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MONITORING THE CHEMICAL
HYDROXYLATION OF COMPLEX PHENOLIC
COMPOUNDS

Wagday Mohammed Samrgandi
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ABSTRACT

It might be industrially or bio-medically important to confirm and monitor the hydroxylation of
phenolic amine substrates via mass spectrometry. Phenolic amines may be assayed by colorimetric
reactions, liquid chromatography (LC) or thin layer chromatography (TLC), spectrophotometry
(UV VIS) or other methods that may not confirm the product molecule with reasonable specificity.
Phenolic amine compounds may easily enter the gas phase by electrospray ionization (ESI) and the
compounds parent and subsequent fragment ions examined by tandem mass spectrometry
(MS/MS). Thus a number of phenolic amine or other reaction products might be monitored and
confirmed by liquid chromatography with electrospray ionization and tandem mass spectrometry
(LC-ESI-MS/MS). L-tyrosine was reacted with dihydroxyfumaric acid (DHFA) at 0 °C in the
presence of bubbling O, in 400 mL flask respectively or > 100 uL volume in a 96 well plate in an
oxygen atmosphere resulting in the product L-DOPA (L-3,4 dihydroxyphenylalanine). The
production of L-DOPA was examined with nitrite-molybdate in 0.5 M HCI followed the addition
of 1 M of NaOH to form a red color quantified by absorbance at 510 nm. Thin layer
chromatography with staining for amines by ninhydrin was used to detect the production of L-
DOPA. LC-ESI-MS/MS confirmed the molecular identity of the L-DOPA product with a parent
ion predominately observed at an m/z value of 198 [M+1H] and the major fragment ions at 181m/z
and 151m/z. Monitoring the 181 m/z fragment ion permitted the quantification of L-DOPA over
time to <1 pM in the reaction vessel with respect to external standards. The hydroxylation of
tyrosine was observed to require O, and DHFA and produced a strong yield at pH 2 but was not
dependent on Horseradish peroxidase (HRP) and proceeded in the presence of EDTA. The
hydroxylation reaction of tyrosine was depending on DHFA, oxygen and acid (DOA).We conclude
that DOA hydroxylation by LC-ESI-MS/MS may be directly applicable to monitoring the industrial

modification of a wide class of phenolic amines.
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INTRODUCTION

1. Biological Significance of DOPA

L-DOPA (L-3,4-dihydroxyphenylalanine) is an aromatic compound, which may
act as a precursor for dopamine, norepinephrine and epinephrine that are important
neurotransmitters. L-DOPA is a non-protein amino acid that can be synthesized
biologically in the human body from L-tyrosine by tyrosine hydroxylase (TH) enzyme
using O,, as well as Fe*" and tetrahydrobiopterin (BH,) as cofactors. L-DOPA may act as
an efficient therapeutic agent. Thus, DOPA is on the metabolic pathway to the biosynthesis
of the catecholamine neurotransmitters and is thus one of the most effective drugs in the
treatment of Parkinson’s disease (PD) (Hornykiewicz, 2002). L-DOPA is converted to
dopamine by another enzyme (DOPA decarboxylase) (Kaufman, 1995). In addition, L-
DOPA has been shown to be effective in the treatment of dopamine-responsive dystonia
(Segawa, 2000). The convenient hydroxylation of tyrosine to yield L-DOPA has been
reported to occur in vitro via catalysis by HRP and other enzymes with the optimal reaction
conditions (Mason, Onopryenko, et al. 1957; Buhler and Mason 1961; Halliwell, and
Ahluwalia, 1976, Nordblom, White, et al. 1976, Halliwell, 1977; Dordick, Klibanov, et al.
1986)

2. Mass Spectrometry

Mass spectrometry (MS) is an analytical tool that may be used to measure the
mass-to-charge ratio and intensities of charged particles (ions). Of particular interest to the

determination of masses of particles and the elemental composition of a molecule is MS,



which is also used for identifying the chemical structures of molecules such as peptides
and other chemical compounds. The analytes are ionized in the gas phase and then detected
by MS (Sparkman, 2000). Hence mass spectrometry may be used directly to measure the

hydroxylation of purified compounds.

Mass spectrometers play an important role in industry towards applications for
routine measurements and in academia for research purposes. MS techniques may be used
in proteins, peptides, or oligonucleotides analysis (Biotechnology) or small molecule, drug
discovery, metabolism, and pharmacokinetics (Pharmaceutical). In addition MS finds
applications in environmental and Geological measurements such as elemental analysis,
PAHs, PCBs, water quality, and food contamination. Thus MS seems to be one of the most
promising analytical techniques to examine a number of very small quantity samples

simultaneously quickly, precisely, and accurately (Kostiainen, Kotiaho, et al., 2003).

2.1. The Components of general MS systems

A mass spectrometer is composed of three main parts including an ion source, a
mass analyser that measures the mass to charge ratio (m/z) of the ionized analytes, and a
detector that records the total number of ions at each m/z value (Figure 1). Electrospray
ionization (ESI) and matrix-assisted laser desorption/ ionization (MALDI) are the two
most commonly used ion sources for mass spectrometric analysis (Fenn, Mann, et al.,
1989). ESI ionizes the analytes out of a solution and is thus directly coupled to liquid-
based separations (Fenn, Mann, et al., 1989). MALDI ionizes the samples out of a dry,
crystalline matrix via laser beams. The ionization of the MALDI matrix may interfere with

the detection of some small molecules (Karas, & Hillenkamp, 1988).



Mass Spectrum

Sample Vacuum Pumps Data
Introduction Output

Figure 1: Components of mass spectrometry

1) Introduction of a sample for the ionization steps, 2) Production of ions from the sample,
3) Separation of ions with different masses, 4) Detection of the number of ions of each

mass that is produced, 5) Collection of data to generate the mass spectrum.

The second part of the MS is the mass analyser, which is considered the main
functional part of the instrument that separates parent or fragment ions according to their
mass to charge ratio (Pandey, & Mann 2000; Aebersold & Goodlett, 2001; Mann,
Hendrickson, et al., 2001). There are four elemental types of mass analysers mostly used.
These are the ion trap, time-of-flight (TOF), quadrupole and Fourier transform ion
cyclotron (FT-MS) analyzers. Each one of them has its own strength and weakness
although their design and performance are varied and they can also be combined together
in tandem to create hybrid instruments (Mann, Hendrickson, et al., 2001). For example, the
quadrupole-TOF instruments have collision cells, which are located between a quadrupole
mass filter and a TOF analyzer (Loboda, Krutchinsky, et al., 2000). In contrast to hybrid
instruments, ion traps separate the resolution of parent ions, and their fragments, a few
milli seconds apart in the same mass analyzer, and so are relatively inexpensive. Ions of a
specific mass to charge ratios are selected in a first mass analysis, fragmented with a
collision gas and then the fragment-ion masses are analyzed by a second mass analyser.
Thus, ion trap analysers are characterized by high sensitivity, low resolution and useful
mass accuracy. Furthermore, the generated fragment ion spectra are often more widespread

and informative than those that formed in trapping instruments. The FT-MS instruments



will be promising in the future although proteomics are controlled currently by instruments
like TOF, ion-trap and hybrid TOF (debersold, & Mann, 2003). MALDI is often coupled
to TOF analysers that quantify the mass of intact peptides, while ion traps and triple
quadrupole instruments are compatible with ESI and used to form fragment ion spectra or
collision-induced spectra (CID) of selected precursor ions (debersold, & Goodlett, 2001).
Liquid chromatography/tandem mass spectrometry (LC/MS/MS) coupled to ESI ion
source is the most common method in analytical chemistry.  Currently, liquid
chromatography-mass spectrometry (LC/MS) is considered the first determination method
of trace level compounds that are essential to demonstrate their biological aspects and
functions in living systems. In addition, LC-ESI-MS/MS utilizes ionization at lower
temperatures compared to the other methods. Moreover, LC-ESI-MS/MS permits highly
sensitive detection of desired compounds since the level of its background noise is very

low (Nordstrom, Tarkowski et al., 2004).

Since polyphenolic compounds are normally found as a complex mixture, they
may require techniques such as LC-MS for better detection. LC-MS is a rapid and reliable
technique with different ionization sources (ESI or MALDI) for identification of phenolic
substances (Lin, & Harnly, 2008). In addition, MS has become one of the methods for the
rapid detection of proteins and the characterization of post-translational modification of
amino acids (Blackstock, & Weir, 1999). Thus if MS has the capacity to detect the
substrates and reaction products, it might be used to read reactions and standards to allow
absolute quantification. Many types of phenolic amines may be detected by ESI-MS
(Palumbo, Napolitano et al. 1999). The large changes in mass that results from
hydroxylation should be easily resolved even on a simple ion trap instrument. Thus if LC-
ESI-MS/MS is able to detect the substrates and reaction products, it can be used to read

reactions and standards to allow absolute quantification.



3. Chromatographic systems

Chromatographic systems consist of a mobile phase that carries the sample
through a stationary phase. Separation of a complex mixture occurs when the sample
molecules have different affinities for the stationary media (Braithwaite, & Smith, 1996).
As a result, the retention time for a particular molecule to travel through the
chromatographic medium will depend on its physicochemical properties. The two main
types of chromatography are liquid chromatography, where the mobile phase is a liquid,
and gas chromatography, where gas is used as the moving phase (Braithwaite, & Smith,

1996).

3.1. Liquid chromatography- mass spectrometry

In the early 1900s, liquid chromatography was discovered, which was known at
beginning as ‘‘classical column chromatography’’. The Nobel Prize for partition
chromatography was awarded in 1952 to Martin & Synge. A sample was added to the top
of glass cylinder after it was filled out with a powder such as chalk, and then a solvent was
poured onto the column. The components of the sample start to elute while the solvent
flows down the column by gravity, through the column at different speeds and become
separated (Snyder, Kirkland, et al., 2010). In liquid chromatography (LC) the stationary
phase typically consists of porous particles with a large surface area, for example, silica
beads coated with different functional groups (Lough & Wainer, 1995). Sample molecules
travel through the chromatographic system and interact with the surface of the stationary
phase. Sample molecules that interact strongly with the stationary phase will have longer

retention times.



High pressure or high performance liquid chromatography (HPLC) utilizes
smaller diameter packing materials with increased flow pressure to yield higher resolving
power and faster analyses (Lough & Wainer, 1995). As a consequence, HPLC is one of the
most useful and powerfully applied analytical techniques that has the ability to separate
and analyze chemical mixtures, compared to other chromatographic methods. HPLC has
many other characteristics in addition to being almost universally applicable and having a
wide variety of tools, columns and other materials that are commercially available. These
characteristics allow the utilization of this machine in nearly every field and most likely
analytical chemistry laboratories (Snyder, Kirkland, et al., 2010). Many different
separation methods have been used in conjunction with mass spectrometry, which is a
commonly used method to identify and quantify chemical mixtures (Petrovic, Eljarrat, et
al., 2002). There are many advantages to combining MS and separation methods, including
increased sensitivity, dynamic range, and selectivity. On the other hand, there are a few
disadvantages including the difficulty of sample cleaning before use, which is very time-
consuming and costly and fouling of the source is very common. As a result, the sample
throughput is normally low and there is always a somewhat long period between sample
collection and result analysis (Wang, Pan, et al, 2009). Frequent exchange of the
electrospray emitter and extensive clean up of the source and instrument is frequently

required to control the background (Farré, Kantiani, et al., 2007).

Since polyphenolic compounds are normally found as a complex mixture, they
may require techniques such as LC-MS for sensitive detection. LC-MS exhibits a rapid and
reliable technique with different ionization methods for identification of phenolic
substances (Lin, & Harnly, 2008). In addition, MS has become one of the prefered methods
for the rapid detection and analysis of amino acids metabolism (Blackstock, & Weir, 1999).
These same types of phenolic amines are known to be detectable by ESI-MS (Palumbo,
Napolitano et al. 1999). The large changes in mass anticipated might permit the monitoring
of the reactions progress by LC-ESI-MS/MS. Thus if LC-ESI-MS/MS is able to detect the
substrates and reaction products, it can be used to read reactions and standards to allow

absolute quantification.



3.2. Thin layer chromatography (TLC)

The term Thin layer Chromatography is used to describe a technique in which
mixtures of different compounds are separated into individual substances using a dry
stationary phase and a mobile phase that is drawn by capillary action. The individual
substances interact differently with both the stationary and mobile phases since they have
various molecular structures; thus they are transferred at different rates by the mobile
phase (Reich, & Schibli, 2007). In the 1960s and 1970s, the thin layer chromatography
(TLC) systems were developed and used commonly in almost all chemical and analytical
laboratories (Pestka, 1986). TLC utilizes a thin layer of adsorbent material as stationary
phase that is bound to a solid support such as glass, plastic or aluminum sheet. Silica gel
for instance, is the most common stationary phase, which is a form of silicon oxide (SiO,)
that has hydrated surfaces. Since silica gel is an adsorptive material and it has a large
surface area that allows strong interactions with molecules (D'Aniello, D'Onofrio, et al.,

1985).

A solution containing the analyte of interest or mixture is spotted and dried a few
centimeters from one end of the plate. The TLC plates are transferred to a sealed container
with an appropriate mobile phase no more than a centimeter deep or so. As a consequence
of the capillary action, the mobile phase will rise and reach the sample mixture that will be
dissolved and carried by the rising solvent. Each compound in the mixture will travel a
distance along the TLC plate yielding different spots depending on the fraction of time
spent in the mobile phase. These spots can be analyzed either directly, if the compounds
are colored, or indirectly utilizing an indicator such as UV-light. On the other hand, amino
acids are coluorless compounds and can be determined by ninhydrin solution, which is a
widely used chemical for this purpose. In this case, an aldehyde and carbon dioxide are
produced when the ninhydrin solution reacts with free alpha-amino groups (D'dniello,

D'Onoffrio, et al., 1985).



4. Detection of phenolic compounds by Ultra violet visible (UV/VIS)

spectroscopy

Ultraviolet/visible (UV/VIS) spectrophotometry has wide application in
analytical laboratories to measure both the endogenous absorption of light from
biochemical compounds and those of specific coluorimetric reactions. UV/VIS provides
high sample throughput and many specific reagents and protocols have been developed for
the rapid and convenient measurement of a wide range of analytes (Upstone, 2000). UV
(250-400 nm) and VIS (400-700 nm) radiation consist of only a narrow part of the
electromagnetic spectrum, and does not address other frequencies of radiation such as
radio, infrared (IR) and X rays (Islam, Singh, et al., 2003).. UV/VIS light is usually applied
to molecules or inorganic complexes in solution where it is absorbed and thereby promotes
outer electrons to higher energy levels. The concentrations of the analytes can be
determined by measuring the absorbance at some wavelength using the Beer-Lambert Law
based on known extinction coefficients or alongside a standard concentration series
(Upstone, 2000). UV/VIS spectroscopy is an essential detection method of phenolic
compounds (Sherma, 2010). Due to the presence of conjugated double and aromatic bonds,
the absorption phenolic compounds can vary in UV/VIS (Sherma, 2010). These kinds of
compounds are strong chromophores with high UV absorptions due to the presence of

several conjunction bonds (Harnly, Bhagwat, et al., 2007).

5. Phenolic compounds and derivatives

It is commonly cited that a large number of different substrate molecules
including phenols, polyphenols, amino acids (Patel, and Okun, 1977), flavenoids,

diaminobenzidine, o-phenyldiamine, dihydroquinone, alpha napthol and dopamine



(Palumbo, Napolitano, et al. 1999) may be polymerized, hydroxylated or otherwise
modified by horse radish peroxidase (HRP). Of importance to the present study, it has been
reported that HRP may hydroxylate phenolic amines at pH 5.0 with a high enzymatic
reaction rate using the co-factor DHFA in the presence of O, at low temperature (Mason
Onopryenko, et al. 1957, Buhler and Mason 1961; Halliwell, and Ahluwalia, 1976,
Halliwell, 1977; Dordick, Klibanov, et al. 1986, Klibanov, Berman, et al. 1981). The
reported hydroxylation of phenolic substrates by HRP under previously defined reaction
conditions would thus modify the mass of substrates by 16 Daltons (Halliwell, and
Ahluwalia, 1976; Dordick, Klibanov, et al. 1986) and even larger modifications in mass
can be observed for polymerizations (Koduri, & Tien, 1995). It has been suggested that the
relative concentrations of substrates such as hydrogen peroxidase, DHFA and cofactors
play a significant role in controlling the direction of hydroxylation or other modification
reactions. Under optimal conditions the hydroxylation reaction has been reported to be
highly efficient and proceed to completion with no appreciable side reactions and where all
the substrates and products can be accounted for (Dordick, Klibanov, et al. 1986). More
recently it has been suggested that while the iron-containing enzyme HRP is sufficient to
catalyze the hydroxylation of phenolic amines, the reaction has also been reported to
proceed where iron ions, Fe*" or Fe®', act as the required catalyst (Durliat, Courteix, et al.,
1992). Even more recent papers seem to suggest that other proteins/or compounds may
also act as a catalyst for the hydroxylation of phenolic amines. In contrast, in the present
work we have observed that the hydroxylation of tyrosine by DHFA in the presence of O,
proceeds without HRP, Fe ions or any other protein catalyst (Durliat, Courteix, et al.,
1992, Dordick, Klibanov, et al., 1986; Klibanov, Berman, et al. 1981, Klapper, and Hackett,
1963, Halliwell, and Ahluwalia, 1976, Halliwell, 1977, Dordick, Klibanov, et al. 1986).

6. Peroxidase

Heme is a well-known prosthetic group and the hemoproteins are very common in
nature and play important biological roles. Proteins that contain protoporphyrin IX-heme

as the prosthetic group include hemoglobin, cytochromes P-450 (CYP-450), and



peroxidase that are quite different in their functions and reactivities, especially with respect
to molecular oxygen. Hemoglobin for instance, is the oxygen transporting protein in
mammals; while the CYP-450 enzymes associated with hydroxylation of aromatic amines
and phenols and catalyze the peroxidative substrates (Dordick, Klibanov, et al., 1986).
Although these proteins have the same heme and are similar in structures, the type of
chemistry carried out in each case is unique (Dordick, Klibanov, et al. 1986). In addition to
peroxidase, hemoglobin (Keilin, & Hartree, 1935), and CYP-450 (Nordblom, White, et al.,
1976) have been reported to exhibit peroxidase activity. Indeed, peroxidase activity is more
common in proteins containing heme and it is associated with some other reactions such as
N-demethylations (Kedderis, & Hollenberg, 1983). In addition to HRP other heme
containing proteins like CYP-450, and Myelo-peroxidase (MYP) may hydroxylate
substrates under known reaction conditions (Mason, Onopryenko, et al. 1957; Buhler and
Mason 1961; Halliwell, and Ahluwalia, 1976; Nordblom, White, et al. 1976, Halliwell,
1977, Dordick, Klibanov, et al. 1986).

6.1 The biochemical significance of HRP

HRP is one of the heme peroxidases, which catalyzes different of oxidative
transformations of both organic and inorganic substrates in the presence of a reducing
compound by hydrogen peroxide (Van Haandel, Claassens, et al, 1999), or alkyl
peroxides (Bodtke, Pfeiffer, et al., 2005). HRP also has the capacity to polymerize amines
and phenols resulting in polyphenols. For example, the amber colored product produced
from the polymerization of guaiacol in the presence of H,O, has been reported in the past
as tetraguaiacol (Whitaker, 1972; Korduri, and Tien, 1995). The sensitivity of colorimetric
and chemiluminescent substrates that are commercially available makes HRP a very useful
tool in biological research (Bronstein, Voyta, et al.,1989). The hydroxylation reaction
reportedly catalyzed by HRP requires the presence of a strong reducing agent, such as
dihydroxyfumaric acid (DHFA) (Durliat, Courteix, et al., 1992). Yamazaki & Piette
(1963) proposed also that O, was involved in a number of reactions catalyzed by HRP
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(Yamazaki, & Piette, 1963). Many approaches for hydroxylation may have significant
problems since they are time consuming, and providing low yields (Sih, Foss, et al., 1969).
Phenols and hydroxylated phenols or their derivatives, especially amines could enter the
gas phase and thus be analyzed by MS (Okuda, Ohara, et al. 2008). Hence LC-ESI-
MS/MS might be used to examine new chemical or biochemical strategies for

hydroxylation reactions.
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RATIONALE

Many heme-containing proteins such as HRP, CYP 450, and MYP, reportedly
have the capacity to oxidize, hydroxylate or polymerize different substrates under known
reaction conditions (Mason, Onopryenko, et al. 1957; Buhler and Mason 1961, Halliwell,
and Ahluwalia, 1976; Nordblom, White, et al. 1976; Halliwell, 1977; Dordick, Klibanov,
et al. 1986; Whitaker, 1972; Koduri, & Tien, 1995). HRP and CYP 450 in particular share
the capacity to act as hydroxylating agents (Klapper, and Hackett, 1963, Halliwell, and
Ahluwalia, 1976, Halliwell, 1977, Dordick, Klibanov, et al. 1986). In addition, there is
considerable evidence that hydroxylation reactions require the presence of strong reducing
agents, such as DHFA as hydrogen donors and the presence of molecular oxygen as well as
requiring the presence of catalysts for the progression of the reaction (Durliat, Courteix, et
al., 1992; Klibanov, Berman, et al. 1981). It will be important to create analytical systems
that can be used to determine the best methods for the hydroxylation of phenolic amines.
Moreover, similar analytical strategies may be applied to the products with colorimetric
dyes such as indole derivatives (Bronstein, Voyta, et al. 1989), TMB and DMB (Liem,
Cardenas, et al. 1979) that can be detected by MS. The application of LC-ESI-MS/MS
may a useful tool for the analysis of the products of hydroxylation reactions that will
provide greater certainty of the molecular species by the estimation of the mass to charge

ratio (m/z) of their parent and fragment ions.
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CENTRAL HYPOTHESIS

The present thesis regards analytical biochemistry and is concerned with the identification
and measurement of biomolecules. The central hypothesis of this research is that LC-ESI-
MS/MS may be used to confirm the molecular identity of the reaction products of the well-
cited hydroxylation of tyrosine by horseradish peroxidase with reasonable certainty. A
corollary of this hypothesis is that LC-ESI-MS/MS may then be used to establish the
reaction conditions required for the hydroxylation of phenolic amines such as tyrosine. A
further corollary of the central hypothesis is that LC-ESI-MS/MS should agree
qualitatively and quantitatively with the results of other methods of analysis of tyrosine
hydroxylation reactions. A final novel hypothesis that emerged from the above lines of
enquiry is the proposition that the well described hydroxylation of tyrosine, and perhaps
many other phenolic amines, does not require a catalyst in contrast to the widely reported

to requirement for iron (Fe) or heme containing proteins or other proteins as catalysts.
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MATERIALS AND METHODS

1. Materials

L-tyrosine (L-Tyr), Guaiacol, p-nitrophenyl phosphate, CSPD, Luminol, TMB,
P-coumaric acid, Phenol, L-Tyrosine, L-Proline, MTT Formazan, Indigo, X-Gal, Melanin,
Adenine, Guanine,  4-Aminopyrazolo[3,4-d]pyrimidine, = D-Phenylalanine,  3-
Aminopyrazole-4- carbonitrile, 3,3’-Diaminobenzidine, Hydroquinine (Dihydroquinine),
Hydroquinone, L-Ascorbic acid, 3,4-Dihydroxy-L phenylalanine (L-DOPA), Pyrocatechol
(Catechol), 3,3'-Diaminobenzidine, B-Alanineand, DHFA, sodium molybdate (Sigma,
98+%) were purchased from Sigma Aldrich (Oakville, ON, Canada). Solvents and organic
modifiers such as Acetic acid (CALEDON, George town, ON, Canada) and Formic acid
(Sigma Aldrich, Oakville, ON, Canada) were HPLC grade. Acetate buffer was obtained
from Bioshop (Burlington, ON, Canada). Compressed Oxygen gas was obtained from
Linde (Brampton, ON, Canada). A TLC and developing chamber was purchased from
Sigma Aldrich (Oakville, ON Canada). TLC plates (Silica Gel 60 F254 200 um) were
purchased from VWR (Mississauga, ON, Canada). Unless stated all salts, buffers, dyes
reagents and phenolic amines were obtained from the SIGMA chemical company (St Louis

MO, USA) and were of the highest quality available.

2. Direct infusion ESI-MS/MS

As a first step a variety of phenolic amines or other amino compounds and or
some of their predicted hydroxylation products were obtained based on their structural
similarity to compounds that were known to ionize by ESI from the literature (Table 2).
The compounds were analyzed by direct infusion with a Hamilton gas tight syringe via a
metal needle the electrospray ionization where the voltage was connect via a liquid

junction with a flow rate of 2 pLL per minute. The detection of the analytes was compared
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with an LTQ linear ion trap instrument (Thermo Fisher Scientific). The ionization and
transmission conditions was tuned separately for each potential substrate or product using a
100 uM solution in 0.1% formic acid to determine the optimal ionization voltages, nitrogen

flow, transfer capillary temperature and lens voltages.

3. Hydroxylation reactions

For large-scale reactions the hydroxylation system proposed by Klibanov and
coworkers (1981) was used in this experiment without modifications. L-tyrosine was
reacted with dihydroxyfumaric acid (DHFA) at 0 °C in the presence of bubbling O, in 1L
Erlenmeyer flask on ice. Alternatively the total volume of the reaction was scaled down to
> 100 pL for use in a 96 well ELISA plate in an oxygen atmosphere where the layer of the
liquid reaction mixture was sufficiently thin (< 2 mm) so that oxygen could be supplied to
the reaction by simple diffusion. LC-ESI-MS/MS (see below) was used to confirm that
both the large scale and small scale reactions resulted in the product L-DOPA (L-3.4
dihydroxyphenylalanine). The reagents were placed first in eppendorf ® reaction tubes
where 200uL of 10 mM stock solution of Tyr (2mM, 18.1mg/10ml in buffer) was added to
60 mM acetate buffer (pH 5.0) to make 1mL reaction and the tube was cooled down to 0
°C before adding 400uL of 10mM stock solution of DHFA (4mM, 14.2mg/10ml in buffer)
followed immediately by 2.8uL (0.5mg/L) of 4.42mg/mL HRP stock solution was added to
the reaction tube and the stopwatch was set up (however in the absence of HRP the
reaction was begun after adding DHFA). Then, > 100 pL of that reaction tube was placed
in different wells labeled (0-3hr). After 1hr, an additional amount of 4mM of DHFA were
added to the wells that had 2hr and 3hr samples. And the same amount again was added
after another hour to 3hr sample only. The samples were measured immediately at each
sampling time with the various techniques including (TLC, coluorimetric and LC-ESI-

MS/MS).
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4. Thin Layer Chromatography (TLC)

Standards of L-Dopa and L-tyrosine solutions were dissolved in acetate-buffer
(pH 5.0). L-Dopa (0.276 g/L) and L-Tyr (0.362 g/L) standards were spotted on labeled
TLC plates 4x and 3x, respectively; 1 cm apart. Time course samples (0, 15, 30, 1hr, 2hr,
3hr) containing mixture of L-tyrosine and DHFA in acetate-buffer (pH 5.0), with and
without HRP were spotted ~ 5-6 x with a glass pipette. Enough sample was drawn up at
different time courses (0-3hr) with the glass pipette to form a spot with ~ 3-4 mm diameter.
Alternatively the reaction was performed in pH 2 or pH 3 HCI and spotted. The plate was
placed on a heater in order to allow the spots to completely dry between consecutive
spotting. Then the plates were developed in a chamber containing 75% phenol in HO with
the lid covering the top. After the solvent in the chamber had travelled % of the way to the
top of the plate (~40-45 min), the plates were dried with a heat gun, and then sprayed with
Ninhydrin reagent (200mg of Ninhydrin was added to 100 mL acetic acid) until spots were

visible. The plates were allowed to dry prior to be read and compared.

5. Colorimetric Assay

The assay of Arnow for the determination of L-DOPA was employed with some
modifications (Arnow, 1937a). Nitrite-Molybdate reagent (10g of sodium nitrite and 10 g
of sodium molybdate (Sigma, 98+%) each was dissolved in 100 mL of distilled water).
Number of different concentrations of 10 mM stock of DOPA standard arrange from 0.025
to 0.2 mM (0.005-0.039mg/ml) were analyzed by (Lambda 20/40) UV/VIS spectrophoto-
meter at 510 nm wavelength to make a standard curve. After that, the reaction of Tyr to
create DOPA was set up with known reaction conditions (2mM Tyr, 4mM DHFA at 0°C)
for 3hr with and without the presence of HRP in 96 well plates 3 replications each. Enough
samples (125 uL) were taken from wells at various time courses (Omin, 15min, 30min, 1hr,
2hr, 3hr) to make 1mM dilution and placed in a test-tube containing 125 uL of the buffer.
Then, 250 uL. of both 0.5 M of HC1 (CALEDON Georgetown, ON, Canada) and nitrite-

1A



molybdate reagent were placed respectively in the same test tube. After which another 250
uL of 1 M of sodium hydroxide (NaOH) was added to each test-tube to make a total
volume of 1 mL and mixed well to form a red color. The system was blanked with a
mixture containing ImM of Tyrosine and DHFA in addition to the other reagents used in
the assay. Then, the time course samples were analysed using quartz cuvettes at 510 nm by

visible light (UV/VIS, lambda 20).

6. UV/VIS Spectrophotometry

The absorbance of DOPA standards and hydroxylation reactions was measured on
a Perkin-Elmer Lambda 20 UV/VIS (Toronto, ON, Canada). Different concentrations of L-
DOPA standards (0.025mM, 0.050mM, 0.075mM, 0.ImM and 0.15mM, 0.20mM) were
quantified by the UV/VIS using quartz cuvettes (Aldrich Chemical, Oakville, ON). The
system was blanked with acetate buffer and the wavelength scan range was from 200 to
400 nm. After that, samples of Omin, 15min, 30min, 60min, 120min and 180min from the

main reactions in the presence or absence of HRP were measured.

7. Liquid Chromatography-Electro Spray Ionization-tandem Mass
Spectrometry (LC-ESI-MS/MS)

Hydroxylation reactions were separated by HPLC coupled to ESI-MS to resolve
the substrate, cofactors, and buffer components from the hydroxylated product and thus
permit efficient ionization and sensitive detection. The DOPA standard (0.000197 g/tube)
was aliquoted, dried and stored at -80 °C. Of each experiment a standard HRP aliquot was
dissolved in 985uL of HPLC water. A stock of 200 ng/uLL was prepared in order to make

standard series in 5% FA according to (Table I). Prior to start injection of the standard or
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sample series, the LC-ESI-MS/MS system was cleaned at 10uL per minute with 50%
acetonitrile in the mobile phase which was run off line through the column and the sample
loop cleaned several times with 5% FA in the load and inject positions. The baseline was
established and the blank injected three times at 2-5 minutes apart. Based on the peak size
and how much time was required to return to baseline, the injection period was varied

between 5-15 minutes apart with three technical replicates.

Table 1: Stock of L-DOPA and the final concentrations to a standard curve

Stock 200 (ng/nL) 5% formic Acid (nL) | Final conc. (mg/mL)

25 nLL 975 0.005

12.5 pLL 987.5 0.0025
5.0 pL 995 0.001

3.75 pLL 996 0.00075
2.5 L 997 0.0005
1.25 pLL 998 0.00025
0.5 pLL 999 0.0001

The crude products that were obtained from the reaction at various time-course
were simply diluted (1/100) in 5% formic acid prior to isocratic separation over C-18 (300
micron ID x 15 cm column) (Vydac, Hesperia, CA, USA) at 10 pL per minute with an
Agilent 1100 HPLC connected via an electrospray ionization source to a linear ion trap
(LTQ Thermo Fisher). The effect of varying tyrosine in the presence of O, versus DHFA
concentration or HRP on the reaction progress was directly monitored by LC-ESI-MS/MS.
The mobile phase was 80/20/0.05 of H,O/acetonitrile/formic acid (HPLC grade). The

source and instrument was cleaned between sample determinations.
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8. HRP Enzyme activity assays

The vigorous activity of the HRP enzyme used in these experiments was

confirmed with ECL and colorimetric enzyme assays.

8.1. Chemiluminescent enzymatic assay (Dot Blot)

A small piece of PVDF membrane was labeled using a pencil prior to being
placed in the dish-containing methanol. The filter paper was soaked in methanol in a small
plastic dish and excess was allowed to evaporate by placing the dish in the fume hood for a
couple minutes. A sample of the HRP enzyme was spotted at different volumes including
1uL, 2puL, 3uL and 4pL on top of the damp PVDF membrane then allowed to dry. The
HRP bound membrane was then washed with distilled water. ECL solution was prepared
by adding 1mL of Tris/HCI (1 M, pH 8.8), 9 mL distilled water, SOuL. Luminol (250 mM
in DMSO), and 222uL 4IPBA (90 mM in DMSO) in this precise order. The ECL solution
was then poured on the surface of the membrane and shaken for ~1 min. The membrane
was then drained of excess reaction buffer and immediately wrapped in saran wrap and
placed inside the film cassette. The membrane was then exposed to a piece of film
corresponding to the size of the membrane in a dark place for ~3 min. The film was then
developed by placing in a developer solution until spots became visible then rinsed with
cold water and placed in fixer solution for ~ 2min. Kodak Professional T-max (4:1 parts
water) and Kodafix Solution (3:1 parts water) were used as developer and fixer
respectively. The developed film was then allowed to air dry before being scanned with an
EPSON EXPRESSION 1680 scanner. The exposure of the film confirmed the activity of

the enzyme.
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8.2. Colorimetric assay of the Polymerization of guaiacol

According to Danelle Furlong (2007), the HRP enzymatic activity measurement
corresponds to the rate of oxidation of guaiacol by hydrogen peroxide. 100 mM of sodium
acetate buffer (PH 5.0) was prepared and stored at room temperature. Both guaiacol and
30% (w/w) hydrogen peroxidase (H,O,) were purchased from Sigma-Aldrich (Oakville,
ON, Canada). 5uL of guaiacol (0.306mM) was placed in test tube filled with 233uL of
sodium acetate buffer (100mM, pH 5). After that, 7uL and SuL of HRP (3.18uM) and
H,0, (14.69mM) were added respectively to the same test tube (Furlong, 2007). The

generation of an amber color confirmed the activity of the enzyme.

Table 2: List of substrates and products, sources and molecular weights.

Substrate/Product Source Mol. Weight
Guaiacol Sigma Aldrich 124.14 g/mol
p-nitrophenyl phosphate Sigma Aldrich 144.2 g/mol
CSPD Roche 460 g/mol
Luminol Sigma Aldrich 199.15 g/mol
TMB Sigma Aldrich 240.34 g/mol
P-coumaric acid Sigma Aldrich 164.16 g/mol
Phenol Sigma Aldrich 94.11 g/mol
L-Tyrosine Sigma Aldrich 181.19 g/mol
L-Proline Sigma Aldrich 115.13g/mol
MTT-Formazan Sigma Aldrich 335.43 g/mol

Continued on next
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Continued from previous page

Indigo Sigma Aldrich 262.26 g/mol
X-Gal Sigma Aldrich 408.64 g/mol
Melanin Sigma Aldrich 126.22 g/mol
Adenine Sigma Aldrich 135.18 g/mol
Guanine Sigma Aldrich 151.13 g/mol
4-Aminopyrazolo[3,4-d] Sigma Aldrich 135.13 g/mol
pyrimidine
D-Phenylalanine Sigma Aldrich 165.19 g/mol
-Aminopyrazole-4-carbonitrile Sigma Aldrich 180.1 g/mol
3,3’-Diaminobenzidine Sigma Aldrich 168.14 g/mol
Hydroquinine (Dihydroquinine) Sigma Aldrich 326.44 g/mol
Hydroquinone Floka 94.11 g/mol
L-Ascorbic acid Sigma Aldrich 176.12 g/mol
3,4-Dihydroxy-L- Sigma Aldrich 197.16 g/mol
phenylalanine (L-DOPA)
Pyrocatechol (Catechol) Sigma Aldrich 110.1 g/mol
3,3'-Diaminobenzidine Sigma Aldrich 214.27 g/mol
B-Alanine Sigma Aldrich 89.09 g/mol

21




RESULTS

1. Screening the ionization of potential substrates and products

As a first step a variety of phenolic amines or other amino compounds and or
some of their predicted hydroxylation products were obtained based on their structural
similarity to compounds that were known to ionize by ESI from the literature (Table II).
The electrospray ionization source and detection of these were compared by direct infusion
with a linear ion trap. A small range of phenolic and other compounds including phenols,
tyrosine, proline, phenyl-alanine, dopamine, other amino acids, polyphones,
diaminobenzidine, o-phenyldiamine, dihydroquinone, alpha-naphthol and their
hydroxylated products and many others, were run in different concentrations as low as
femto M in 0.1% formic acid by direct infusion into the MS, in order to determine the
sensitivity and limit of detection and to draw standard response curves. Additionally, ESI
in positive and negative mode was used to examine the substrates and products (Chu,
Haffner et al. 2005). The substrates and products that presented great sensitivity and
resolution from all others were utilized for subsequent experiments. We observed that both

tyrosine and its predicted hydroxylation product L-DOPA ionized well.

A series of preliminary experiments were undertaken to determine the most
compatible buffer for the hydroxylation reaction after the optimal substrates and products
have been analyzed. In addition to an acetate buffer, other couple reaction buffers such as
(Na acetate, citric acid and acetic acid at pH 5.0, NHsHCO; at pH 8.8, & PBS pH 6
respectively) were examined. In addition, strong reducing agents such as DHFA and H,0,
were tested along with these compounds in the presence/absence of O, and HRP. Some
direct and rapid reactions were performed. For instance, the polymerization reaction of
guaiacol to form tetraguaiacol occurs in the presence of HRP and H,O,, however this
compound have not shown well ionization by the direct infusion ESI-MS. The

polymerization reaction therefore was excluded as the optimal reaction for the experiment.
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After the ionization capacity of all the above listed substrates and products (Table
IT) were analysed and compared by direct infusion to the MS. Only five of the samples
showed ionization with concentrations as low as Pico mole (E'?) by the ESI-MS when
dissolved them in a number of different buffer solutions with various pH. These
compounds including 3,4-Dihydroxy-L-phenylalanine (DOPA), L-tyrosine (Tyr), L-
phenylalanine (PA), hydroquinine (DHQ) and tetramethylbenzidine (TMB). In the case of
using the mass spectrometry as a detector, some substrates and/or products are ionized and
some of them are not. This was considered one of the challenging tasks in this project since

some substrates known to be ionized while their products might not, and vise versa.
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Figure 2: Substrates and products ionized by direct infusion ESI-MS.

Different substrates and products in various concentrations that were diluted with 1%
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formic acid were measured by the direct infusion ESI-MS to examine their ionization
solvent. Thus, the mass spectra highlight compounds that yield sharp peaks only at lower
concentrations as listed in Table 2 as well as their MS/MS molecule fragments. These
peaks consist of (A) 3,4-Dihydroxy-L-phenylalanine (L-DOPA) at mass 198 Da; (B) L-
tyrosine (mass 182 Da); (C) L-phenylalanine (166 Da); (D) hydroquinine (DHQ) with very
high peak at m/z=327 Da and finally (E) tetramethylbenzidine (TMB) is consisting of three
peaks, the most abundant having a mass 240 Da then 241 Da and the minor peak at a m/z
239 Da. From the top five analytes, Tyr and its product DOPA were determined as the
optimal substrates and products, in which both have the ability to be ionized by MS. The
proposed reaction that converts Tyr to DOPA is known as a hydroxylation reaction

(Klibanov, Berman, et al. 1981).
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Figure 3: The synthesis of L-DOPA from the hydroxylation of L-tyrosine

with known conditions (K/ibanov, Berman, et al. 1981). In the proposed mechanism,

DHFA acts as a hydrogen donor in a reaction to make a hydroxyl group (-OH) and thus
form L-DOPA and other compounds in the presence of O, and HRP. The product has the
chemical formula CoH;;NO4 with a molar mass of 197.19 g/mole very close to the

substrate which only one —OH group are differentiate between them.
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2. Linearity with respect to concentration

The intensity of ESI signals is proportional to concentration of the analyte over a
range of concentrations that depends in part on the design of the instrument. High
concentrations of the analyte provide strong signals but also require extended periods of
time to clean the ion source and instrument between samples. A 20 uL injection of a
concentration of about a 0.1 mM to 1 mM concentration diluted 100 fold in injection buffer
(final 1 uM to 10 uM) provided sufficient signal to noise. Higher concentrations resulted in

fouling of the source and required extended cleaning.

3. Determining the time and enzyme linearity

After determining the minimally sufficient phenolic substrates, buffers and the
cofactors, the linearity of the system regarding the concentration of pure HRP was
determined. The linearity of the system regarding time of reactions was tested. It was
observed in preliminary experiments the production of DOPA increased with time for at
least 3h. However based on calculations from the standard curve the reaction did not seem
to go to completion as anticipated. Finally, the working protocol was performed for the
hydroxylation reaction of tyrosine with DHFA and H,0, to determine the linearity with
enzyme. However there seemed to be no relationship between HRP concentration and

yield in the preliminary experiments ionized by MS direct infusion (not shown).

4. HRP Enzymatic assays

HRP was dissolved in water and aliquoted with (4.42mg) per tube before drying in
a speed vac and storage at -80 °C. Given the poor yield of DOPA and lack of a clear linear
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relationship between enzyme concentration and product by mass spectrometry the potency
of the HRP was suspected. As a control an aliquot of HRP was re-dissolved in water and
incubated at room temperature 5 days was compared to a fresh HRP by a colorimetric

assay and Enhanced Chemiluminescent assay (ECL).

4.1. Polymerization of guaiacol

It has been previously demonstrated that an amber color was formed by guaiacol
in the presence of H,O, and HRP from the formation of tetraguaiacol (Koduri, & Tien,
1995). The activity of the HRP used in preliminary reactions was confirmed by the
formation of tetraguaiacol. An old HRP that was kept in the room temperature for about 5
days, and a new/fresh (fresh aliquoted enzyme) HRP were examined. An amber color was
formed directly after adding the fresh enzyme. As shown in (figure 4) there is a difference

in color between the old and new, which showed that the aliquot fresh HRP was working.
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Figure 4: Colorimetric Enzyme assay (The polymerization reaction of

Guaiacol). Where 0.306mM of Guaiacol was added to 1 ml test tube filled with 100mM
sodium acetate buffer (pH 5.0) and mixed well. After which, H>O, (14.69mM) and 3.18uM

HRP enzymes were placed in the tubes respectively.



4.2. Dot Blot

The potency of the HRP enzyme was also confirmed by enhanced
chemiluminescence using the protocol of Haan, & Behrmann, (Haan, & Behrmann, 2007).
The same two enzymes (old and new) that were used in the previous experiment (4.1) were
also used to measure enzyme activity by dot blotting and exposure of x-ray film. The
sensitive ECL method showed an increasing relationship between the amount of HRP

spotted and the total enzymatic activity in the assay.

Figure 5: Comparing between two enzymes by Dot-Blot (ECL). An old
HRP that was kept in the room temperature for about 5 day, and a new (fresh aliquot of
enzyme. The HRP samples were spotted at different volume (1uL, 2uL, 3uL & 4ul) on a
socked PVDF membrane in methanol which then placed in ECL solution and exposed to a
piece of film for about 3 min in a dark place. As it is demonstrated the new (bottom) HRP

spots look darker than the old spots (top).
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5. Ultra violet/ visible (UV/VIS) spectrophotometry

In previous studies, UV/VIS spectroscopy was used to measure samples of
hydroxylation reactions of phenol, to detect the absorptions of Catechol and thus calculate
the concentration of the reaction products (Dordick, Klibanov, et al. 1986). We attempted
to reproduce these results by first creating a standard curve of DOPA concentration to
absorption at 280 nm. A clear linear relationship was observed between absorption and

DOPA concentration yielding an R* value of ~0.972 (Figure 6).
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Figure 6: Standard concentration curve of DOPA versus absorption by

UV/VIS. A stock containing 10 mM DOPA was diluted to various concentrations range
between 0.005 and 0.039 mg/mL (0.025, 0.05, 0.075, 0.1, 0.15 and 0.2 mM) and thus the
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absorptions at 280 nm were obtained. Then these concentrations of DOPA standard were
plotted against absorptions. Thus the concentrations of DOPA over time can be calculated

from the equation obtained from the standard concentration curve (Y = 12.857X + 0.009).

The time course of absorption at 280 nm was recorded by UV/VIS
spectrophotometry over the course of a 3-hr reaction. The reaction containing a mixture of
2 mM Tyr and 4 mM DHFA was performed in the presence of 0.5 mg/L HRP and analyzed
directly by the UV/VIS at 200-400nm. In contrast, the expected increase in absorption at
280 nm with time instead resulted in absorption values that decline precipitously until the
addition of more DHFA after 60 minutes. Samples 0 to 60 minutes had only one dose of
DHFA, while samples at 120 min and 180 min had two and three doses of DHFA
respectively (Klibanov, Berman, et al. 1981). There is a slight increase over the 1 hr
absorption at 2 hr and 3 hr with the addition of further DHFA. Moreover the spectra
observed were much broader than that expected for DOPA and the major peak extended far
close to 300 nm. Therefore we were not able to attribute the observed absorption spectra to

DOPA production.
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Figure 7: Detection of the absorptions using UV/VIS. The reaction was
applied in 96 well dish including 2mM Tyr, 4mM DHFA (added hourly) and 0.5mg/L HRP
for 3hr. The system was blanked with acetate buffer alone using a Quartz cuvette. At the
indicated time, the samples were diluted to 0.1mM in acetate buffer (pH 5.0) and measured
directly between (200-400 nm). The absorbance of samples was decreased over the time

until 1hr and then was increased again at time 2 and 3hr.
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In order to understand the puzzling results observed in the DOPA reactions by

UV/VIS, we examined the spectra of DOPA, tyrosine and DHFA compared to that of the

3-hr reaction. The absorption wavelengths of the tyrosine substrate and the expected

DOPA product ranged between 270 to 282 nm. Tyrosine and DOPA were observed to

show overlapping spectra, which might be expected since there is only one hydroxyl group

is separating between their chemical structures. The spectra of the reaction mixture were

most similar to that of the co-factor DHFA (Figure 8).
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Figure 8: Tyrosine, DHFS and DOPA standards by UV light. A typical
chromatogram UV/VIS (lambda 20), obtained at 274nm and 280 nm for the substrate

(L-Tyrosine) and product (L-DOPA) standards respectively. DHFA standard was in

addition detected at 290nm. The wavelengths of these peaks as shown were very close

which result in overlapping the sample at 3hr reaction.
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6. Determination of the product formation by a specific

Colorimetric Assay

In order to avoid the cofounding effect of the overlapping spectra observed for the
tyrosine substrate, DOPA product and DHFA cofactor we utilized a specific colorimetric
reaction. The assay of Arnow for L-DOPA using Nitrite-Molybdate reagent was employed
to detect DOPA without interference from other compounds (4rnow, 1937a). A stock of 10
mM of DOPA standard was diluted to different concentrations range from 0.025 to 0.2
mM. Then, they were analyzed by (Lambda 20/40) Ultra Violet-Visible (UV-VIS)
spectrophotometer at 510 nm wavelength to make a standard curve. The system was
blanked with a mixture containing the standard of DOPA and the other reagents of the
colorimetric assay. The full-scale assay using a assay produced a standard curve with an

R? value of 0.993.
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Figure 9: Colorimetric Analysis of DOPA Standard Curve Absorbance
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versus concentration. Different concentrations of DOPA ranges from 0.005 to 0.039

mg/ml (0.025 to 0.2 mM) plotted against the absorbance that obtained from UV/VIS

spectrophotometer at 510 nm was showed liner points with R* = 0.993.

Standards - 0to180min A Standards

0 to 180min

RN A= SR

PPy

e

.
Bk Rgn & D] Y

= iR (A

=T\
/| veam W "
i v =] 1Y |)‘|):l

'_. ' mmwy ewad “ )
st ) O mm v el
e/ el e IR Ny N Db I

== (I

A S n .
- PR A

.

Figure 10: A colorimetric assay for determining of DOPA formation.

2mM tyrosine was dissolved in 60mM acetate buffer (pH 5.0) in the presence of DHFA for
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3hr reaction in the absence and existence of HRP in 96 well plates (3 replications each).
Samples were collected at various time courses (Omin, 15min, 30min, lhr, 2hr, 3hr) and
placed in a test-tube containing acetate buffer to make 1 mM dilution. Then, 0.5 M of HCI
and nitrite-molybdate reagent stocks were placed respectively in the same test tube and a
yellow color was formed. After which another amount 1 M of NaOH stock was added to
each test-tube to form a red color. (A) Tubes that containing Tyr without HRP or/and
DHFA were looked clear; no color was formed, while the yellow color was started to form
after about 15min in the samples containing the enzyme. These yellow colored samples
were turned red after adding the strong base. (B) The same procedure was performed in 96
well dish but the amounts were scaled down to > 100uL for both the presence and absence

of the enzyme.

Examining the hydroxylation reaction of tyrosine by DHFA wusing the
colorimetric assay seemed to indicate that DOPA was in fact produced by the reaction in
agreement with previous results. However we observed that similar amounts of what was
presumably DOPA was produced with or without the addition of HRP enzyme. The final
yield of DOPA produced was = 0.018 mg/mL as estimated by reading the absorbance

obtained from the reaction from the standard curve.
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Figure 11: The mean concentrations of DOPA by colorimetric assay in
the presence and absence of HRP using visible light (VIS). The absorbance of
the samples of both reactions (absence/ presence of HRP) was detected by UV- VIS at 510
nm after blanking the system with buffer containing all the reagents used for this assay but
the product. Then the concentrations of DOPA over the time courses were calculated for
each replicate from an equation obtained from the standard concentration curve (Y=
9.4033x - 0.003). And thus, the mean of the concentrations of DOPA for both experiments
over the time was plotted against time in minutes. A total of 3 sample replicates were

performed with and without enzyme at each sampling time.
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7. Thin layer chromatography (TLC)

We were unable to confirm with certainty the molecular identity of the given
DOPA product detected by the colorimetric product. Since purified standards were
available for the substrates and products in this study, the TLC method was used to analyze
the samples of the hydroxylation reaction of tyrosine along side molecular standards. This
TLC technique was used to separate compounds simply and without using complicated
equipment. All samples were spotted at different time courses (0, 10min, 20min, 30min,
lhr, 2hr & 3hr). Tyr and DOPA standards were dissolved using acetate buffer and spotted
on bottom of the silica gel plates. Thus in this method, the separations of samples are
dependent on the hydrophobicity of the compounds. Since silica gel plates are polar, less
polar compounds (Tyrosine) will migrate faster than the more polar (DOPA), which was
retained in the plate. In preliminary experiments, the reactions were quenched with acid
and were left in tubes with ice for 3-hr reaction prior to spotting that resulted in the

detection of the DOPA product even in the time 0 samples (Figure 12).
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Figure 12: TLC plates of the reaction in the absence of HRP with

acidification. The reaction was performed in 96 well dish containing 2mM Tyrosine and
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4mM DHFA added hourly for 3hr at 0° C. The samples at different time were quenched
with 1uL formic acid prior spotting on the labeled plates using a glass pipet. The plates
were placed in a container containing 75% phenol. These plates were then stained with
ninhydrin (A,B) and DOPA was formed at time 0-3hr from hydroxylation reaction as

comparing to the purple color of starting material of only tyrosine standards.

Subsequently the protocol was modified such that the samples were spotted onto
the plate at the time of sampling indicated. When the samples were directly spotted a
product that showed greater retention on the plate and a color similar to that of DOPA was

observed only after prolonged incubation and was not apparent at zero minutes (Figurel3).

0 10 30 1hr 2hr 3hr 0 1hr 2hr 3hr

min min min min

Figure 13: TLC plates of the hydroxylation reaction of Tyr to create

DOPA in the presence of HRP. The hydroxylation reactions were prepared in 96

well dish containing 2mM Tyrosine and 4mM DHFA added hourly for 3hr at 0°C in the
presence of 0.5 mg/L of HRP (n=3). The samples were spotted on the labeled plates using

a glass pipet directly without quenching the reactions in acid at the times indicated. The
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plates were placed in a container containing the mobile phase. These plates were then
stained with ninhydrin (A) DOPA was formed (blue) at 3hr samples from hydroxylation
reaction as comparing to the starting material (Omin) which showing purple color (only
Tyr). (B,C) The samples of different time courses of the reaction (0-3hr) were visually

compared which show that DOPA was formed gradually over the time.

8. LC-ESI-MS/MS

In order to characterize the product of the reaction of tyrosine with DHFA in the
presence of O, the reaction products were analyzed by LC-ESI-MS/MS. The use of
isocratic HPLC effected the separation of the reaction components is permitted less
competition for ionization and thus better detection. The MS/MS analysis permitted the
measurement of the parent ion charge to mass ratio and the determination of the fragment
mass to charge spectra. Moreover, since a standard curve of DOPA concentration was
made by collecting the parent ion at 198 [M+1H] and plotting the intensity of the major
fragment at 181 [M+H], it was possible to unambiguously determine the nature and
amount of the doubly hydroxylated product of tyrosine produced in the reaction. LC was
used to allow better separation and purification of the mixture of the chemical reactions
that eluted according to their hydrophobicity, which also increased in sensitivity and
selectivity. After that, the mean intensity of the three trials was determined, and thus
standard deviation was calculated. The mean intensity was read against the known

concentrations of DOPA standard.

A similar amount of a doubly hydroxylated species with a parent ion of 198
[M+H] and major fragment ions at 181 [M+H] and 151[M+H] are consistent with L-
DOPA. Moreover the doubly hydroxylated products were observed whether the HRP
enzyme was added to the reaction or not. Thus in agreement with the colorimetric reaction,
HRP did not seem to be required for the reaction to proceed and in agreement with TLC

the reaction product was apparently DOPA.
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Figure 14: Total ion current (TIC) of DOPA standard. Different

concentrations of L-DOPA standard (0.0001, 0.25, 0.5, 0.75, 1, 2.5, 5 mg/mL) were
diluted in 5% formic acid according to Table 1 before to isocratic RP C18 LC-ESI-MS/MS

at 10 uL/min using a 0.3mm ID x 15cm column to make the standard curve of DOPA.

These samples were eluted with 80/20/0.05 of H,O/ACN/FA (HPLC grade). Each mixture

of these concentrations was injected 3 times 5-15min apart depending on the peak size and

how fast it get back to the baseline.
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Figure 15: The standard curve of L-DOPA by LC-ESI-MS/MS. The

intensities of three technical replicates of DOPA standard were obtained by liquid
chromatography MS/MS. Then the mean of DOPA intensities was calculated and plotted
against the known concentrations in (mg/ml) of DOPA, which are illustrated very good
linear. After that, the concentrations of the products formed in the reactions can be
determined by applying Y = 890915x - 4.9394 that obtained from the graph and then

multiply the value by 100 to calculate the actual concentrations.
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Figure 16: 181 intensities comparison of the parent in the presence/

absence of HRP. The reactions were also performed in 96 well plate including 2mM of
Tyr and 4mM DHFA (added each hour for 3hr) in 60mM acetate buffer (pH 5.0). The
mean concentration of 181 fragments of both reactions in the absence and presence of HRP
(3 replications each) over time (0-180 min) was multiply by 100 (since we diluted the
samples 1 in 100) were plotted against time in minutes that show similarity in

concentrations of DOPA with time.
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9. Reactions in the absence of HRP or Iron Catalyst

It has been suggested that the iron-containing enzyme, HRP, while sufficient to
catalyze the formation of DOPA, is not required and in fact Fe*" or Fe’" ions can directly
act as a catalyst (Durliat, Courteix, et al., 1992). Alternatively it is be hypothesized that H"
ions from the media in the presence of DHFA and oxygen create the conditions for a
chemical reaction that has the effect of hydroxylating tyrosine. Such a hypothesis would be
consistent with the detection of time 0 incubation samples that were quenched with acid

prior to spotting and yet still should the strong production of DOPA.
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Figure 17: Formation of DOPA in the absence of the enzyme. The
hydroxylation of tyrosine (2 mM) was performed at 0°C in the presence of DHFA (4mM)
in HCL without HRP in a 96 well plates. The samples at various time courses were spotted
several times on plates by a glass pipet (without quenching the reactions). The plates were
placed in a container containing 75% phenol in H,O. Plates were then stained with
ninhydrin. (A) Samples of different time courses of the hydroxylation reaction in pH 2 (10
mM HCI) were spotted directly at various time courses (0, 10 min, 30 min, 1hr, 2hr & 3hr).

In addition, the intensity and size of the dots is relatively proportional to the number of
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times the samples were spotted. (B) Tyrosine and DOPA standards were used as control

however DHFA in the same buffer was shown no effect by TLC.

Thus, it seems unlikely that the DOPA product formed was because of the
presence of a trace of iron in the HPLC water that used in the experiment. In this regard the
reaction was performed in 10 mM HCI (pH 2) or I mM HCI (pH 3) in HPLC grade water
where the iron content is known to be less than 0.1 ppm and in the presence 2 mM EDTA,
an effective iron chelating compound. It was observed that the reaction proceeded in the
presence of HCI alone and that EDTA did not prevent the reaction. Hence, the reaction

proceeded efficiently in acid and in the absence of any added catalyst.

Tvr
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0 3hr Tyr D O 3hr

e i

No EDTA std EDTA

Figure 18: The reaction in the absence of expected Fe2" in the H,O. The

reactions of 2mM Tyr (3x rep) were applied in 1mM of HCI (pH3) in the absence of HRP
in 1 mL test tubes. 2 mM of EDTA was placed in tubes initially before adding the DHFA.
No products were formed at 0 min in the absence and presence of EDTA, while after 3 hr

some DOPA products were formed in both reactions.
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DISCUSSION

The selective hydroxylation of aromatic compounds in preparative organic
chemistry has remained a challenging and unfavorable reaction (Norman, & Taylor, 1965).
The production and testing of hydroxylated products such as L-DOPA may have significant
industrial and biomedical applications. In this study we have systematically examined the
factors that contribute the successful hydroxylation of a model phenolic amine species and

the satisfactory analysis of the resulting biochemical.

1. Reagents

The empirical comparison of reagents in terms of their ionization and detection by
mass spectrometry indicated that many of the potential hydroxylation substrates and
products failed to ionize efficiently. A subset of compound including L-tyrosine (mass
182Da);  3,4-Dihydroxy-L-phenylalanine  (L-DOPA), L-phenylalanine (165Da);
Hydroquinine (DHQ) and Tetramethylbenzidine (TMB) were all found to show sensitive
detection. We concluded that tyrosine and DOPA were the best suited since both the
substrate and product were both available standards and that this might prove to a

significant advantage in the experiments.

2. Analytical Methods

The selection of tyrosine to DOPA was also attractive since there was a range of
analytical options. A number of different analytical methods including auto absorption by
UV/VIS, colorimetric assays, TLC and LC-ESI-MS/MS were compared that each showed

advantages and disadvantages.
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2.1. Full Scale versus 96 well dish scale reactions

Some analytical methods such as scanning UV/VIS spectrometry require quartz
cuvettes and therefor are commonly preformed on analytical spectrophotometer with a 1
cm optical path and reference beam for analytical precision. However other techniques
such as colorimetric reaction and LC-ESI-MS/MS only require small amounts of sample
and so can utilize a 100pul reaction volume in a 96 well dish as the sample source. We
found that little product was formed in the absence of bubbling oxygen in the 400 ml flask
reaction or without an oxygen atmosphere in the 96 well dish reaction where the thin layer
of reaction can be supplied with oxygen by diffusion. However both of these experimental
systems were essentially in good agreement. The hydroxylation of tyrosine was replicated
few times in a 96 well dish and Erlenmeyer flask under optimal reaction conditions to
create DOPA. Nevertheless the thin layer reaction in a 96 well dish presented here is likely
to find greater application in pharmaceutical or biomedical research based on its economy

and convenience.

2.2. UV/VIS

The original and well cited studies that we attempted to reproduce were made in
1L reaction with a quartz cuvette using the venerable UV/VIS system that has been very
commonly used over the years in analytical biochemistry (Dordick, Klibanov, et al. 1986).
However in the present instance we observed that auto spectrophotometry could not easily
discern and discriminate between the tyrosine substrate, the DOPA product and the DHFA
cofactor. In contrast to previous reports we observed that the absorbance at 280 nm
actually decreased, rather than increased, during the course of the hydroxylation reaction.
The decline in the absorbance at 280 nm might be interpreted as the reaction of the
relatively non-specific reagent DHFA with the acetate buffer. The rapid loss of DHFA
from the system via a reaction with acetate buffer would not create a compensating
production of DOPA with associated absorbance at 280 nm and might result in the

observed decrease in absorbance at 280 nm.
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2.3. Colorimetric reaction

The colorimetric reaction of DOPA with Nitrite-Molybdate reagent (Arnow,
1937a) was rapid simple and relatively sensitive and was found to be in good agreement
with the other successful methods tried. The creation of specific reagent systems that lead
to selective color reactions extended the utility of UV/VIS and resulted in robust assay for
DOPA. However while such a reagent system has been demonstrated for DOPA there are
not specific reagent systems for every product that might require identification and
quantification. Moreover, the specificity of the colorimetric reaction is not unambiguously
apparent and it remains possible that other doubly hydroxylated species might also react

with Arnow’s reagent.

24. TLC

The reaction of tyrosine to form DOPA could be rapidly visualized using TLC
that provided some clues as the molecular identity of the product based on its migration
relative to standard and the color of the product after reaction with ninhydrin. The TLC
separation technique provided well-defined spots that agreed with previous results
(Guenendi, & Pamuk, 1999). The spots were showing that the concentration of DOPA was
increased also over time. Different mobile phases such as pure Methanol, 1-2% of either
HAC or NH4OH in methanol were examined. Among these solvents, 75% of phenol-water
was showed the best separation of these phenolic amine compounds. Moreover quality of
the TLC separation seems to be positively influence by the presence of HCl. However the
method suffers from the semi quantitative results based on the intensity of the color
reaction that varies with amount spotted and the use of heat to help develop the image and

so it is somewhat difficult to reproduce.
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2.5. LC-ESI-MS/MS

MS analysis consists of ionizing chemical compounds to generate charged
molecules and measurement of their mass-to-charge ratios (m/z) (Ardrey, (1994). The ion
trap MS/MS may be programmed to collect selected target ions and to produce quantify
specific fragment ions. It has been well published and cited that with appropriate
substrates, cofactors and reaction conditions (Halliwell, and Ahluwalia, 1976) that as
change of 16 Da in the case of hydroxylation reactions (Dordick, Klibanov, et al. 1986), or
even larger modifications in mass for polymerizations (Korduri, and Tien, 1995), might be
observed. Indeed, the ease of hydroxylation or other modifications depend on the presence
of strong reducing agents or cofactors such as hydrogen peroxidase and DHFA. Okuda and
others proposed that phenol and hydroxylated phenol or their derivatives; especially
amines could enter the gas phase and thus be analyzed by MS (Okuda, Ohara, et al. 2008).
It might be required to derivatize some small molecules with ionization group to permit the
detection. However the LC-ESI-MS/MS method might also be limited by the range of
biochemical that effectively ionize. Among the many phenolic amines or similar
compounds tested here only several showed excellent ionization. Moreover many of the
products ions also might not ionize, for example the polymerization reaction of guaiacol by
HRP to create tetraguaiacol did not produce a product that was readily detected by LC-
ESI-MS/MS (Furlong, 2007). Despite these drawbacks, the measurements of DOPA
productions using LC-ESI-MS/MS demonstrated greater specificity and sensitivity

compared to TLC, UV/VIS or colorimetric reaction.

3. The production of DOPA from tyrosine in the absence of HRP

There is universal agreement that the presence of a strong reducing agent such
DHFA that works as a hydrogen donor is essential to the hydroxylation reactions of
phenolic compounds (Durliat, Courteix, et al., 1992). In addition, Yamazaki & Piette
(1963) and others proposed that an oxygen molecule was involved in a number of reactions

and considered crucial (Yamazaki, & Piette, 1963; Mason, Onopryenko, et al., 1957).
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Recently it has been suggested that while the iron (Fe) containing enzyme HRP is
sufficient to catalyze the reaction, Fe itself may act as the catalyst (Durliat, Courteix, et al.,
1992). Durliat and coworkers hypothesized that hydroxylation occurs via the creation of
hydroxyl radicals, which can also be formed by other iron compounds. Thus, they found
that hydroxylation reactions in the presence of Fe were the same as that in the presence of
HRP (Durliat, Courteix, et al., 1992). These observations suggest the reaction proceeds in
the absence of any known catalyst, and help unify the observations of these different
experiments. Here it was shown that the hydroxylation reactions of the phenolic compound
proceeds efficiently in hydrochloric acid at pH consistent with the proposal the H" from the
medium is required for the progression of the reaction mechanism. In addition, we
attempted to chelate Fe with EDTA at low pH (acidic) (Bugter, & Reichwein, 2005), this
experiment indicated that the reaction proceeded spontaneously and did not require a
catalyst (Fe). We concluded that the reaction is chemical and works independently in the

absence of an enzyme.

Table III: Analytical techniques comparison

Techniques | Selectivity | Sensitivity | Accuracy | Cost | Simplicity
UV/VIS --) (--) () () (+H
(++)
Coluorimetric (++) ) +) (+++)
TLC ++) ) ) (+++) (+++)
LC-ESI_MS/MS (++++) (++++) (++++) (---) (+/-)
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CONCLUSIONS

We conclude that in the case of DOPA, or other molecules, where a specific
reagent system exists; the coluorimetric reaction is rapid, simple and sensitive enough to
detect hydroxylation. Where purified standards and detection reagents are available the
TLC system offer many obvious advantages in terms of simplicity. In the absence of
specific reagent systems the LC-ESI-MS/MS method has the appeal of great sensitivity and
broader, but not unlimited applicability. Regarding the mechanism of the reaction, we have
shown that the chemical reaction of tyrosine to create L-DOPA proceeded independently
without the need of HRP as detected and verified by three different methods (LC-ESI-
MS/MS, TLC and Colorimetric assay using visible light). Additionally to that, many
previous publications regarding similar hydroxylation reactions (Mason, Onopryenko, et al.
1957, Halliwell, and Ahluwalia, 1976; Nordblom, White, et al. 1976, Halliwell, 1977,
Dordick, Klibanov, et al. 1986) incorrectly state that these hydroxylation reactions are
HRP-dependent. We attempted to use a thin layer 96 well plate technique in combination
with LC-ESI-MS/MS to expand the sensitivity and versatility of investigations in to
hydroxylation reactions, a long standing problem in some areas of bioorganic chemistry.
The application of derivatization reagents to increase the ionization level of some
compounds that are not easily ionized by ESI/MS direct infusion may be required. It is
possible that the simple and efficient hydroxylation reaction of tyrosine described herein
may be beneficial for investigating the preparative transformations of various

pharmaceuticals and fine chemicals.

3]



Rd ative Abundance

APPENDIX

APPENDIX A- Examining the substrates and products by direct
infusion by MS.

A) 3 APC, B) Adenine, C) Alanine, D) Alpha naphthol, E) CSPD, F) DMB, G) Guaiacol
H) Hydroquinone, I) Indigo (negative mode), J), Luminol, K) Melanine, L)
MMT Farmazone, M) phenol, N) pNPP, O) Proline, P) XGal, Q) P-Coumaric Acid.
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APPENDIX B- Factors affecting the TLC plates

There are many factors were playing a significant role in TLC techniques A) the number of
spotting less than 3 times, B) the number of spotting more than 6 times, C) the plate was

over heated, D) pure methanol was used as solvent and E) 2% of HAC in Methanol.

A B C >
- A oy o . .Q
‘ R
@RGP~ o - O

Tyr 3hr 3br DOPAD&T DOPA Tyr 3bhr 3hr 3hbr DOPA Tyr  2hr 3hr
std  2x  3x std  std std  std  6x 7% 8x std std
D E
DOPA Tyr 3hr DOPA Tyr 3hr
std std std std
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APPENDIX C- Limit of detections of HRP on Dot Blot

A small piece of PVDF membrane was labeled and placed on top of the methanol soaked
filter paper. 2uL of Diluted samples of HRP type I, and Goat anti Mouse HRP secondary
antibody were spotted on top of the marinated PVDF membrane. Meanwhile, the ECL
solution was prepared by adding Iml of Tris/HCI, 9 mL distilled water, S0uL Luminol,
and 222uL 4IPBA in this precise order. The ECL solution was then poured on the surface
of the membrane, which was then immediately wrapped and placed inside the film
cassette. The membrane was then exposed to a piece of film corresponding to the size of
the membrane for ~3 min in a dark room. The film was then developed by placing in a
developer solution until spots became visible then rinsed with cold water and placed in
fixer solution for ~ 2min. The developed film was then allowed to air dry before being
scanned. The following dots of HRP and Goat anti Mouse HRP were diluted: (L=»R)
0.010x, 0.0075x, 0.0050%, 0.0025%, 0.0010x, and 0.00010 x.

HRP I «’ . ‘ L) @

Goat anti

M HRP
i . - e o >

A



APPENDIX D- Total ion current (TIC) of 181 intensity (a
fragment of DOPA) in 400 mL reactions

TIC of different concentrations of DHFA that were added to the reaction in 400 ml of 60
mM of acetate buffer A) 12mM at beginning, B) 4mM at beginning, C) 3X of 4mM
hourly.
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APPENDIX E- TIC of chemical reactions in the presence
and absence of DHFA in 96 well plates

A) TIC of 12mM and 3x of 4mM DHFA (1* replication), B) TIC of 4mM, (1%
replication) 12mM and 3x of 4mM DHFA (2™ replication), C) TIC of 4mM (2™

replication).
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APPENDIX F- TIC of DHFA standards

DHFA standard was analysed with direct infusion MS A) TIC of DHFA in the absence of
HRP, B) TIC of DHFA in the presence of HRP
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APPENDIX G- DHFA reactions in 100 pl (96 well plate)

The chemical reactions were had similar reaction conditions, but they were varied in
the concentrations and the presence/absence of DHFA. A) 12mM of DHFA at
begging, B) 4mM of DHFA at time 0 min, C) Reaction with no DHFA and HRP, D)
reaction with HRP and no DHFA.

250
A
R2=0.67969
200 [
£ 150
v
g
£
=
g
= 100
50
!
0
0 20 40 60 80 100 120 140 160 180 200
Time (min)
B Mean 181

RQ



Mean intinsity

120

100

80

40 m

R*=0.39696

20 40 60 80

Time (min)

100 120 140 160 180 200

M Mean 181

intinsity

I
W
1

[\
1

—_
(9]
1

R?=0.14988

20 40 60 80

Time (min)

100 120 140 160 180 200

m181

70




Intinsity

35

2.5

1.5

0.5

2=0.39433

100 120 140 160 180 200

Time (min)
w181

71




REFERENCES

Aebersold, R., & Goodlett, D. R. (2001). Mass spectrometry in proteomics. Proteomics, 3,
5.

Aebersold, R., & Mann, M. (2003). Mass spectrometry-based proteomics. Nature,
422(6928), 198-207.

Allen, K. J., & Griffiths, M. W. (2012). Impact of hydroxyl- and superoxide anion-based
oxidative stress on logarithmic and stationary phase escherichia coli O157:H7 stress
and virulence gene expression. Food Microbiology, 29(1),141-7.

Anderson, G. L., & McNellis, L. A. (1998). Enzyme-linked antibodies: A laboratory
introduction to the ELISA assay. Journal of Chemical Education, 75(10), 1275.

Ardrey, R. E. (1994). LC-MS: An introduction VCH.

Arnow, L. E. (1937a). Colorimetric determination of the components of 3, 4-
dihydroxyphenylalaninetyrosine mixtures. Journal of Biological Chemistry, 118(2),
531.

Arnow, L. E. (1937b). The formation of dopa by the exposure of tyrosine solutions to
ultraviolet radiation. Journal of Biological Chemistry, 120(1), 151.

Blackstock, W. P., & Weir, M. P. (1999). Proteomics: Quantitative and physical mapping
of cellular proteins. Trends in Biotechnology, 17(3), 121-127.

Bodtke, A., Pfeiffer, W. D., Ahrens, N., & Langer, P. (2005). Horseradish peroxidase
(HRP) catalyzed oxidative coupling reactions using aqueous hydrogen peroxide:
An environmentally benign procedure for the synthesis of azine pigments.
Tetrahedron, 61(46), 10926-10929.

Braithwaite, A., & Smith, F. J. (1996). Chromatographic methods Springer.

Bronstein, 1., Voyta, J. C., & Edwards, B. (1989). A comparison of chemiluminescent and
colorimetric substrates in a hepatitis B virus DNA hybridization assay. Analytical
Biochemistry, 180(1), 95-98.

Bugter, M., & Reichwein, A. (2005). pH stability of fe-chelates in soilless culture.
International Conference and Exhibition on Soilless Culture: ICESC 2005 742, 61-
66.

72



Buhler, D., & Mason, H. (1961). Hydroxylation catalyzed by peroxidase. Archives of
Biochemistry and Biophysics, 92(3), 424-437.

Covey, T. R., Lee, E. D., & Henion, J. D. (1986). High-speed liquid chroma-
tography/tandem mass spectrometry for the determination of drugs in biological
samples. Analytical Chemistry, 58(12), 2453-2460.

D'Aniello, A., D'Onofrio, G., Pischetola, M., & Strazzullo, L. (1985). Effect of various
substances on the colorimetric amino acid-ninhydrin reaction. Analytical
Biochemistry, 144(2), 610-611.

Dordick, J. S., Klibanov, A. M., & Marletta, M. A. (1986). Horseradish peroxidase-
catalyzed hydroxylations: Mechanistic studies. Biochemistry, 25(10), 2946-2951.

Durliat, H., Courteix, A., Comtat, M., & Séris, J. L. (1992). Role of horseradish
peroxidase in the catalytic hydroxylation of phenol. Journal of Molecular Catalysis,
75(3), 357-369.

Farré, M., Kantiani, L., & Barcelo, D. (2007). Advances in immunochemical technologies
for analysis of organic pollutants in the environment. TrAC Trends in Analytical
Chemistry, 26(11), 1100-1112.

Fenn, J. B., Mann, M., Meng, C. K., Wong, S. F., & Whitehouse, C. M. (1989).
Electrospray ionization for mass spectrometry of large biomolecules. Science,
246(49206), 64-71.

Fried, B., & Sherma, J. (1999). Thin-layer chromatography CRC Press.
Furlong, D. L. (2007). ENZYME CATALYZED SYNTHESIS IN IONIC LIQUIDS.

Guenendi, G., & Pamuk, F. (1999). Thin layer chromatographic separation and
quantitation of L-dopa and L-tyrosine in mixtures. Turkish Journal of Chemistry,
23,269-274.

Haan, C., & Behrmann, 1. (2007). A cost effective non-commercial ECL-solution for
western blot detections yielding strong signals and low background. Journal of
Immunological Methods, 318(1), 11-19.

Halliwell, B. (1977). Generation of hydrogen peroxide, superoxide and hydroxyl radicals
during the oxidation of dihydroxyfumaric acid by peroxidase. Biochemical Journal,
163(3), 441.

7



Halliwell, B., & Ahluwalia, S. (1976). Hydroxylation of p-coumaric acid by horseradish
peroxidase. the role of superoxide and hydroxyl radicals. Biochemical Journal,
153(3), 513.

Harnly, J. M., Bhagwat, S., & Lin, L. Z. (2007). Profiling methods for the determination
of phenolic compounds in foods and dietary supplements. Analytical and
Bioanalytical Chemistry, 389(1), 47-61.

Islam, K., Singh, B., & McBratney, A. (2003). Simultaneous estimation of several soil
properties by ultra-violet, visible, and near-infrared reflectance spectroscopy. Soil
Research, 41(6), 1101-1114.

Karas, M., & Hillenkamp, F. (1988). Laser desorption ionization of proteins with
molecular masses exceeding 10,000 daltons. Analytical Chemistry, 60(20), 2299-
2301.

Kaufman, S. (1995). Tyrosine hydroxylase. Advances in Enzymology and Related Areas
of Molecular Biology, , 103-220

Kedderis, G., & Hollenberg, P. (1983). Characterization of the N-demethylation reactions
catalyzed by horseradish peroxidase. Journal of Biological Chemistry, 258(13),
8129-8138.

Keilin, D., & Hartree, E. (1935). The combination between methaemoglobin and
peroxides: Hydrogen peroxide and ethyl hydroperoxide. Proceedings of the Royal
Society of London.Series B, Biological Sciences, 117(802), 1-15.

Klapper, M. H., & Hackett, D. (1963). The oxidatic activity of horseradish peroxidase.
Journal of Biological Chemistry, 238(11), 3743.

Klibanov, A. M., Berman, Z., & Alberti, B. N. (1981). Preparative hydroxylation of
aromatic compounds catalyzed by peroxidase. Journal of the American Chemical
Society, 103(20), 6263-6264.

Koduri, R. S., & Tien, M. (1995). Oxidation of guaiacol by lignin peroxidase. Journal of
Biological Chemistry, 270(38), 22254-22258.

Konermann, L., & Douglas, D. (1998). Equilibrium unfolding of proteins monitored by
electrospray ionization mass spectrometry: Distinguishing two-state from multi-
state transitions. Rapid Communications in Mass Spectrometry, 12(8), 435-442.

74



Kostiainen, R., Kotiaho, T., Kuuranne, T., & Auriola, S. (2003). Liquid
chromatography/atmospheric pressure ionization—mass spectrometry in drug
metabolism studies. Journal of Mass Spectrometry, 38(4), 357-372.

Liem, H., Cardenas, F., Tavassoli, M., Poh-Fitzpatrick, M., & Muller-Eberhard, U.
(1979). Quantitative determination of hemoglobin and cytochemical staining for
peroxidase using 3, 3', 5, 5'-tetramethylbenzidine dihydrochloride, a safe substitute
for benzidine. Analytical Biochemistry, 98(2), 388-393.

Lin, L. Z., & Harnly, J. M. (2008). Identification of hydroxycinnamoylquinic acids of
arnica flowers and burdock roots using a standardized LC-DAD-ESI/MS profiling
method. Journal of Agricultural and Food Chemistry, 56(21), 10105-10114.

Loboda, A., Krutchinsky, A., Bromirski, M., Ens, W., & Standing, K. (2000). A tandem
quadrupole/time-of-flight mass spectrometer with a matrix-assisted laser
desorption/ionization source: Design and performance. Rapid Communications in
Mass Spectrometry, 14(12), 1047-1057.

Lough, W., & Wainer, I. (1995). Method development and quantitation. High
Performance Liquid Chromatography—Fundamental Principles and Practices,
Eds.WIJ Lough, IW Wainer, Chapman and Hall, London, , 143-167.

Mann, M., Hendrickson, R. C., & Pandey, A. (2001). Analysis of proteins and proteomes
by mass spectrometry. Annual Review of Biochemistry, 70(1), 437-473.

MASON, H. S., ONOPRYENKO, I, & BUHLER, D. (1957). Hydroxylation; the
activation of oxygen by peroxidase. Biochimica Et Biophysica Acta, 24(1), 225-
226.

Nordblom, G. D., White, R. E., & Coon, M. J. (1976). Studies on hydroperoxide-
dependent substrate hydroxylation by purified liver microsomal cytochrome P-450.
Archives of Biochemistry and Biophysics, /75(2), 524-533.

Nordstrém, A., Tarkowski, P., Tarkowska, D., Dolezal, K., Astot, C., Sandberg, G., &
Moritz, T. (2004). Derivatization for LC-electrospray ionization-MS: A tool for
improving reversed-phase separation and ESI responses of bases, ribosides, and
intact nucleotides. Analytical Chemistry, 76(10), 2869-2877.

Norman, R. O. C., & Taylor, R. (1965). Electrophilic substitution in benzenoid
compounds Elsevier New York.

75



Okuda, K., Ohara, S., Umetsu, M., Takami, S., & Adschiri, T. (2008). Disassembly of
lignin and chemical recovery in supercritical water and< i> p</i>-cresol mixture:
Studies on lignin model compounds. Bioresource Technology, 99(6), 1846-1852.

Palumbo, A., Napolitano, A., Barone, P., & d'Ischia, M. (1999). Nitrite-and peroxide-
dependent oxidation pathways of dopamine: 6-nitrodopamine and 6-
hydroxydopamine formation as potential contributory mechanisms of oxidative
stress-and nitric oxide-induced neurotoxicity in neuronal degeneration. Chemical
Research in Toxicology, 12(12), 1213-1222.

Pandey, A., & Mann, M. (2000). Proteomics to study genes and genomes. Nature,
405(6788), 837-846.

Patel, R. P., & Okun, M. R. (1977). Hydroxylation of tyrosine by plant peroxidase and
mushroom tyrosinase, with and without hydrazine, to retard the oxidation of dopa.
Physiological Chemistry and Physics, 9(1), 85-89.

Pestka, S. (1986). [1] interferon from 1981 to 1986. Methods in Enzymology, 119, 3-14.

Petrovic, M., Eljarrat, E., Lopez de Alda, M. J., & Barceld, D. (2002). Recent advances in
the mass spectrometric analysis related to endocrine disrupting compounds in aquatic
environmental samples. Journal of Chromatography A, 974(1), 23-51.

Reich, E., & Schibli, A. (2007). High-performance thin-layer chromatography for the
analysis of medicinal plants Thieme Medical Pub.

Segawa, M. (2000). Hereditary progressive dystonia with marked diurnal fluctuation. Brain
and Development, 22, 65-80),

Sherma, J. (2010). High performance liquid chromatography in phytochemical analysis
CRC Press Sih, C. J., Foss, P., Rosazza, J., & Lemberger, M. (1969). Microbiological
synthesis of L-3, 4-dihydroxyphenylalanine. Journal of the American Chemical
Society, 91(22), 6204-6204.

Snyder, L. R., Kirkland, J. J., & Dolan, J. W. (2010). Introduction to modern liquid
chromatography John Wiley & Sons Inc.

Sparkman, O. D. (2000). The 12th sanibel conference on mass spectrometry: Field-
portable and miniature mass spectrometry. Journal of the American Society for
Mass Spectrometry, 11(5), 468-471.

Upstone, S. L. (2000). Ultraviolet/Visible light absorption spectrophotometry in clinical
chemistry. Encyclopedia of Analytical Chemistry,

7/



Van Haandel, M. J. H., Claassens, M. M. J., Van der Hout, N., Boersma, M. G., Vervoort,
J., & Rietjens, I. M. C. M. (1999). Differential substrate behaviour of phenol and
aniline derivatives during conversion by horseradish peroxidase. Biochimica Et
Biophysica Acta (BBA)-Protein Structure and Molecular Enzymology, 1435(1-2),
22-29.

Wang, J., Pan, H., Liu, Z., & Ge, F. (2009). Ultra-high-pressure liquid chromatography-
tandem mass spectrometry method for the determination of alkylphenols in soil.
Journal of Chromatography A, 1216(12), 2499-2503.

Whitaker, J. (1972). Effect of pH on rates of enzyme-catalyzed reactions. Principles of
Enzymology for the Food Sciences, New York: Marcel Dekker,

YAMAZAKI, 1., & PIETTE, L. H. (1963). The mechanism of aerobic oxidase reaction
catalyzed by peroxidase. Biochimica Et Biophysica Acta, 77, 47-64.

77



	Ryerson University
	Digital Commons @ Ryerson
	1-1-2013

	Monitoring the Chemical Hydroxylation of Complex Phenolic Compounds
	Wagday Mohammed Samrgandi
	Recommended Citation



