK and that predicted
by sequence-based prediction, as well as the fact that our preparation of CmlK exists as a large
aggregate, suggest that this preparation of CmlK was only partly refolded, and possibly inactive.
Further analysis of the literature revealed that other acyl adenylate synthetases were expressed in
soluble form with a hexahistidine tag had the tag on the C-terminus of the enzyme6-8. In the case of
CmlK the hexahistidine tag was cloned onto the N-terminus. The position of the His6 tag could
detrimentally affect the folding of CmlK which may result in a large oligomer or aggregate in
solution. Moreover, further examination of the DNA sequence of surrounding the S. venezuelae
cmlK gene (accession AY026946) indicates that the given stop codon may in fact be a sequencing
error. This stop codon is not observed in the nearly identical Micromonospora sp. ATCC 39149
cmlK sequence, which encodes an additional LKKIRSRRGNSEA sequence at the N-terminus (and
in fact overlaps with beginning of the downstream cmlS sequence, but in a different reading frame).
The sequence provided by Professor Mervin Bibb also contains a reading frame which encodes a
very similar sequence at the C-terminus of S. venezuelae (MKKLRSRPGADEE). This additional
sequence at the C-terminus, as well as the location of the His6 tag, may be crucial for folding of
CmlK into a soluble and active form.
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A quick survey of various carboxylic acids in reactions with our preparation of CmlK was
attempted prior to working to express another construct of the gene. Four different carboxylic acids
were reacted with CmlK and ATP. If active, CmlK would presumably form an acyl adenylate, which
could then react with CoA to form the corresponding acyl-CoA derivative. Magnesium ion was
present in each of the reactions, since this is a typical co-factor for ATP dependent enzymes, where
the metal ion accelerates the reaction by coordinating to the β and γ-phosphates of ATP1. A
mechanism for the adenylation step for para-chlorobenzoate-CoA ligase is shown in Figure 3-231.

Figure 3-23 Adenylation of chlorobenzoate catalyzed by para-chlorobenzoate-CoA ligase.

In each reaction the pH was maintained at 7.5, and an excess of ATP and carboxylic acid was
present. None of the reactions showed any conversion to the respective CoA derivatives. Also,
AMP was not observed, suggesting that the corresponding acyl adenylates had not formed either.
The most likely reason for this lack of activity would be due to CmlK not being properly folded in
its catalytic form. CmlK is observed to elute from a size exclusion column in the void volume,
indicating that the enzyme has aggregated into a large, soluble oligomer in solution, most likely due
to misfolding.

96

3.5 Conclusions
Preliminary work with the acyl adenylate synthetase, CmlK, has yielded the correct
sequence of the entire enzyme from an incomplete entry in GenBank. cmlK was cloned successfully
into a pET-28a vector with an N-terminal hexahistidine tag and expressed and purified under
denaturing conditions. Partial refolding of the protein was achieved, as confirmed by CD
spectroscopy, in that the spectrum revealed absorption maxima characteristic of secondary structure
elements. Comparison of the CD spectroscopy study to the predicted values calculated from two
separate online programs, Phyre and APSSPS, showed a large difference between secondary
structure compositions. As well, refolded CmlK exists as either a very large oligomer or as a large
soluble aggregate in solution, as shown by size exclusion chromatography. Together, these facts
raise questions as to the actual state of the expressed protein such as whether or not CmlK actually
refolded properly upon removal of denaturants that were present. Another revealing factor is that
other acyl adenylate synthetases that were expressed with a hexa-histidine tag had them located on
their C-termini. The presence of CmlK’s hexahistidine tag on the N-terminus may have a drastic
effect on protein folding which could affect its state in solution. This could explain why there was
no observed in vitro activity for CmlK with a number of carboxylic acids. Further work should be
done to attempt to produce CmlK in soluble form with a defined oligomeric state (e.g. monomer,
dimer). Specifically, cmlK should be recloned with a C-terminal hexa-histidine tag to see if activity
can be restored in vitro and also to see if there is any effect on the oligomeric state of the enzyme in
solution. Also, an attempt at expressing CmlK and CmlS together could improve solubility. If any
protein-protein interactions were to exist then co-expression of CmlK and CmlS would allow these
interactions to form before CmlK had a chance to aggregate in solution.
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Chapter 4
Attempts to Reconstitute the Activity of CmlS
4.1 Introduction
Halogenases that can regio- and stereoselectively incorporate halogens into substrates could
prove to be incredibly useful tools to a synthetic chemist. Genetic manipulation of these enzymes
could lead to ones tailored to halogenate a number of different substrates at key positions. However,
a thorough understanding of an enzyme’s catalytic mechanism and the key residues it uses to
accomplish catalysis are necessary if engineering is to be performed. The first step in understanding
an enzyme’s mechanism is identification of its preferred substrate. For CmlS little is known about
its preferred substrate. Previous studies had found that a ΔcmlK or ΔcmlS strain of S. venezuelae
would incorporate a propionyl group instead of the dichloroacetyl group, yielding cornynecin II
instead of chloramphenicol, as the final product of biosynthesis1. This indicates that both of these
enzymes are necessary in order for the dichloroacetyl group to be integrated onto chloramphenicol,
yet neither of their substrates is known. Unfortunately, labelling studies with Streptomyces
venezuelae has offered a confusing picture of the origins of the dichloroacetyl group. Labelled
acetate is incorporated readily into the dichloroacetyl group, acetoacetate less so, but considerable
C1-C2 bond scission occurs in both cases (Figure 4-1)2, 3. Labelled carbon dioxide and formate
incorporate solely into the carbonyl group of the dichloroacetyl moiety2. Mechanisms were then
proposed for the inclusion of carbon dioxide into both acetyl CoA and malonyl CoA which could
then afford the production of dichloroacetyl CoA which would then be transferred onto
chloramphenicol3. However, phenylalanine labeled at C3 results in incorporation of the label almost
exclusively (8 fold greater) at the dichloromethylene carbon over the carbonyl carbon2. This is
intriguing because the degradation of phenylalanine would result in the production of C2 labelled
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acetoacetate (Figure 4-2), but is at odds with direct feeding of labeled acetoacetate. Nevertheless, the
possibility still existed for the chlorination of free carboxylic acids, yielding dichloroacetate, which
would then be incorporated into chloramphenicol. However, feeding 14C DCA to S. venezuelae
revealed that none of the label was incorporated into chloramphenicol3. In this muddied context on
the origins of the dichloroacetyl group, an attempt was made to reconstitute the activity of CmlS in
vitro with a number of different substrates. Since the previous labeling studies seemed to contradict
one another, by ruling out both the carboxylic acids and their corresponding acyl-thioesters, no
substrate was disregarded as a possible molecule for CmlS to chlorinate.
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Figure 4-1 Summary of chloramphenicol labeling studies performed in Streptomyces venezuelae2-4.
Figure provided by Dr. Zechel.

101

Figure 4-2 Catabolic pathway for Phe, showing the putative fate of a C3 label. Adopted from The
Organic Chemistry of Biological Pathways, 2005, by McMurry and Begley (Roberts & Co.
Publishers).

4.2 Experimental Procedures and Methods
4.2.1 Materials
General chemicals, molecular biology, microbiology, and protein purification materials were
obtained as described in Chapter 2.
4.2.2 Expression and Purification of Flavin Reductase; Fre
The techniques used to clone, express, and purify CmlS as well as the mutants K71A,
Y350F, and the truncation mutant ΔG558-V571 are detailed in Chapter 2 Sections 2.2.3 and 2.2.5.3.
The NADH dependent flavin reductase, Fre, a necessary component for FDH activity, was cloned
previously by Amélie Ménard and Dr. Mukund Jha from the Pratt lab (Queen’s Chemistry). pET28a-fre, encoding Fre with an N-terminal His6 tag, was used to transform heat shock competent
BL21 (DE3) cells that were subsequently grown on LB agar plates containing 1% glucose and 50
µg/mL kanamycin overnight at 37 °C. A single colony was picked to inoculate a 5 mL culture of
LB, 1% glucose and 50 µg/mL kanamycin, which was then grown overnight in an air shaker at 37
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°C and 225 rpm. This saturated culture was then used to inoculate a 500 mL culture of LB, 1%
glucose, and 50 µg/mL kanamycin. The culture was incubated in an air shaker at 37 °C with 225
rpm until the optical density (OD600) reached at value of ~0.6 at which point it was induced with 0.5
mM IPTG and incubated at 15°C for 24 hours. The cells were then harvested by centrifugation at
3000 rpm, 4°C for 30 min and stored at -20°C. Frozen cell pellets were re-suspended in Buffer A
(50 mM Tris, 300 mM NaCl, 10 mM imidazole, pH 7.5). Re-suspended cells were then lysed using
two passes through an EmulsiFlex C5 cell homogenizer (Avestin, Ottawa) at 10 – 15 K psi. The
lysate was then centrifuged at 40 000 g for 30 minutes at 4°C. The supernatant was loaded onto a
Ni-NTA column (2 mL, Qiagen) using a peristaltic pump (~ 5 mL min-1) then attached to an AKTA
FPLC purification system (GE Healthcare). The column was subsequently washed with 10 column
volumes of Buffer A. Pure Fre was then eluted by increasing the imidazole gradient from 10 – 500
mM over 10 column volumes at a flow rate of 5 mL min-1. Pure Fre fractions identified using SDSPAGE were pooled and dialyzed using Snakeskin dialysis tubing (Thermo Scientific) into 50 mM
Tris, 20 mM NaCl, pH 7.5. Dialyzed Fre was then concentrated using a Millipore Amicon Ultra 15
centrifugal filter (30 000 Da molecular weight cut-off). The concentration of purified Fre was
determined using the Bradford assay5. 150 µL aliquots of Fre were then flash frozen in liquid
nitrogen with 25% glycerol and stored at -80°C. Fre (1 µM) was assayed with FAD (50 µM) and
NADH (0.5 mM) in 50 mM Tris, pH 7.5, at 25°C for reductase activity. The reaction mixture was
initiated by adding a concentrated aliquot (1 µL) to the assay mixture and monitored for the
disappearance of NADH at 340 nm on a Cary 300 Bio UV-visible spectrometer.
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4.2.3 Synthesis of N-Acetyl-S-Chloroacetylcysteamine

To synthesize N-acetyl-S-dichloroacetylcysteamine (NASC) a procedure from Pohl et al6
was adopted. N-acetylcysteamine (305 mg, 2.56 mmol) was mixed with chloroacetic acid (266 mg,
2.82 mmol) and dissolved in anhydrous dichloromethane that had been chilled to 0°C. N,Ndimethylaminopyridine (DMAP, 68 mg, 0.56 mmol) was added to the solution along with 1,3dicyclohexylcarbodiimide (DCC, 581 mg, 2.83 mmol) at which point the mixture was allowed to
come to room temperature. The reaction was allowed to go for 15 hours with stirring. Hexane was
then added and the mixture subsequently filtered through Celite. Solvent was removed through
rotary evaporation. The crude product was then purified by flash column chromatography on silica
gel using 80% ethylacetate/hexane to yield 1 as a white solid (358 mg, 1.84 mmol, 72%). 1H NMR
(400 MHz, CDCl3): δ 2.00 (s, 3H), 3.13 (t, 2H, J = 6.8 Hz), 3.48 (q, 2H, J = 6.3), 4.22 (s, 2H), 5.93
(br s, 1H). The spectral parameters were in agreement with the literature6.
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Figure 4-3 1H NMR (400 MHz, CDCl3) of N-acetyl-S-chloroacetylcysteamine. Integrations are
shown.

4.2.4 Synthesis of Dichloroacetyl Coenzyme A
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A procedure from Blanchard et al7 was modified to synthesize dichloroacetyl CoA (DCACoA).
Anhydrous DMF was chilled on ice and to it was added dichloroacetic anhydride (4.56 mg, 0.019
mmol), anhydrous triethylamine (TEA, 3.24 mg, 0.032 mmol), and CoA (5.06mg, 0.006 mmol).
The mixture was allowed to come to room temperature and mix for 1.5 hours. The completion of
the reaction was monitored by the disappearance of the free CoA thiol using the thiol specific
colorimetric reagent 5,5'-dithiobis-(2-nitrobenzoic acid) (DNTB), at which point the reaction was
quenched with water and stored at -80°C. HPLC analysis (as detailed in section 4.2.5.3) indicated
essentially complete conversion of CoA to a single uniform product (Figure 4-4).

Figure 4-4 HPLC chromatogram of dichloroacetyl CoA in 50 mM phosphate buffer pH 8.0.

The identity of this product as DCA-CoA was confirmed by MALDI-MS (matrix; dihydroxybenzoic
acid, positive ion mode), where molecular ions for M + H+ (m/z = 878, expect m/z = 878) and M +
Na+ (m/z = 900, expect 900) are observed, along with the isotopic ions from 37Cl (m/z = 880 and
902). Fragment ions are present for CoA and its sodium adduct (m/z = 768 and 790). The fact that
no CoA is seen by HPLC trace (expected at RT = 13 min), yet it is fairly abundant in the MALDI
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spectrum suggests that the DCA-CoA thioester linkage is prone to fragmentation under the MS
conditions used.

Figure 4-5 MALDI-MS of dichloroacetyl CoA taken in positive mode.

4.2.5 Activity Assays
4.2.5.1 Assay Conditions for Carboxylic acids
Each reaction with WT CmlS contained the following: FAD (100 µM), Fre (6 µM), CmlS
(10 µM), catalase (100 units), carboxylic acid (10 mM), NADH (2 mM) in 50 mM Tris, 0.5 mM
TCEP, 2 mM EDTA, and 50 mM NaCl pH 7.5. The following carboxylic acids were tested: 1-13Cacetate (Ac), 2-13C-malonic acid (MA), and acetoacetate (AcAc). The only exceptions to the above
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reaction contents were those run with AcAc where 5 mM was used instead of 10 mM. NADH was
added last to begin the reaction and then was added hourly in 2 mM aliquots for a total of 6 hours.
Standards of dichloroacetic acid and monochloroacetic acid were both analyzed in the same buffered
solution by 13C NMR to determine where the expected peaks would be. CmlS ΔG559-V571 and
each of the carboxylic acids were tested exactly as described above with the exception that the
reaction buffer consisted of only 50 mM Tris and 20 mM NaCl at pH 7.5.
4.2.5.2 Assay Conditions for the Acyl-CoA thioesters
To assay the reaction containing CmlS and N-acetyl-S-chloroacetylcysteamine (NASC) the
following conditions were used: FAD (500 µM), Fre (10 µM), CmlS (15 mM), NaCl (10 mM)
NASC (10 mM) and NADH (5 mM) added last to begin the reaction in 50 mM phosphate buffer at
pH 7.5. A second aliquot of NADH (5 mM) was added after 3 hours and the reaction was allowed to
continue for a total of 18 hours at RT.
Reactions run using WT CmlS, CmlS K71A, and CmlS Y350F and the acyl-CoA thioesters
were set up identically and in the following proportions: FAD (100 uM), Fre (6 uM), CmlS (10 uM),
catalase (100 units), and acyl-CoA (1 mM). The reactions were run in 50 mM phosphate, 20 mM
NaCl pH 7.5 at room temperature for a period of 21 hours and had aliquots removed and frozen at 20 ºC for analysis. NADH (2 mM) was added very last to begin the reaction and was added hourly
for a total of 6 hours as the reaction progressed in 2 mM aliquots to allow FAD to be continuously
reduced to FADH2. A drop in pH from 7.5 slowly over the course of the reaction to 8.3 was
observed in all cases.
Reactions run with CmlS ΔG559-V571 and the acyl-CoA substrates were executed under
the following conditions: FAD (100 uM), Fre (6 uM), CmlS G558 (10 uM), catalase (100 units),
CoA derivative (1 mM) in 50 mM phosphate and 20 mM NaCl pH 6.5. NADH (2 mM) was still the
last component added to begin the reaction. Each reaction was allowed to proceed for 7 hours with a
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second aliquot of NADH added after 4 hours had elapsed. Less NADH was added so that the pH
would remain at a constant and low value to maximize the window in which product could be
observed. Control reactions were run to the exact same specifications as just described, only lacking
enzyme. The pH was held constant throughout the course of the reaction at 6.5. The azeotropic
distillation method described in section 4.2.5.5 was employed to remove water from all of the
reaction mixtures for analysis via 1H NMR.
4.2.5.3 Reverse Phase High Pressure Liquid Chromatography
Reverse phase HPLC was employed to analyze the contents of each aliquot of each reaction
to see whether or not there was any conversion of acyl-CoA substrate to DCACoA. A Waters NovaPak C18 column (3.9 x 150 mm) was attached to a Waters 2695 Separations Module coupled to a
Waters 2996 Photodiode Array Detector for analysis. Samples were resolved using a two buffer
gradient system. Buffer 1 was composed of 100 mM Na phosphate and 75 mM Na acetate at pH
4.6. Buffer 2 was made up of 60% HPLC grade MeOH and 40% Buffer 1. Buffers were passed
through a 0.45 µm filter (mixed cellulose HAWP, Fisher) and degassed under vacuum before use. A
flow rate of 1 mL min-1 was used and the composition of Buffer 1 relative to Buffer 2 varied over
time as follows: Buffer 1 was held at 90% for 10 minutes, then decreased linearly to 10% over 18
minutes, held at 10% for 11 minutes, then held once again at 90% for 1 minute. The eluent was
monitored at 260 nm. The column was allowed to equilibrate between runs for 3 minutes to ensure
that the composition in the column had returned to the starting mobile phase concentration. The
software used to run the equipment and analyze chromatograms was the Empower 2 Pro Software
version 6.0 from Waters Corp.
4.2.5.4 MALDI Mass Spectrometry
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The Protein Function Discovery (PFD) lab at Queen’s University was responsible for
analysis by MALDI mass spectrometry. Spectra were acquired by Dave McLeod. The instrument
used was a SCIEX Voyager DE Pro MALDI-TOF running in positive ion mode using
dihydroxybenzoic acid as a matrix.
4.2.5.5 Nuclear Magnetic Resonance Spectroscopy
A Bruker Avance-400 NMR instrument was used for all NMR spectroscopy, which was
available through the NMR facility in the Department of Chemistry at Queen’s University. Since all
activity assays were run in aqueous solution, 1H NMR spectra had a large water peak at 4.7 ppm. To
reduce the size of this peak in the 1H-NMR spectra, water was removed under vacuum (rotovap)
from reaction aliquots as an azeotropic mixture with acetonitrile at 40 ºC. Once all of the solvent had
been removed the contents of the flask were redissolved in D2O and acetonitrile and the process was
repeated. This process was then repeated a third time until finally the contents of the flask were
redissolved in D2O and set to run on NMR. Acetonitrile peaks present in any 1H NMR were present
as a result of this process.

4.3 Results
4.3.1 Expression and Purification of CmlS K71A, Y350F, and G558 Truncation Mutant
CmlS K71A, CmlS Y350F, and CmlS ΔG559-V571 were all expressed in E. coli as Nterminal His6-tagged proteins. All mutants were successfully obtained in soluble form, although a
large fraction of each remained inaccessible as insoluble inclusion bodies (Figure 4-6). The
exception was the truncation mutant CmlS ΔG551-V571, which was produced completely as an
inclusion body. All soluble CmlS mutants were successfully isolated with >95% purity in one step
by Ni-NTA chromatography. Purified yields ranged from 15 to 25 mg / L culture. FPLC
chromatograms and SDS-PAGE gels can be seen in Figure 4-6, Figure 4-7, and Figure 4-8.
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Figure 4-6 Purification of CmlS K71A. (a) FPLC chromatogram using an imidazole gradient to
elute bound enzyme. (b) 12% SDS-PAGE analysis of CmlS K71A. Molecular weight standards (in
kDa) are indicated. Lane 1: Load fraction containing soluble CmlS. Lane 2: Flow through fraction
after loading on Ni-NTA column. Lane 3: Insoluble cell pellet containing CmlS. Lane 4: Pooled
fraction of purified CmlS K71A from FPLC.

Figure 4-7 Purification of CmlS Y350F. (a) FPLC chromatogram. Absorbance was measured at 280
nm. (b) 12% SDS-PAGE analysis of CmlS Y350F. Molecular weight standards (in kDa) from
Fermentas SM0431. Pooled fraction of purified CmlS Y350F from FPLC.
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Figure 4-8 Purification of CmlS ΔG559-V571 truncation mutant. (a) FPLC chromatogram.
Absorbance was measured at 280 nm. (b) 12% SDS-PAGE analysis of CmlS ΔG558-V571.
Molecular weight standards (in kDa) are indicated. Lane 1: Load fraction containing soluble CmlS
ΔG559-V571. Lane 2: Flow through fraction after loading on Ni-NTA column. Lane 3: Insoluble
cell pellet containing CmlS ΔG559-V571. Lane 4 - 9: Eluted fractions from FPLC containing CmlS
ΔG559-V571.

Figure 4-9 12% SDS-PAGE analysis of CmlS ΔG551-V571. Molecular weight standards (in kDa)
are indicated. Lane 1: Load fraction. Lane 2: Flow through fraction after loading on Ni-NTA
column. Lane 3: Insoluble cell pellet containing CmlS ΔG551-V571. Lane 4: Pooled fractions from
FPLC.
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4.3.2 Expression, Purification and Reductase Activity of Fre
The E. coli flavin reductase, Fre, was expressed and purified as described for wild type
CmlS. Ni-NTA chromatography afforded >95% pure enzyme in a final yield of 42 mg / L culture.
Using FAD and NADH as substrates a specific activity of 8000 U was obtained. This compares
favourably with the specific activity described by Fontecave et al8.

Figure 4-10 Purification of Fre. (a) FPLC chromatogram showing fractions containing protein.
Absorbance was measured at 280 nm in arbitrary units. (b) 12% SDS-PAGE analysis of Fre.
Molecular weight marker (in kDa) from Bio-Rad (cataloguge #161-0363). Lane 1 and 2 show
purified fractions from FPLC. Fre is expected to have a molecular weight of 28.5 kDa which is seen
in the gel.

4.3.3 Attempts to Observe Chlorination by CmlS
Wild type CmlS was allowed to react with 1-13C-acetate (Ac), 2-13C-malonic acid (MA), and
acetoacetate (AcAc). Acetate and malonic acid reactions were monitored by 13C NMR, whereas
acetoacetate was monitored with 1H NMR. 13C-NMR spectra for chloroacetic acid, a potential
reaction intermediate, and dichloroacetic acid are shown in Figure 4-11.
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Figure 4-11 13C-NMR spectra (400 MHz, D2O) of monochloroacetate and dichloroacetate.

The reaction between 13C labeled acetate and WT CmlS was allowed to run for a total of 18 hours
and the spectrum is displayed in Figure 4-12.
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Figure 4-12 13C NMR (400 MHz, D2O) spectrum of CmlS and 1-13C-acetate after 18 hours.

Over the course of the reaction the peak at 181 ppm from acetate does not diminish. If
dichloroacetic acid were formed in solution a new resonance would be expected at 169 ppm. The
monochloroacetic acid product would be expected at 172 ppm but is not seen either. Therefore,
there does not appear to be any conversion when using acetate as a substrate.

13

C labeled malonic

acid was tested next with CmlS. The contents of this reaction are exactly the same as described
above. The resulting 13C-NMR spectrum shown in Figure 4-13 was acquired after 18 hours of
reaction.
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Figure 4-13 13C NMR (400 MHz, D2O) spectrum of CmlS and 2-13C-malonic acid after 18 hours.

At 45 ppm the malonic acid is observed and over the course of the reaction the peak does not
decrease. Conversion to DCA would see the appearance of a peak at 66 ppm and MCA would
display a peak at 41 ppm. Neither of these peaks was observed after 18 hours of reaction, therefore
it seemed as though malonic acid is not a viable substrate for CmlS.
Acetoacetate was the next carboxylic acid tested with the enzyme and since it was
unlabelled, 1H NMR was used for analysis. 1H NMR spectra were obtained for the anticipated
products MCA and DCA (Figure 4-14).
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Figure 4-14 1H NMR (400 MHz, D2O) of MCA and DCA. ACN = acetonitrile.

The peaks for both DCA and MCA lie outside of the region where the water peak arises in 1H NMR
as can be seen in Figure 4-14. The azeotropic distillation technique described earlier in section
4.2.5.5 was used on each of the standards in order to improve the quality of the spectrum, however,
spectra were acquired directly in H2O to confirm that, with the large water peak present, MCA and
DCA could still be observed. A standard of AcAc was also run in Tris buffer at pH 7.5 to determine
which peaks were from the starting material. The spectrum is displayed in Figure 4-15.
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Figure 4-15 1H NMR (400 MHz, D2O) of AcAc in Tris buffer pH 7.5.

At pH 7.5 AcAc exists in equilibrium with its hydrate form shown in the above figure. The reaction
of CmlS with AcAc was allowed to run for 18 hours and the final spectrum is displayed in Figure
4-16.
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Figure 4-16 1H NMR (400 MHz, D2O) of the reaction solution of CmlS and acetoacetate after 18
hours.

AcAc is observed with chemical shifts of 2.13, 2.18, 3.26, and 3.34 ppm. The peak for DCA is
expected at 5.95 ppm and for MCA at 3.95 ppm. Neither of these two peaks are observed in the 1HNMR spectrum after 18 hours of reaction.
4.3.3.1 Assay of CmlS ΔG559-V571 with Carboxylic Acids
As was mentioned earlier in Chapter 2, upon elucidating the structure of CmlS it was
discovered that the C-terminus, made up of a random coil, blocked access to the active site. We
hypothesized that this loop, which must move from the active site during normal turnover of CmlS
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in vivo, may render the enzyme inactive in vitro. The ΔG559-V571 mutation was chosen to remove
C-terminus that was blocking the active site with the possibility of rescuing activity in the enzyme.
Reaction between CmlS ΔG559-V571 and 13C labeled acetate was monitored by 13C-NMR over 18
hrs, with no product resonances or new resonances observed. The final spectrum is displayed in
Figure 4-17.

Figure 4-17 13C NMR (400 MHz, D2O) of CmlS ΔG558-V571 and 1-13C-acetate after 18 hours. The
expected chemical shift for dichloroacetic acid is shown.

CmlS ΔG559-V571 and malonic acid were also tested under the same conditions. Again, as the
reaction progressed no change was observed. The final spectrum is displayed in Figure 4-18.
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Figure 4-18 13C-NMR spectrum (400 MHz, D2O) of 2-13C-malonic acid and CmlS ΔG559-V571
after 18 hours. The expected chemical shift for dichloroacetic acid is shown.

This result suggests that malonic acid is not a substrate for chlorination by CmlS. Acetoacetate was
again tested for activity with the ΔG559-V571 mutant. 1H-NMR was used to monitor the reaction.
Azeotropic distillation of reaction aliquots with acetonitrile was used to remove water and the dried
samples dissolved in D2O. The final spectrum after 18 hours is shown in Figure 4-19.
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Figure 4-19 1H NMR (400 MHz, D2O) of CmlS ΔG559-V571 and AcAc after 18 hours. Inset at the
top left shows the same fraction with a spike of DCA.

The above spectrum shows that over the course of 18 hours there is no conversion to either MCA or
DCA. The two inserts expand the spectral region where the DCA C2 proton is expected. The lower
insert shows that NADH appears in this region and the top insert shows the same fraction run again
on NMR with a spike of DCA to verify that the product has not begun to form.
4.3.4 Assaying the Activity of CmlS with Acyl-CoA thioesters.
4.3.4.1 Analysis of Wild Type CmlS, K71A, and Y350F CmlS with Thioester Derivatives
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N-acetyl-S-chloroacetylcysteamine was also tested as a mimic of the phosphopantetheine arm of
chloroacetyl-CoA bound to an acyl carrier protein, which would be a potential intermediate in the
synthesis of dichloroacetyl-CoA. A 1H NMR spectrum of NASC in 50 mM phosphate, pH 7.5 is
displayed in Figure 4-20.

Figure 4-20 1H NMR (400 MHz, D2O) of NASC in phosphate buffer at pH 7.5.

Analysis of the above spectrum reveals that the large water peak does interfere somewhat with the
region of interest although the peak for the chloroacetyl moiety is still visible. The 1H NMR
spectrum of the reaction after 18 hours is shown in Figure 4-21.
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Figure 4-21 1H NMR spectrum (400 MHz, D2O) of the reaction of CmlS and N-acetyl-Schloroacetylcysteamine after 18 hours.

In the spectrum above peaks from the NASC starting material can be identified. If chlorination of
the NASC were occurring the only peak expected to disappear would be the peak at 3.92 ppm with
the appearance of a new product peak at ~6.45 ppm (predicted using ChemBioDraw). It appeared as
though the starting material were degrading over time. A control reaction, lacking enzyme, was
monitored by 1H-NMR over the same time frame as the original reaction to examine the stability of
NASC (Figure 4-22).
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Figure 4-22 1H NMR (400 MHz, D2O) spectra of NASC in 50 mM phosphate buffer at pH 7.5
monitored over a 24 hour period. The bottom spectrum is from N-acetyl-S-cysteamine (in the same
buffer), the hydrolysis product.

As can be clearly seen from the above spectrum, NASC degrades in aqueous solution. The bottom
trace represents the hydrolysis product of NASC and what can be seen is that over time the thioester
is hydrolyzed to the thiol, which likely undergoes oxidation to form a disulfide linked product. As
well, the growing peak labeled “h” in the above spectrum represents the other byproduct of
hydrolysis; monochloroacetic acid which can be seen increasing in size as the reaction progresses.
Assays with acyl-CoA thioesters as substrates were attempted next. Trials were run with the
standard of DCACoA to determine its stability. The first buffer system tested was 50 mM phosphate,
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20 mM NaCl pH 8.0 to mimic the reaction conditions that had been under use during the first round
of assays. As can be seen in Figure 4-23 DCACoA is not very stable at this pH over time.

Figure 4-23 HPLC chromatogram of DCACoA at pH 8 over the course of 3 hours.

As the reaction progresses the degradation of DCACoA is evident through the disappearance of the
peak at 20 minutes. Oxidized CoA is the new peak that appears at 17.5 minutes in the
chromatogram. It was evident that at pH 8 the window for monitoring the appearance of product
would be too narrow to afford accurate analysis so a lower pH was tested. The chromatogram for
DCACoA in 50 mM phosphate, 20 mM NaCl, pH 6.5 is shown in Figure 4-24
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Figure 4-24 HPLC chromatogram of DCACoA in 50 mM phosphate, pH 6.5.

Under these slightly acidic conditions it was possible to observe DCACoA in solution until a very
small amount is left after 7 hours. Another final trial with a slightly more acidic buffer was
performed. 50 mM MES or 2-(N-morpholino)ethanesulfonic acid, 20 mM NaCl and pH 6.0 were
the final conditions used to test DCACoA’s hydrolytic stability, presented in Figure 4-25
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Figure 4-25 HPLC chromatograms of DCACoA over time in 50 mM MES buffer pH 6.0.

In this case even after 7 hours in solution DCACoA could still be detected. Evidently DCACoA is
significantly more stable in slightly acidic solutions. FAD normally eluted on the HPLC at a similar
time as the DCACoA and so a co-injection was run with both standards being present to confirm that
resolution between their respective peaks could be achieved.
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Figure 4-26 HPLC chromatogram of the co-injection of FAD and DCACoA showing baseline
resolution between the two compounds.

As can be seen in Figure 4-26 there is clear separation between FAD and DCACoA. Assays were
begun with CmlS and acetyl-CoA (AcCoA), acetoacetyl-CoA (AcAcCoA), malonyl-CoA
(MalCoA), and methylcrotonyl-CoA (MeCroCoA). Aliquots of NADH were added hourly at the
same concentration (2 mM) for the first 7 hours of the reaction. It was observed in all reactions that
after 7 hours the pH of the reaction mixture had increased from 7.5 to 8.1. The HPLC
chromatogram for the reaction between CmlS and AcCoA is shown in Figure 4-27.
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Figure 4-27 HPLC chromatograms of the reaction of CmlS and AcCoA over 24 hrs.

As can be seen the starting AcCoA slowly hydrolyzes over the course of the reaction to CoA which
then forms oxidized CoA ([O]CoA, disulphide linked CoA).

The peak for FAD remains unchanged throughout the course of the reaction and there is no
formation of another peak at 20 minutes representing DCACoA. To be certain that the new peak
formed was [O]CoA a co-injection of a standard was run with the final time point from the reaction
(Figure 4-28).
130

Figure 4-28 HPLC chromatogram of the co-injection of oxidized CoA into the reaction of CmlS and
acetyl CoA (top trace). The original chromatogram is the bottom trace of the figure.

A control reaction was run with the exact same composition as the reaction listed above with the
exception that no enzyme was added to the mixture. It was necessary to see what effect the buffer
and reaction constituents would have on AcCoA to determine if its hydrolysis was enzyme
mediated.
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Figure 4-29 Control reaction of AcCoA in the absence of CmlS.

As can be seen in Figure 4-29 the peak for AcCoA seems to be slowly disappearing over the course
of the reaction. It is possible that the disappearance was a result of the conversion of AcCoA to
DCACoA that was subsequently hydrolyzed rapidly in solution. A control reaction was run with
CmlS K71A and AcCoA. If there was hydrolysis as a result of dichlorination then the removal of
K71, which is proposed to form the catalytically crucial chloramine intermediate9, should prevent
any chlorination that was being observed and there should be a concordant reduction in hydrolysis.
Figure 4-30 displays the chromatogram of the reaction of CmlS K71A with AcCoA.
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Figure 4-30 HPLC analysis of the reaction of CmlS K71A with AcCoA over 24 hrs..

The reaction between K71A and AcCoA looked very similar to that of CmlS WT and AcCoA. The
hydrolysis of AcCoA did not seem to abate at all, and so it did not appear that the cause of
hydrolysis was chlorination. Another explanation for the observed degradation of AcCoA could be
from the tyrosine residue present in the active site. Y350 could help to stabilize the negative charge
built up on the oxygen of AcCoA as it is attacked by nucleophilic water as can be seen in the
following figure.
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Figure 4-31 Possible mechanism for the hydrolysis of AcCoA by the active site of CmlS.

Another control reaction was attempted with the mutant CmlS Y350F and AcCoA to see if removal
of the hydroxyl group of tyrosine would see a decrease in the amount of hydrolysis observed during
the experiment.

Figure 4-32 Reaction of CmlS Y350F with AcCoA over a period of 24 hours.
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No reduction in hydrolysis was observed in Figure 4-32 after the removal of tyrosine from the active
site. It seems as though the hydrolysis of AcCoA throughout the course of the reaction was simply
spontaneous.
The next substrate that was tested with CmlS was acetoacetyl CoA (AcAcCoA). The
resulting chromatogram is displayed in Figure 4-33.

Figure 4-33 HPLC analysis of the reaction of CmlS with AcAcCoA monitored over 21 hrs.

As can be seen the starting AcAcCoA is rapidly hydrolyzed in solution resulting in CoA which in
turn forms oxidized CoA. No product peak is observed in the chromatogram signifying the
formation of DCACoA. A control reaction, lacking CmlS, produced the same result (Figure 4-34)
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Figure 4-34 HPLC chromatogram of the control reaction lacking enzyme with AcAcCoA.

It is apparent that AcAcCoA spontaneously hydrolyzes to the thiol, which then oxidizes to [O]CoA.
Malonyl CoA was the next substrate assayed with CmlS using the same reaction conditions.
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Figure 4-35 HPLC chromatogram of the reaction between CmlS and MaCoA.

MaCoA elutes at the very beginning of the chromatogram displayed in Figure 4-35 and it can be
seen that once again the peak for oxidized CoA begins to appear at 17 minutes, albeit at a rate slower
than that observed for AcAcCoA. No new peak appears at 20 minutes, signifying that there is no
conversion to DCACoA. A control reaction was run with MalCoA under the same conditions as the
assay but lacking enzyme so that a comparison of substrate degradation could be made once again.
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Figure 4-36 Control reaction showing the effects of buffer on substrate with no enzyme present.

Intriguingly, spontaneous hydrolysis of the product was not observed in the control reaction. In
hopes of uncovering activity that is performed by CmlS another assay was run with MaCoA and
CmlS K71A with the intent of seeing a reduction in the amount of hydrolysis of MaCoA. The
resulting chromatogram is displayed in Figure 4-37.
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Figure 4-37 HPLC chromatograms over 21 hrs for the reaction between CmlS K71A and MalCoA.

The control reaction produced a chromatogram that is strikingly similar to the reaction containing
wild type CmlS with a small amount of oxidized CoA appearing over time. This could simply be
the slow hydrolysis of MaCoA present from solution, but the control reaction shown in Figure 4-36
argues against this. To help clarify what was causing this hydrolysis another reaction was run with
CmlS Y350F and MalCoA. If CmlS was responsible for the hydrolysis of MaCoA removal of the
hydroxyl group of tyrosine could have the effect of reducing the amount of hydrolysis seen.
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Figure 4-38 HPLC chromatogram of the reaction of CmlS Y350F and MaCoA over time.

The CmlS Y350F mutant reaction seemed to have just as much hydrolysis of MaCoA as the original
reaction with CmlS WT and that with the K71A mutant. It appears as though CmlS was not
responsible for the hydrolysis observed with MaCoA. A final substrate was attempted with CmlS,
methylcrotonyl CoA. Due to the unsaturated nature of methylcrotonyl CoA the mechanism of
chlorination may vary from what is proposed for the other acyl-CoA substrates. The proposed
mechanism is shown in Figure 4-39.
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Figure 4-39 Proposed mechanism for the chlorination of methylcrotonyl CoA by CmlS.

The reaction with MeCroCoA was set up exactly the same as for all the other CoA derivatives with
the necessary cofactors present in the same concentrations and the same buffer conditions. The
reaction of wild type CmlS and MeCroCoA is displayed in Figure 4-40. No apparent reaction due to
chlorination or hydrolysis was observed.
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Figure 4-40 HPLC chromatogram of CmlS and MeCroCoA over time.

4.3.4.2 Analysis of CmlS ΔG559-V571 Truncation Mutant with Thioester Derivatives
Since it appeared as though wild type CmlS was inactive against a variety of acyl-CoA
derivatives another approach was taken to assaying the activity of the enzyme. An attempt was
made to rescue activity from CmlS by truncating its C-terminal end to remove a segment of the
random coil that was observed by X-ray crystallography to block access to the halogenation active
site. Reactions were repeated with the same acyl CoA derivates with the hope of observing
conversion to DCACoA. It was now clear that for trials assaying the activity of CmlS with different
CoA thioesters a lower pH would afford a longer window of observation. Reactions were allowed to
run at room temperature for a total of 7 hours with a second aliquot of NADH being added after 4
hours. The pH was monitored throughout each of the reactions and it remained constant at 6.5.
AcCoA was the first substrate attempted under the new conditions, its chromatogram can be seen in
Figure 4-41.
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Figure 4-41 HPLC analysis of the reaction between ΔG558-V571 and AcCoA.

A control reaction was run at the same time under the exact same conditions but lacking enzyme. Its
chromatogram is displayed in the following figure.
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Figure 4-42 HPLC chromatogram of the control reaction containing AcCoA in 50 mM phosphate
pH 6.5 after 7 hours.

As can be seen in Figure 4-41 no new peak appears at rt = 20 minutes indicating formation of
DCACoA. There is, however, a small amount of hydrolysis seen in the reaction as compared to the
control reaction. To test whether this hydrolysis was a product of enzymatic chlorination followed
by hydrolysis to leave mono or dichloroacetic acid, 1H NMR was used to further analyze the
reaction contents.
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Figure 4-43 1H NMR (400 MHz, D2O) spectrum of a reaction of CmlS ΔG559-V571 and AcCoA
after 7 hours. The expected chemical shifts for the mono- and dichloracetic acids are shown for
reference.

145

Figure 4-44 1H NMR (400 MHz, D2O) spectrum of the control reaction containing AcCoA in 50
mM phosphate buffer pH 6.5 after 7 hours. The expected resonances for the mono- and dichloracetic
acids are shown for reference.

As can be seen from the spectrum in Figure 4-43 hydrolysis of AcCoA did not result in either the
mono or dichloroacetic acid. Although the peak at 3.90 ppm may arise from MCA the same peak
can be seen in the control reaction lacking enzyme in Figure 4-44. A small peak arising from the
hydrolysis of AcCoA to acetate is visible in this spectrum.
The next substrate to be tested with CmlS ΔG559-V571 was AcAcCoA. Following are the
HPLC chromatograms for both the enzyme reaction and the control reaction (lacking enzyme).
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Figure 4-45 HPLC chromatograms of the reaction between CmlS ΔG559-V571 and AcAcCoA.
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Figure 4-46 HPLC chromatogram of the control reaction (no enzyme) containing AcAcCoA in 50
mM phosphate buffer at pH 6.5.

In Figure 4-45 the AcAcCoA can again be seen slowly hydrolyzing to form CoA and [O]CoA as the
reaction progresses. No new peak appears at 20 minutes where DCACoA has been shown to elute.
The control reaction in Figure 4-46 shows that, alone, AcAcCoA hydrolyzes considerably more
slowly to form [O]CoA. NMR spectroscopy was employed again to analyze the contents of each
reaction to observe whether the hydrolysis was preceded by substrate chlorination. The enzyme and
control reaction spectra are shown in Figure 4-47 and Figure 4-48.
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Figure 4-47 1H NMR (400 MHz, D2O) spectrum of the ΔG559-V571 and AcAcCoA reaction after 7
hours. Expected chemical shifts for mono and dichloroacetic acid are indicated.
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Figure 4-48 1H NMR (400 MHz, D2O) spectrum of the control reaction for AcAcCoA in 50 mM
phosphate buffer pH 6.5 after 7 hours. Expected chemical shifts for mono and dichloroacetic acid
are indicated.

The spectrum of the enzyme reaction shows that once again there is no observed MCA or DCA
resulting in hydrolysis to leave CoA. MalCoA was the next thioester to be tested for activity with
CmlS ΔG559-V571. The reaction and its control were run as previously described.
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Figure 4-49 HPLC chromatogram for the reaction of CmlS ΔG559-V571 with MalCoA.
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Figure 4-50 HPLC chromatogram of the control reaction (no enzyme) containing MalCoA in 50
mM phosphate buffer pH 6.5.

Figure 4-49 shows that there is no conversion of MalCoA to DCACoA. 1H-NMR analysis also did
not detect mono or dichloracetic acid products.

152

Figure 4-51 1H NMR (400 MHz, D2O) spectrum of the reaction between CmlS ΔG559-V571 and
MalCoA after 7 hours.
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Figure 4-52 1H NMR (400 MHz, D2O) spectrum of the control reaction (no enzyme) containing
MalCoA in 50 mM phosphate buffer pH 6.5 after 7 hours.

The spectrum displayed in Figure 4-51 does not show the presence of MCA or DCA. If malonic
acid had been released through the hydrolysis of MaCoA its peak would be hidden at 3.5 ppm by the
residual glycerol present from flash freezing both CmlS and Fre. The peak at 3.90 ppm is observed
in both this spectrum and in Figure 4-52, the control reaction, meaning it is not from the production
of MCA. The large peak present at 1.95 ppm in both spectra is from the acetonitrile used to form the
azeotrope to reduce the water content of each reaction for analysis by NMR. The final substrate to
be tested with CmlS ΔG559-V571 was MeCroCoA.
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Figure 4-53 HPLC chromatogram of the CmlS ΔG559-V571 reaction containing MeCroCoA at pH
6.5.
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Figure 4-54 HPLC chromatogram of the control reaction containing MeCroCoA in 50 mM
phosphate pH 6.5.

No new peak is observed for the formation of DCACoA in Figure 4-53. NMR spectra were taken of
each reaction to confirm the presence, or lack thereof, of MCA or DCA. Figure 4-55 and Figure
4-56 show the contents of each reaction as observed by 1H NMR.
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Figure 4-55 1H NMR (400 MHz, D2O) spectrum of the reaction between CmlS ΔG559-V571 and
MeCroCoA after 7 hours.
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Figure 4-56 1H NMR (400 MHz, D2O) spectrum of the control reaction containing MeCroCoA in
50 mM phosphate buffer at pH 6.5 after 7 hours.

Again, neither of the desired product peaks appears in the enzymatic reaction spectrum after the
reaction has run its course.

4.4 Discussion
4.4.1 CmlS and the Free Acids
The first substrates to be assayed with CmlS were the carboxylic acids; acetate, acetoacetate
and malonic acid. If these molecules proved to be ample substrates for the enzyme then it would go
along with the hypothesis that CmlS would perform its dichlorination on the free acid at which point
CmlK would convert these to the corresponding acyl CoA derivatives which could then be used to
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acylate the amino group of a chloramphenicol precursor as seen in Figure 3-2. One drawback of
having the free acids as substrate would be the relatively high pKa of the carbon acid and the need
for a general base in the active site to overcome the first major step of proton abstraction. Acetate
has a pKa of 33.510, which would be a problematic substrate for CmlS since it appears to lack a
general base residue in its active site. 1,3-dicarbonyl substrates would be more forgiving of an
active site lacking a general base since their pKas are lower; malonate and acetoacetate have pKaCH
values of 13.5 and 11 respectively10. Reactions involving CmlS and 13C labeled acetate did not show
any conversion to the mono- or dichlorinated product after allowing the reaction to proceed for up to
24 hours with aliquots of NADH added consistently to make sure a constant supply of FADH2 was
present for CmlS. This was not a surprising result given that acetate was an unlikely candidate as a
substrate due to its high pKa. Switching to malonic acid did not see any improvement as a substrate
for CmlS. Although it has a much lower pKa than acetate, monitoring of the reaction containing
malonate showed the acid to be unreactive. The final free acid substrate assayed was acetoacetate,
which seems as though it would be the most likely to react amongst the carboxylic acids assayed
given that it has the lowest pKa. It proved to not be substrate for CmlS as seen through the lack of
activity displayed by the reaction over an extended period of time.
One possibility for the lack of catalytic turnover observed could be due to the blocking of
the active site by the C-terminus of CmlS. As was discussed in Chapter 2, the C-terminus of CmlS
ends in a random coil that blocks the active site. A truncated version of CmlS, ΔG559-V571, was
expressed with the idea that removal of the last few of residues would allow better access for
substrates to the active site. Careful examination of the structure of CmlS revealed that there were
multiple interactions between the C-terminus of the protein and an α-helix on its way to blocking the
active site. Two separate truncations were designed; the first was ΔG559-V571, which was a fairly
conservative modification to the C-terminus in that it did not interfere with any of the previously
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mentioned interactions. The second truncation mutant, ΔG551-V571, was more precarious since it
removed more of the C-terminus eliminating the interaction with the α-helix. Purification of this
second truncation mutant resulted in all of the protein being expressed in the insoluble fraction. This
slight difference reveals the importance of the interactions between the C-terminus and the α-helix.
Reactions with the same carboxylic acids with the CmlS ΔG559-V571 were repeated; however the
end result was the same. Allowing the truncated form of CmlS to interact with the free acids with
the necessary cofactors present and multiple injections of NADH failed to produce
monochloroacetic acid or dichloroacetic acid. Alternative substrates for CmlS needed to be
investigated for activity.
4.4.2 CmlS and the CoA Thioesters
The second group of molecules to be investigated was the free acids acyl CoA thioesters.
These molecules had an advantage over the free acids in that the addition of coenzyme A to the acyl
groups lowered their pKas even further, hopefully making those more viable candidates for reaction
Table 2-5. N-acetyl-S-chloroacetylcysteamine was synthesized as a possible substrate for CmlS.
The NASC substrate resembles the phosphopantethiene arm of acetyl CoA or an acyl-carrier protein
as well as mimicking what could be an intermediate in the synthesis of dichloroacetyl CoA. The
presence of a chlorine group on the molecule has the effect of lowering the pKas of the remaining
protons to hopefully promote further chlorination10. However, reactions with the NASC substrate
saw its rapid degradation in aqueous media. Due to its labile nature in buffered solvent the NASC
was not further tested as a substrate for CmlS.
The acyl-CoA thioesters were tested last with CmlS. The pKa of acetyl CoA is 21 whereas
for malonyl CoA it is ~9.5 and acetoacetyl CoA has a pKa of 8.511. This significant lowering of
substrate pKa, particularly with the malonyl and acetoacetyl CoA substrates, could lessen the need of
a general base residue in the active site of CmlS for chlorination to occur. A standard of
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dichloroacetyl CoA, the expected product of acyl CoA chlorination, was synthesized and analyzed
via HPLC to help analysis of reaction mixtures. AcCoA was the first thioester assayed with CmlS.
After monitoring the reaction over time only minor peaks corresponding to hydrolysis products
([O]CoA and CoA) appeared. As well, the pH of the reaction increased over time. Multiple
additions of NADH over the course of the reaction were the cause of the increasing pH of the
reaction. This is possibly due to the excess of NADH added during the reaction, which can lead to
generation of FAD-OOH (due to the action of the flavin reductase and CmlS) that in turn releases a
basic peroxide anion (-OOH). This increased pH also has the effect of increasing the rate of
hydrolysis of the CoA derivatives, particularly AcAcCoA.
Malonyl and acetoacetyl CoA both showed much greater promise as substrates since they
have much lower pKas. Acetoacetyl CoA proved to be highly labile and hydrolyzed rapidly relative
to the other acyl-CoA derivatives. Control reactions with CmlS K71A and CmlSY350A mutants
excluded the possibility that the hydrolsysis was enzyme mediated. It was also observed that the
spontaneous hydrolysis of AcAcCoA could be vastly reduced by reducing the pH of the reaction
from 7.5 to 6.5 (compare Figure 4-34 and Figure 4-46). Further testing with AcAcCoA with wild
type CmlS and AcAcCoA will be necessary at pH 6.5 to verify its viability as a substrate. Compared
to AcAcCoA, malonyl CoA is considerably more stable in solution. However, only slow hydrolysis
(Figure 4-35) was observed upon reaction with CmlS and no DCA-CoA product was observed by
HPLC. Control reactions with CmlS K71A and Y350A established that this hydrolysis was
spontaneous and not enzyme mediated.
We also considered methylcrotonyl CoA as a substrate. This substrate could react with
CmlS through a different potential mechanism, first forming a carbocation intermediate after the first
chlorination step, followed by hydrolysis and a retro aldol reaction to form an enolate, which would
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undergo a second chlorination event. Unfortunately, no conversion was observed with this substrate
with wild type CmlS.
The hydrolytic instability of thioester substrates such as NASC and AcAcCoA led us to
suspect that expected CmlS product, DCACoA, with two electronegative substituents, would also be
hydrolytically unstable. Accordingly, DCACoA was synthesized and tested for its stability in
different buffered solutions. It was observed that at pH values used in the previous assays (pH 7.5 –
8.3) rapid hydrolysis of DCACoA would have ensued, making observation of this product very
difficult. However, DCACoA is notably more stable at a lower pH of 6.0 – 6.5.
A final attempt to observe activity with the enzyme was to use the truncated form of CmlS,
ΔG559-V571, with the idea that the more accessible active site would allow for chlorination of the
thioesters. Less NADH was used in these reactions with the aim of mainting the pH at 6.5 for the
duration of the reactions. This also explains why, during these reactions, the formation of CoA can
be observed. With less NADH being added and hence less peroxide formation the free thiol from
CoA does not undergo oxidation. Unfortunately, AcCoA, AcAcCoA, MaCoA, and MeCroCoA all
failed to show conversion to DCACoA, as well as mono- or dichloroacetic acids, according to HPLC
and 1H-NMR analysis. Analysis via 1H-NMR, unfortunately, may be insufficient to detect a
chlorinated hydrolysis product. The low end of the detection limit for the free acids via 1H-NMR
was ~1 mM. Since each of the assays only contained a total of 1 mM substrate, halogenated product
could easily have escaped detection. A possible control for these reactions would involve the
cloning and expression of a new mutant, CmlS ΔG559-V571 K71A. If the acyl-CoA thioesters were
set to react with this mutant and hydrolysis was still observed during the reaction, chlorination as a
means of hydrolysis could be ruled out.
Future work will entail testing wild type CmlS with acyl-CoA derivatives at pH values that
afford greater stability to the expected product, DCACoA. Alternatively, the substrate for CmlS may
162

not be a small molecule. It is known that variant B FDHs require their substrates to be bound as
thioesters such as CndH and PltA12, 13. The biosynthetic gene cluster for chloramphenicol codes for
a non-ribosomal peptide synthetase, CmlP, which serves as a scaffold for the final stages of
chloramphenicol biosynthesis and could act as an acyl carrier protein for CmlS14. It is possible that
one of the steps for chloramphenicol biosynthesis involves the chlorination by CmlS of an amide
intermediate that is bound to CmlP.

Figure 4-57 Possible carrier bound substrate for CmlS.

An intriguing avenue for investigation presents itself in the form of testing CmlS with a bound
molecule such as the one presented in Figure 4-57. (R)-2-acetamido-3-(4-aminophenyl)propanoic
acid (Figure 4-58) would have to be synthesized as a substrate for CmlP to bind (through
adenylation followed by thiolation) as well, CmlP would have to be cloned for expression and
purification.

Figure 4-58 (R)-2-acetamido-3-(4-aminophenyl)propanoic acid; a substrate for CmlP
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The natural product for CmlP does not have an acetyl group bound to the β-amino group. The
combination of CmlK and CmlG would likely be responsible for the incorporation of an activated
acyl group, and in an effort to simplify the reaction conditions (by minimizing the number of
enzymes necessary) a modified form of CmlP’s substrate could by attempted. Acetamide could
prove a challenging substrate for CmlS yet with a pKa of 2810 so it would not be difficult to imagine
a similar scenario to one which has already been proposed; a dicarbonyl substituent. It is possible
that through the dual action of CmlK and CmlG a dicarbonyl group could be activated and loaded
onto the chloramphenicol precursor thereby providing a more viable substrate for CmlS to
chlorinate. A number of other enzymes act upon this molecule after it is bound to CmlP before
CmlS would have a chance to perform chlorination. Therefore, the possibility exists that a number
of different intermediates would need to be synthesized for CmlP, in order for CmlS to recognize
and accept one into its active site. Intermediates include the para amino group being oxidized to a
nitro group as well as γ-hydroxylation yielding a substrate that looks more like that present in Figure
4-57. Many possibilities are available to further investigate the action of CmlS.
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