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ABSTRACT
Hyoscyamine 6-hydroxylase from Hyoscyamus niger (Hn H6H) is an iron- and 2(oxo)glutarate-dependent (Fe/2OG) oxygenase that converts hyoscyamine to scopolamine in a
two-step reaction via 6-hydroxyhyoscyamine. The first step of this reaction involves a
hydroxylation at C6 of hyoscyamine with a similar mechanism deployed by many Fe/2OG
hydroxylasess: a classical pathway that reacts the enzyme cofactor with O2 to generate a highspin Fe(IV)-oxo (ferryl) center, succinate, and CO2. The ferryl abstracts a hydrogen atom (H•)
from C6, and radical coupling of the resultant OH ligand with the substrate radical yields the
hydroxylated product and regenerates the Fe(II) form of the cofactor. The second step of the
reaction is the formation of the epoxide ring between C6 and C7 of the substrate. The exact
mechanism is not known yet and is the focus of the current study.
Our goal of dissecting the chemical mechanism of Hn H6H by the tools developed in the
Bollinger/Krebs group will demand a large quantity of pure protein. In this research project,
several methods were used to improve the expression and purification of Hn H6H. Fractional
precipitation with ammonium sulfate on wt Hn H6H was not successful due to the tendency of
the protein to precipitate across a broad range of ammonium sulfate concentrations. Appendage
of a C-terminal hexa-histidine tag by recombinant DNA methods proved to be unsuccessful due
to the lack of expression after transformation with the over expression vector. A C-terminal
strep-tactin tag was attempted, but successful transformation of the expression strain of E. coli
with the plasmid construct was not acheived. A vector expressing a His6-SUMO tagged Hn H6H
was assembled and used to transform the over-expression strain. It successfully directed
expression of Hn H6H in E. coli BL21DE3 cells. The purification of the tagged enzyme enabled
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the isolation of a pure version of the enzyme. However, an examination of its activity through
LC-MS showed it to be inactive, possibly due to a residual N-terminal extension of the protein
left behind after proteolytic removal of the affinity tag.
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Chapter 1
Introduction

1.1 Oxygenases
Aerobic life on earth, from simple bacteria to complex mammals, has evolved to depend on and
utilize the oxidizing power of oxygen (O2) in metabolic pathways with the help of a family of
enzymes called oxidases and oxygenases. Most oxygenases require a metal cofactor to be active,
and the most widely observed cofactor is iron (Fe). (Bugg, T., 2003) The catalytic mechanisms
used by these iron-containing oxygenases vary considerably, but they have historically been
divided into two categories on the basis of the nature of the iron ligands: those that use a heme
prosthetic group and those that lack heme but have the iron cofactor coordinated by amino acid
ligands.

1.2 Fe(II) and 2-(oxo)glutarate-dependent (Fe/2OG) oxygenases
Fe(II)- and 2-(oxo)glutarate-dependent (Fe/2OG) oxygenases catalyze a diverse array of mostly
oxidative transformations with important roles in regulation of body mass (Gerken T et al.,
2007), biosynthesis of connective tissue (Kivirikko KI et al., 1998; Myllyharju J et al., 2015),
repair of DNA damage (Trewick SC et al., 2002; Falnes PØ et al., 2006), regulation of
transcription (Tsukada Y-I et al., 2006), and biosynthesis of secondary metabolites. These
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enzymes have three protein ligands, two histidines and one carboxylate (Asp/Glu), that occupy
one face of an octahedral coordination sphere that holds (FeII) at its center. In the conserved
mechanism of these enzymes (Figure 1), the cofactor reacts with O2 to generate a high-spin
Fe(IV)-oxo (ferryl) center, succinate, and CO2. The ferryl intermediate initiates substrate
oxidation by abstracting a hydrogen atom (H•) from the target carbon. In the dioxygenases
(hydroxylases), the OH ligand of the resulting Fe(III)-OH complex then "rebounds" to the carbon
radical, thus generating an alcohol product as the cofactor is returned to its Fe(II) state (Ye S et
al., 2012). (Figure 2)

Figure 1. Conserved general mechanism of an Fe/2OG oxygenase involving a ferryl
intermediate. Figure adapted from Krebs et al., 2007.
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Figure 2. General mechanism of hydroxylations reaction catalyzed by the ferryl
intermediates in Fe/2OG dioxygenases.
While hydroxylation is the most common and well understood reaction catalyzed by Fe/2OG
oxygenases, other enzymes in the class are able to mediate chemically distinct transformations.
One example of such and alternative outcome is conversion of an alcohol to epoxide (Figure 3).
This reaction also requires cleavage of a strong C–H bond, which may be achieved via H•
abstraction by the ferryl complex. However, because this alternative reaction also requires
cleavage of an O–H bond, it is possible that the epoxidation reaction could be initiated by O–H
cleavage by the ferryl complex. Indeed, such an alternative mechanism has been proposed in the
literature for one such Fe/2OG oxygenase that mediates a C–O-bond-forming cyclization
(Borowski T et al., 2007).

Figure 3. Alternative outcome (epoxidation) directed (presumably) by ferryl intermediates
in certain Fe/2OG oxygenases.

1.3 Hyoscyamus niger Hyoscyamine 6-hydroxylase (Hn H6H)
The enzyme of interest, hyoscyamine-6-hydroxylase (H6H), is an Fe/2OG oxygenase that
catalyzes the conversion of hyoscyamine to scopolamine via 6-hydroxyhyoscyamine (Figure 4).

4

The source of the enzyme is from Hyoscyamus niger (Hn), commonly known as henbane or
Jupiter’s bean, a poisonous plant in the family Solanaceae. (Hashimoto T et al., 1987)

Figure 4. Last two steps in the biosynthetic pathway to scopolamine, catalyzed by H6H.

The first step catalyzed by H6H is a canonical hydroxylation of C6, and the second forms an
epoxide ring between C6 and C7. The mechanism of the second step is currently unknown;
however, the first step leading to the intermediate 6-hydroxyhyoscyamine was proposed to
employ the same conserved hydroxylation mechanism shown for other Fe/2OG hydroxylases.
(Krebs C et al., 2007)
According to this mechanism, a ferryl complex is expected to be formed. However, it has not yet
been observed for H6H. Studies on taurine:2OG dioxygenase (TauD), the most extensively
studied member of the class, showed that the proposed non-heme ferryl intermediate can be
trapped and characterized despite its high reactivity, in part by extending its lifetime by
deuterium substitution of the carbon-bound hydrogens in the substrate (Krebs C et al., 2007).
This strategy is also being applied to Hn H6H: the expectation is that use of a substrate with
deuterium on either C6 or C7 (or both) will enable capture of the ferryl intermediate. The second
reaction of Hn H6H involves the formation of an epoxide ring between C6 and C7. Although the
mechanism is not yet known, earlier research ruled out a pathway involving initial desaturation
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of the substrate to an olefin. Installation of 18O into the alcohol by use of 18O2 in the first step
resulted in formation of scopolamine that retained the 18O. (Hashimoto T et al., 1986) Because
Fe/2OG oxygenases are known to be capable of both C–C desaturation reactions and epoxidation
of olefins (Bollinger, J.M., Jr et al., 2015), it was important to exclude this possible pathway.

1.4 Expression of Hyoscyamus niger Hyoscyamine 6-hydroxylase
The planned mechanistic investigation of Hn H6H will demand a very large amount of pure
enzyme. The current method of purification is lengthy and complicated and involves a DEAEsepharose anion-exchange column, a Q-sepharose fast flow anion-exchange column, and, lastly,
a Superdex 200 size-exclusion column. With the high demand for H6H, a simpler purification
method to yield more protein is desirable. The purpose of this thesis research has been to obtain
an active, stable H6H construct with an affinity tag [hexa-histidine tag followed by a small
ubiquitin-like modifier (SUMO) tag] to facilitate rapid, efficient purification. Standard molecular
biology techniques, including bacterial cell culture, PCR, transformation, and overexpression in
E. coli have been used in the project. There are several criteria by which to evaluate the success
of constructs obtained: protein over-expression yield, efficiency of folding and solubility,
thermal stability, and catalytic activity in comparison to the untagged protein.

1.5 Scope and significance of this project
The product produced by Hn H6H is scopolamine, a valuable alkaloid that has strong sedative
effects on the parasymphatic nervous system. (Molchan S et al., 1992) Scopolamine is
traditionally used to relieve nausea, vomiting, and dizziness associated with motion sickness and
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recovery from anesthesia and surgery. (Wang X et al., 2011) It is also used in the treatment of
Parkinson’s disease. (Renner UO et al., 2005) Though the global demand for scopolamine is
high, the production of this compound still starts from extraction of the hair root of the plant, an
expensive process with limited yield. (Wang X et al., 2011) Moreover, an improved
understanding of the reaction mechanism of Fe/2OG oxygenases might enable new or improved
processes to obtain this important drug.
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Chapter 2
Materials and methods

2.1 Materials
In all cases, the E. coli strains used to amplify plasmids and direct protein expression were
cultured in rich Luria broth (LB). This medium has a pH of 7.2-7.4 and consists of 20 g/L yeast
extract, 35 g/L tryptone, and 5 g/L NaCl. The formulation of the LB-agar culture plates
containing the antibiotic kanamycin was: 2.5 g yeast extract; 5 g tryptone; 2.5 g NaCl; 7 g agar;
25 mg kanamycin; adjust volume to 500 ml; pH 7.2-7.4. In use of ampicillin plates, kanamycin
was omitted and ampicillin was included at 100 mg/L.
Three buffers with increasing concentration of imidazole were used for nickel affinity
chromatography. Lysis buffer consists of 20 mM tris, 80 mM KCl, 5 mM imidazole, pH 7.5,
while wash buffer increased the imidazole concentration to 20 mM imidazole and elution buffer
has an imidazole concentration of 200 mM imidazole. Buffer used for dialysis and dilute Hn
H6H consists of 20 mM tris, 80 mM KCl with a pH 7.5.
NTA-agarose resin for nickel column was purchased from Thermo Fisher Scientific. All DNA
primers were made by order from Integrated DNA Technology. All other reagents and supplies
are from VWR internationals, Bio-Rad, and New England Biolabs.
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2.2 Affinity-tagged recombinant plasmid construct
a) C-terminal hexa-histidine tag
The Hn H6H gene was amplified by PCR from an existing pET-24a plasmid containing the wild
type Hn H6H gene insert. Primers used for the PCR reaction are shown below:
Forward 5’ TGAAATGGCTACTTTTGTGTCGA 3’
Reverse 5’ CGAGGACATTGATTTTATATGGCT 3’
The PCR cycle was the following: initialization: 98°C for 5 minutes; denaturation: 98°C for 40
seconds; annealing: 58°C for 40 seconds; elongation: 72°C for 50 seconds; final elongation:
72°C for 5 minutes and hold at 4°C. The three steps of denaturation, annealing, and elongation
were performed 35 times. The hexa-histidine tag was added at the C-terminus because previous
researchers had constructed an N-terminal hexa-histidine tagged enzyme which precipitated
easily. pET–28a(+), which has kanamycin resistance and a C-terminal histidine tag sequence,
was used as the backbone of the recombinant plasmid.
b) C-terminal Strep-Tactin affinity tag
After the attempt to put on a hexa-histidine tag was unsuccessful, a strep-tactin affinity tag was
considered. The pET-28a(+) vector was used to create the recombinant plasmid with the
amplified H6H gene. First primers were designed to incorporate the strep-tacin tag sequence and
the sequences recognized by restriction enzymes Not1 and NcoI. The primers were used to
amplify the Hn H6H gene as well as attaching the strep-tacin tag on it.
Forward 5’ TGAACCATGGATGGCTACTTTTGTGTCGA 3’
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Reverse 5’ CGAGGCGGCCGCTTATTTTTCGAACTGCGGGTGGCTCCAGACATTGATTTTATA
TGGCT 3’

The finished PCR product was then ligated with the PET-28a(+) backbone which contains sites
for both Not1 and NcoI. (Figure 5) The recombinant plasmid is resistant to ampicillin.

Figure 5. Procedure for creating a recombinant plasmid with strep-tacin and ampicillin
resistance

c) N-terminal hexa-histidine and small ubiquitin-like modifier (SUMO) tag
Wild type Hn H6H’s plasmid (pET-24a Hn H6H) was used as template for the PCR reaction to
amplify Hn H6H. The primers used for amplification of this sequence was
forward: 5’ CTCGAGATGGCTACTTTTGTGTCGAAC 3’ and
reverse 5’ GGTACCGACATTGATTTTATATGGCTTAACAC 3’.
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The amplified product was then purified through a PCR clean up kit. A pre-made plasmid
(pBA0028) which has a hexa-histidine and SUMO tag incorporated was provided by Dr. Juan
Pan. (Figure 6)

Figure 6. Map of the pBA0028 plasmid. Xhol and Kpnl restrictive enzymes were used to
digest pBA0028 at site 5437 and site 5456 respectively.
Plasmid pBA0028 was restricted with XhoI and KpnI. The PCR product and the digested
plasmid were ligated together to generate a recombinant plasmid pBA0028-H6H-N-SUMO
encoding an N-terminal hexa-histidine tag fused to SUMO and the H6H enzyme. (Figure 7)
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Figure 7. Map of the plasmid used to over-express Hn H6H with N-terminal hexa-histidine
tag appended to SUMO and then the enzyme.

2.3 Bacterial transformation and cell growth
All recombinant plasmids were amplified in E. coli by the method described below.
a) Transformation of competent cells to antibiotic resistance
To achieve overexpression of the target protein, competent cell strain E. coli BL21DE3
transformation using kanamycin resistance pBA0028-H6H-N-SUMO plasmid was carried out. A
1 µL aliquot of 100 ng/µL plasmid DNA was added to 100 µL of competent BL21DE3 cells in a
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1.5 mL Eppendorf centrifuge tube. The tube was immediately placed on ice for a total of 30 min.
The mixture was then heat shocked at 42 °C for 45 s and placed back on ice for 2 min. A 500 µL
aliquot of LB rich medium was added to the cell suspension, and the centrifuge tube was placed
in a 37 °C incubator with shaking at 200 rpm for 60 min. The mixture was then centrifuged at
5000 rpm for 2 min. A 400 µL aliquot of the supernatant was discarded, and the pellet was resuspended by gentle pipetting with the remaining 100 µL of the supernatant. The re-suspended
mixture was spread on a LB agar plate with kanamycin or ampicillin. The plate was incubated
overnight at 37 °C and then stored at 4 °C.
b) E. coli cell growth and protein expression
An overnight culture was made by picking an isolated colony from the overnight kanamycin
plate to inoculate 200 mL LB rich medium containing 100 µg/mL kanamycin. The cell culture
was incubated at 37 °C while shaking at 200 rpm overnight. A 25 mL aliquot of the cell culture
was then transferred to a 1 L flask of LB rich medium containing 100 μg/mL kanamycin, and
this culture was incubated at 37 °C until the optical density at 600 nm (OD600) reached 0.6 – 0.8.
To identify optimum expression conditions, three different concentrations of IPTG were induced
and two different subsequent expression temperature were tested. Cultures were induced to overexpress the protein target by addition of IPTG to final concentrations of 0.1 mM, 0.25 mM and
0.5 mM IPTG. After induction, all three 1 L flasks were shaken at 18 °C overnight. Three
additional cultures were induced by addition of 0.1 mM, 0.25 mM and 0.5 mM IPTG, and these
flasks were incubated at 37 °C for 4 hours. Cell samples were taken before IPTG induction and
after the either overnight or 4-h growth. The samples were analyzed by denaturing
polyacrylamide gel electrophoresis (SDS-PAGE) with Coomassie Brilliant Blue staining. To
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harvest the bulk cultures, they were centrifuged for 30 min at 22,000 x g. The supernatant was
discarded, and the cell pellet was flash frozen in liquid nitrogen and stored at -80 °C.

2.4 Purification of wild type Hn H6H
a) DEAE-Q-S200 Purification
A 30-g portion of frozen cells was re-suspended by stirring in 90 mL of lysis buffer (20 mM
Tris, 80 mM KCl, 10 mM EDTA, 0.1 mM DTT, pH 7.5) until the suspension became
homogeneous. The cells were lysed by microfluidizing at 20,000 psi for 6 min. The cell lysate
was centrifuged for 30 min at 22,000 x g at 4 °C.
1) DEAE-sepharose anion exchange chromatography
The DEAE column (250 mL) was first equilibrated with 20 mM Tris-Cl, pH 7.5. After
cell lysate was loaded, the column was then washed with 500 mL of wash buffer (20 mM TrisCl, 80 mM KCl, 1 mM EDTA, 0.1 mM DTT, pH 7.5). Elution of the protein then proceeded with
a gradient from 80 mM to 240 mM KCl. An SDS-PAGE gel was used to assess protein
concentration among fractions. The fractions containing H6H were pooled, and the pool was
concentrated in a 50 ml Macrosep tube with 10-kDa cutoff filter and dialyzed overnight against
20 mM Tris-Cl, 40 mM KCl, pH 7.5.
2) Q-sepharose anion-exchange column
The column (20 mL) was first equilibrated with 20 mM Tris-Cl, 40 mM KCl, pH 7.5
buffer. The concentrated, dialyzed protein from the DEAE column was loaded, and the column
was washed with 200 mL 20 mM Tris-Cl, 40 mM KCl, then with 200 mL of 20 mM Tris-Cl, 60
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mM KCl. The protein was eluted by application of a linear gradient from 60 mM KCl to 240
mM KCl. The fractions collected were assessed by SDS-PAGE with Coomassie staining, and
the desired fractions were pooled and concentrated to a final volume of 2 mL or less for loading
onto the S200 column.
3) Size-exclusion chromatography
The Superdex S200 10/300 GL column (120 mL) was first equilibrated with 150 mL of
dialysis buffer. The concentrated protein was loaded through a 2 mL capillary loop, and the
protein was eluted with 20 mM Tris-Cl, 80 mM KCl. Fractions were collected when absorbance
at 280 nm (A280) exceeded 0.05. Fractions collected were analyzed by SDS-PAGE with
Coomassie staining to access the elution profile of the protein, and the desired fractions were
pooled and further concentrated with a 50 ml Macrosep tube with a 10-kDa molecular weight
cut-off filter.
b) Test of fractionation by ammonium sulfate precipitation
After using the microfluidizer to lyse the cells, streptomycin was added (see details below) to
precipitate DNA before the addition of ammonium sulfate. Two different concentrations of
ammonium sulfate were added to test for precipitation of H6H. The hope was that the lower
percentage might "salt out” other proteins in the pellet while allowing wild type Hn H6H remain
in solution, and the higher percentage would precipitate the Hn H6H. In general, this method
allows a large amount of protein to be purified, and the salting out procedure can reduce the
volume of the solution and concentrate the protein at the same time, preparing it for the anion
exchange chromatography. Compared to the current purification method, these additional steps
might potentially allow as much as three times the volume of cells to be processed at one time.
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Initially, a small sample of purified Hn H6H (wild type) was used to determine what percentage
of ammonium sulfate would precipitate Hn H6H and obvious precipitation was observed (by
eye) at an ammonium sulfate concentration equivalent to 60% of saturation.
1) Cell lysis through the microfluidizer
Approximately 100 g of E. coli cells containing the wild type Hn H6H were lysed by the
microfluidizer at 20,000 psi for 10 min. The cell mixture was centrifuged for 30 min at 22,000 x
g at 4 °C to precipitate out insoluble components.
2) DNA precipitation by streptomycin sulfate
After the centrifugation, the supernatant of the cell lysis was transferred to a beaker;
streptomycin sulfate was weighted out as 1% of the final weight of the supernatant solution and
dissolved in buffer solution used with Hn H6H (20 mM Tris-Cl, 80 mM KCl, pH 7.5). The
streptomycin sulfate was added dropwise to the solution with stirring at 4 °C for 20 min. The
mixture was then centrifuged for 20 min at 22,000 x g at 4 °C.
3) 30% ammonium sulfate precipitation
After DNA precipitation, the supernatant of the mixture was transferred to a beaker.
Ammonium sulfate was weighted out to achieve 30% of saturation solution (calculated using a
tool from EnCor Biotechnology Inc. 2017) In order to create an evenly distributed salt
concentration in the mixture, ammonium sulfate was added very slowly to allow the solid to
dissolve completely in the solution. The mixture was stirred for 20 min and then centrifuged for
20 min at 22,000 x g at 4 °C.
4) 10% increments of ammonium sulfate precipitation

16

After centrifugation, the supernatant was transferred back to a beaker. Enough
ammonium sulfate was weighed out to achieve 40% of saturation (i.e., to increase by an
additional 10%). The mixture was stirred to allow the ammonium sulfate to dissolve completely.
The mixture was stirred for an additional 20 min and then centrifuged for 20 min at 22,000 x g at
4 °C. This step was repeated to achieve concentrations of 50% and 60% of saturation in
ammonium sulfate.
5) Re-suspension and dialysis
After each centrifugation, the pellet from the ammonium sulfate precipitation was resuspended in lysis buffer containing 20 mM Tris-Cl, 80 mM KCl and these solutions were
dialyzed overnight in dialysis buffer. Aliquots were taken from both supernatant and pellet for
each step, and they were analyzed by SDS-PAGE to keep track of the Hn H6H.

2.5 Purification of His6-SUMO-H6H
The use of a hexa-histidine tag connected with a SUMO tag allowed the binding of the Hn H6H
protein to a Ni2+-nitrilotriacetate (NTA) affinity column while all other impurities could be
washed away. Then the ULP-1 protease was used to cleave the SUMO tag. A second Ni2+-NTA
affinity column bound the released his6-SUMO tag as well as the protease, which also has a
hexa-histidine tag, allowing the purified protein to flow through. (Figure 8)

17

Figure 8. Schematic of the procedure for the purification of N-terminally His6- and SUMOtagged Hn H6H by affinity chromatography
1) First round of purification by Ni2+-NTA-agarose affinity chromatography
A 17-g portion of frozen cells was first resuspended in lysis buffer and then were lysed
by microfluidizing at 20,000 psi for 7 min. The disrupted cell mixture was centrifuged for 30 min
at 22,000 x g at 4 °C. A 25 mL aliquot of Ni2+-NTA-agarose resin was washed with 20% ethanol
and then packed into a column. After the column was packed, it was equilibrated by allowing
100 mL of lysis buffer to flow through. The supernatant from the centrifuged cell lysate was then
loaded. The column was inverted several times after loading to allow the resin to mix completely
with the supernatant. The lysate was then allowed to flow through the column at a rate of
approximately 2 mL/min, and the eluate was collected. The column was slowly filled with 150
mL wash buffer (20 mM Tris-Cl, 80 mM KCl, 20 mM imidazole, pH 7.5) so the resin was not
disturbed. The wash was collected at a flow rate of approximately 2 mL/min. To elute the bound
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protein, 100 mL of elution buffer (20 mM Tris-Cl, 80 mM KCl, 200 mM imidazole, pH 7.5) was
added, and the eluate was collected. A sample of cell lysate supernatant, pellet, and each
subsequent wash was taken and analyzed by SDS-PAGE. The eluate was concentrated in a 50 ml
Macrosep tube with a 10 kDa spin concentrator and dialyzed overnight in 4 L of dialysis buffer
(20 mM Tris-Cl, 80 mM KCl, pH 7.5).
2) Protease digestion
SUMO protease ULP-1 was used in a ratio of 10 µg protease for every 1 mg of substrate
H6H protein. To optimize the protease cleavage reaction, five time points at two different
incubation temperatures were tested. A “master mix” with protein and protease was made in a
total volume of 1 mL and divided into two 500 µL samples for test digestions at 4 °C and roomtemperature. A 40 µL aliquot of the reaction was harvested at 1, 2, 4, 8, and 18 h incubation for
each temperature. These aliquots were analyzed by SDS-PAGE with Coomassie Brilliant Blue
staining to check the progress of the digestion.
3) Second round of purification by Ni2+-NTA-agarose affinity chromatography
The column was first equilibrated by washing with 150 mL lysis buffer, and the digested
mixture was loaded. Because the volume of the sample is much smaller after the digestion, 50-75
mL of lysis buffer was added to allow the mixture to “run” into the column and allow the
collection of flow through. The flow through was collected at a flow rate of 2 mL/min. The
column was then slowly filled with 100 mL wash buffer so the resin was not disturbed. The
eluate was collected at a flow rate of 2 mL/min. To elute the separated SUMO tag and ULP-1
protease, 100 mL elution buffer was added, and the eluate was collected. The flow through with
the liberated H6H was concentrated by centrifuging using a 50 ml Macrosep tube with 10 kDa
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spin concentrator and dialyzed overnight in 4 L of dialysis buffer (20 mM Tris-Cl, 80 mM KCl,
pH 7.5).
4) Size-exclusion chromatography
The S200 column was first equilibrated with 140 mL of the same buffer used in dialysis
(see above). The newly untagged protein was concentrated to 2 mL and loaded through a 2 mL
capillary loop. Fractions were collected, and every third one was analyzed by SDS-PAGE to
determine which had the untagged H6H. Fractions containing high concentrations of the H6H
were pooled together and further concentrated.

2.6 Enzyme activity assay by liquid chromatography-mass spectrometry (LC-MS)
To examine the activity of the wild type, tagged, and proteolytically de-tagged Hn H6H, LC-MS
was carried out. The samples for the activity assay were first prepared in the anoxic chamber
(glovebox) by combining hyoscyamine with Hn H6H, FeII [from Fe(NH4SO4)2•7H2O], and 2OG
in dialysis buffer and then adding air-saturated buffer to allow the O2 reaction to take place. All
components of the reactions were first transferred into the glovebox; Hn H6H was deoxygenated prior to the experiment on a vacuum-argon line by repeated cycles of gentle
evacuation, refill with Argon, and incubation with stirring. After the samples were prepared as
explained above, they were removed from the glove box and mixed with air-saturated buffer to
allow the reaction with oxygen to take place for 30 minutes. The LC-MS samples were prepared
by taking 20 µL of the above reaction mixtures and diluting to a final volume of 200 µL. The
LC-MS mobile phase was an aqueous phase of 2% formic acid with 7:93 ratio of methanol:H2O
and an organic phase of 2% formic acid in methanol. These solvents were freshly prepared
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before each analysis. The activity of the enzyme was detected by measuring the quantity of the
hydroxylated intermediate (6-hydroxyhyoscyamine) and epoxide product (scopolamine)
produced from the substrate by the enzyme. The LC-MS was performed using a ZORBAX
Extend-C18 column by Agilent Technologies that was set to a flow rate of 0.3 mL/min with a
linear gradient from 0 to 67.5% organic phase over 9 mins and an injection volume of 2 µl.
Three LC-MS traces were analyzed: for all-protium hyoscyamine with a m/z ratio of 290.4, the
all-protium 6-hydroxyhyoscyamine with an m/z ratio of 306.4, and the all-protium final
product, scopolamine, with m/z ratio of 304.4.
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Chapter 3
Results and Discussion

3.1 Fractional precipitation using ammonium sulfate
Because the current method of purification of wt Hn H6H is arduous and allows only 20-30
grams of cell paste to be processed at once, an alternative method that allows for larger-scale
purification was desired. The goal of using ammonium sulfate for fractional precipitation was to
“salt out” a large portion of unwanted protein without precipitating H6H. The precipitation
served two purposes: to purify and also to concentrate the protein. Ideally this method might
allow more protein to be loaded on subsequent chromatography columns without overloading the
column capacity. In order to determine the optimum percentages of ammonium sulfate to use in
the fractionation procedure, aliquots were taken at each step and analyzed by SDS-PAGE to
track the enzyme through the procedure. (Figure 9)
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Figure 9. SDS-PAGE analysis to track the distribution of wt Hn H6H protein through
ammonium sulfate fractionation steps.
From the SDS-PAGE gel image, it is apparent that the H6H protein (~ 39 kDa) was present in
almost all samples except that loaded into lane 13. The two lanes with the most intense bands for
H6H are 2 and 12. Lane 2 showed a thick band around 39 Kd, indicating that some H6H
remained in the pellet after cell lysis through the microfluidizer. The resuspended pellet of the
60% ammonium sulfate precipitation was analyzed in lane 12. One would expect H6H to
precipitate at this high an ammonium sulfate concentration. However, the ideal situation would
be for the protein to shift from soluble to insoluble over a narrow range of ammonium sulfate
concentration and thus be found solely in the supernatants analyzed in lanes 3, 5, 7, 9, 11,
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respectively. The results of the SDS-PAGE analysis imply a much less favorable situation, in
which H6H precipitates gradually rather than discretely with increasing ammonium sulfate. This
situation would necessarily significantly diminish the yield of the purification process. The SDSPAGE analysis revealed that no ammonium sulfate concentration would allow only impurities to
precipitate and leave the majority of the Hn H6H in solution. Fractionation by ammonium sulfate
precipitation was deemed not to be effective as a purification method for wild type Hn H6H.

3.2 C-terminal Hexa-Histidine affinity tag

Previous attempts were made to amplify the Hn H6H gene with an N-terminal hexa-histidine tag,
but the proteins expressed were mainly unstable and tended to precipitate. Thus, a C-terminal
hexa-histidine tag was proposed. A plasmid encoding such a construct was successfully
assembled; however, no protein expression was found after the plasmid was used to transform E.
coli BL21DE3 cells.

3.3 C-terminal Strep-Tactin affinity tag
Because the C-terminal hexa-histidine tag did not enable a high-yielding expression and
purification protocol, tagging the protein with strep-tactin was attempted. The ligation reaction
was confirmed by agarose gel electrophoresis with ethidium bromide staining not shown. A
construct encoding Hn H6H with a C-terminal strep-tactin tag was obtained, but we were not
successful in using this plasmid to transform competent E. coli BL21(DE3) cells.

24

3.4 N-terminal hexa-histidine and small ubiquitin-like modifier (SUMO) tag
A plasmid encoding the H6H protein with N-terminal SUMO and hexa-histidine tags (His6SUMO-H6H) was used to transform E. coli BL21(DE3) competent E. coli cells. The
transformants were cultured in a 1 L flask to check for protein over-expression.

Figure 10. SDS-PAGE analysis of samples taken before and after IPTG induction show
overexpressed protein around 52 kDa
In samples taken after induction of overexpression with IPTG, a band at the correct molecular
weight was enhanced in comparison with samples taken before induction (Figure 10). The
analysis showed that overexpression was not as effective as was hoped, and so the induction
conditions were varied to identify suitable conditions for His6-SUMO-H6H expression. Using E.
coli BL21(DE3) competent cells, two induction temperatures (37 °C and 18 °C) were tested
along with three IPTG concentrations (100 µM, 250 µM and 500 µM). Overexpression was
stronger at 37 °C than at 18 °C across all IPTG concentrations, and there was little variation in
overexpression yield when the IPTG concentration was varied (Figures 11 and 12).
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Figure 11. SDS-PAGE analysis of samples taken before and after cultures were induced
with IPTG to express Hn His6-SUMO-H6H and incubated at 37 °C for 4 h to allow for
protein over-expression.

Figure 12. SDS-PAGE analysis of samples taken before and after cultures were induced
with IPTG to express Hn His6-SUMO-H6H and incubated at 18 °C for 18 h to allow for
protein over-expression.
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Cells grown at each temperature (regardless of IPTG concentration) were pooled and combined.
The microfluidizer was used to lyse the cells and nickel affinity chromatography was used to

Figure 13. SDS-PAGE analysis of the first Ni2+-NTA-agarose affinity column in purifying Hn
His6-SUMO-H6H protein from cells grown at 37 °C. Lane 2 shows a strong band at
approximately 50 kDa, indicating that most of the Hn His6-SUMO-H6H remained in the pellet
after cell lysis. Lane 5 shows a faint band at 50 kDa.
purify the Hn H6H protein. The 18 °C growth temperature was chosen over 37 °C even though
the latter produced stronger overexpression because the protein expressed at 37 °C was insoluble,
as indicated by SDS PAGE analysis (Figure 13). Cells grown at 18 °C after induction had a
lesser fraction of the over-expressed protein in the pellet after cell lysis and yielded a larger
quantity of purified protein, as indicated by a stronger band in lane 5 (Figure 14).
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Figure 14. SDS-PAGE analysis of the first Ni2+-NTA-agarose affinity column purification
using cells grown at 18 °C for 18 h after IPTG induction.

28

With this information in hand, IPTG induction at 250 µM with an 18 h post-induction incubation
at 18 °C were the conditions chosen for over-expression of Hn His6-SUMO-H6H. After cells
were harvested, the purification process was initiated. After the first Ni2+-NTA-agarose affinity
column and concentration in a 50 ml Macrosep tube with a 10 kDa cutoff filter, the His6-SUMOH6H was tested for activity by liquid chromatography–mass spectrometry (LC-MS) analysis.
Five reactions were tested by LC-MS. Their compositions are summarized in Table 1.

Table 1 Concentrations of components in the reactions testing for enzymatic activity of
purified His6-SUMO-H6H.
FeII (µM)

Tagged Hn
H6H (µM)

Hyoscyamine
(µM)

2OG(µM)

Rxn 1

100

100

90

100

Rxn 2

100

100

90

50

Rxn 3

100

1000

90

100

Rxn 4

100

100

0

1000

Rxn 5

0

100

90

5000

The LC-MS data (Figure 15) revealed that the purified His6-SUMO-H6H is indeed active, as
both products of hyoscyamine oxidation (6-hydroxyhyoscyamine, 6-OH-hyo) and scopolamine
(sco) were detected in analysis of reactions 1-4. However, the quantities of 6-OH-hyo and sco
produced and hyoscyamine consumed by the His6-SUMO-H6H were less than for the wild type
enzyme (Figure 16), which converted almost all substrate (grey trace) to 6-OH-hyo (blue trace)
or sco (orange trace) in the presence of excess 2OG. These data showed that His6-SUMO-H6H
with its tag intact has less catalytic activity than the wild type protein.
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Figure 15. LC-MS analysis of the catalytic activity of Hn His6-SUMO-H6H.

Figure 16. LC-MS analysis of the catalytic activity of wild type Hn H6H.
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Because the enzymatic activity seems to be diminished by the presence of the affinity tags in the
intact His6-SUMO-H6H, removal of the tag by digestion with the protease ULP-1 was attempted
in the hope that the enzymatic activity would be improved. To optimize the digestion process, a
time course of 1 h, 2 h, 4 h, 6 h, 8 h, and 18 h digestion time was carried out at 4 °C and also at
room temperature. SDS-PAGE analysis of the digestion samples (Figure 17) showed a
progressively darker band at 39 kDa, indicating that more Hn His6-SUMO-H6H protein was
being cleaved with increasing reaction time at both temperatures. This conclusion is further
supported by the band at 52 kDa representing the tagged protein, which become less intense with
increasing digestion time. The process is notably faster at room temperature than at 4 °C, which
is as expected. Neither condition gave greater than 90% cleavage, as even the samples that had
gone through overnight digestion still had a relatively strong band at 52 kDa.

Figure 17. SDS-PAGE analysis of samples harvested after ULP-1 protease digestion of
His6-SUMO-H6H at 4 °C and room temperature for varying times.
Because the protease used (ULP-1) is also hexa-histidine tagged, and because the released
SUMO tag contains a tag as well, a second Ni2+-NTA-agarose affinity column (30 mL) was used
after the protease digestion to resolve the Hn H6H from the protease and released SUMO tag.
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After the sample (22 mL) was loaded onto the column, the initial flow-through (25 mL) was
collected and lacked appreciable protein. Lysis buffer was then used to wash the column in two
50 mL fractions. The wash was collected in two fractions of 50 mL each to allow a more precise
tracking of the Hn H6H. The elution step with elution buffer was collected in three fractions of
50 mL each.

Figure 18. SDS-PAGE analysis of the second Ni2+-NTA-agarose affinity column.
From the results of the SDS-PAGE analysis (Figure 18), the fraction collected during the postloading wash was judged to contain most of the untagged protein. Comparison of the intensity of
the band for the untagged protein to the intensities of the other bands in lane 2 suggests that the
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enzyme emerged from this procedure was quite pure. Lanes 6, 7, and 8, in which the elution
fractions collected were analyzed, retain bands at ~ 52 kDa, showing that some tagged protein
present was still present and was eluted in the same fractions as the protease and released tag.
The wash fractions associated with lane 2 (Figure 18) were collected and concentrated to 2 mL
and loaded onto the S200 column for size exclusion chromatography.

Arbitary Intensity
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Figure 19. Analysis of the purified de-tagged Hn H6H protein by fast protein liquid
chromatography (FPLC) on the S-200 size exclusion column.
A total of 28 fractions were collected as the column was monitored by absorbance of the eluate
at 280 nm (Figure 19). SDS-PAGE analysis of selected fractions was carried out to determine the
location of the de-tagged protein. (Figure 20)

33

Figure 20. SDS-PAGE analysis of selected fractions collected during FPLC
purification/analysis of the de-tagged protein by size-exclusion chromatography.
Because the Hn H6H protein had been successfully de-tagged, the native molecular weight of 39
kDa was restored. The gel showed a gradually more intense band from fraction 16 until fraction
21, which became less intense from fraction 22 onward. To maximize purity, only fractions 19 to
22 were pooled and further concentrated. The FPLC analysis not only allowed for further
purification of the de-tagged Hn H6H protein but also demonstrated a difference in the elution
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times of the de-tagged and wild type proteins (Figure 21).
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Figure 21. FPLC analysis of the de-tagged and wild type Hn H6H by size-exclusion
chromatography.
It is apparent from Figure 21 that the de-tagged Hn H6H eluted at slightly different times, likely
due to the former protein having a five amino acid linker remaining, which increased the size of
the de-tagged H6H and thus caused it to elute at an earlier time. Compared to the wild type Hn
H6H, which went through two anion exchange columns, the peak profile of the de-tagged protein
is much smoother and also sharper, perhaps suggesting that the protein is purer.
Thus, by attachment of a hexahistidine-SUMO affinity tag and purification by Ni2+-NTA
agarose-affinity and size-exclusion chromatographies, we obtained the purest preparation of Hn
H6H thus far achieved.
The activity of the cleaved protein was assessed by LC-MS analysis, as before. Conditions are
summarized in Table 2.
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Table 2 Concentrations of components in the LC-MS activity assays of the purified, detagged Hn H6H protein.
FeII (µM)

Number

Name

De-tagged
Hn H6H
(µM)

Hyoscyamine
(µM)

2OG (µM)

Rxn 1

Control

120

100

100

0

Rxn 2

Limiting 2OG
(0.5
equivalent)

120

100

100

50

Rxn 3

Stoichiometric 120
2OG

100

100

100

Rxn 4

Limiting
hyoscyamine

120

100

100

1000

Rxn 5

Excess
substrates

120

1000

100

5000

Figure 22. LC-MS analysis of the activity of the purified, de-tagged Hn H6H.
The de-tagged Hn H6H was unable to convert substrate into product under any of the conditions
tested (Figure 22). Unfortunately, despite its high purity, the enzyme is inactive. The LC-MS
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data showed no peaks for 6-OH-hyo intermediate nor the final product. There are a few
possible explanations of why the enzyme with the tag showed some activity while the de-tagged
protein was completely inactive. It is possible that the residual five amino acid segment left on
the N-terminus following cleavage by the ULP-1 protease inhibits what would otherwise be an
active enzyme. Additional insights were gained from constructs provided by Dr. Benjamin
Allen’s group. Two constructs were made with a short signaling peptide appended to the H6H
enzyme: after cleavage of the signaling peptide, one left an 8-residue N-terminus extension and
the other left an authentic N-terminus. After cleavage of the peptide, no activity was observed
with the first construct by whole cell/LC-MS assay while formation of the 6β-OH-hyo
intermediate was observed with the second construct. Furthermore, a similar construct of His6SUMO-H6H with a TEV cleavage site that left an N-terminus with only a Met  Ser mutation
and no extension was also inactive in whole cell activity assay. These results indicated that
protein folding might be disrupted with SUMO, or indeed, other additions, appended to the Nterminus of Hn H6H. Future studies could include a control sample for the LC-MS activity
assay, in which a sample containing a mixture of wt Hn H6H and de-tagged Hn H6H would be
tested to rule out the possibility that the analysis had some unforeseen problem (i.e., a positive
activity control). The complexity of the procedure used to obtain the protein make it unclear
which steps in the process result(s) in the observed complete absence of catalytic activity.

3.5 Summary and future directions
Several tags have been fused to H6H in order to improve the expression and purification of the
enzyme. Fractional precipitation with ammonium sulfate using the wild type Hn H6H was not
successful due to the tendency of the protein to precipitate over a broad range of ammonium
sulfate concentration. Hexa-histidine tagging at the C-terminus proved to be unsuccessful as a
result of poor protein expression after transformation. A C-terminal strep-tactin tag was
attempted, but we were not successful in using the recombinant plasmid to transform the overexpression E. coli strain. A His6-SUMO-H6H protein construct was assembled and successfully
over-expressed successfully in E. coli BL21(DE3) cells. The affinity tag enabled the isolation of
a pure version of the enzyme from which the affinity tag was successfully proteolytically
removed. Preliminary assessment of the catalytic activity of the de-tagged protein by LC-MS
analysis showed it to be inactive, possibly as a result of the five amino acid linker residue after
protease cleavage. Due to the difficulties associated with tagging the protein and retaining the
activity of the enzyme, a more promising approach would be to scale up the production and
purification of the wild type Hn H6H following the original methodology.
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