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ABSTRACT

Iron(II) and 2-(oxo)-glutarate-dependent oxygenases constitute a major enzymatic route
to oxidative functionalization of biomolecules.

Enzymes in this family normally catalyze

hydroxylation reactions but a small subset facilitate alternative outcomes including desaturation,
halogenation, decarboxylation, and ring-closing reactions. Characterizing Fe/2OG enzymes with
alternative reaction outcomes and testing novel structural mimics of a key intermediate states
aids in understanding structural differences between alternative and canonical Fe/2OG systems.
This thesis will compare several enzymes in this subset, including carbapenem synthase (CarC)
and desaturases (e.g. P.IsnB and AmbI3) involved in the biosynthesis of isonitrile containing
natural products, to the archetypal Fe/2OG hydroxylase taurine dioxygenase (TauD). As progress
toward determining the structural basis for their unusual reactivity varies among these proteins,
this thesis describes different stages in the characterization of these enzymes, from purification to
crystallization and structural solution. Preliminary purification and crystallization protocols were
explored for the desaturases AmbI3 and PIsnB, while mimics of a key mechanistic intermediate
were crystallized for both TauD and CarC. This document outlines the progress in purification
and crystallization of these metalloenzymes toward the ultimate goal of solving their respective
x-ray structures. Finalized structures of a TauD ferryl-oxo mimic obtained during this works are
described in detail.
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Chapter 1
Introduction
1.1 Metalloenzymes
Enzymes are proteins that serve as biological catalysts, accelerating a variety of reactions
in nature. They can be sub classified into superfamilies in which members typically share a
common structure and utilize similar mechanistic pathways. Enzymes within a superfamily
ultimately differ because they catalyze different reactions.1 Superfamilies that incorporate metal
ions are of specific interest due to their importance in catalyzing challenging biochemical
reactions.2 Dubbed metalloenzymes, members of these families typically contain a transition
metal ion such as iron, copper, or zinc, as an integral part of their structure and function. These
metal ions are tightly bound and can act as coenzymes, or non-protein compounds that are
necessary to carry out the functions of the enzyme. Unlike most enzyme classes for which
reactivity can be characterized by a few representative reactions, metalloenzyme mechanisms
can vary greatly within a specific superfamily.
1.2 Iron (II)/2-oxoglutarate dependent oxygenases
One specific metalloenzyme superfamily of interest is the mononuclear non-heme iron(II)
and 2-oxo-glutarate-dependentoxygenases.Fe/2OG, which are enzymes found across all
kingdoms of life, with sixty identified in humans alone.3 In animals, they have roles in DNA
repair, structural stability of tissues such as collagen, body mass regulation, and control of
epigenetic inheritance.4 Specifically, these enzymes use Fe and 2OG as a co-substrate to abstract
an H-atom from the primary substrate and generate succinate and CO2 as by-products. These
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fascinating enzymes are able to overcome the kinetic and thermodynamic barriers associated
with incorporating oxygen into chemically inert primary substrates by coupling the process to
production of succinate and carbon dioxide.3 Significant interest lies in understanding their broad
range of reactivity which includes hydroxylation, halogenation, ring closure, epimerization,
desaturation, and decarboxylation reactions.
Although Fe(II)/2OG enzymes catalyze a wide variety of reactions, they typically have
two structural features in common. First, they each utilize 2-His-1-carboxylate metal-binding
motif, or facial triad.3 In other words, the Fe(II) ion is ligated by two histidines and either a
glutamate or aspartate (which corresponds to the carboxylate part of the triad). The facial triad
can be represented by taurine hydroxylase, the archetype example in this class of enzymes.
Figure 1-1. Active site of TauD, where Fe(II) is coordinated to two histidines, aspartate, and
2OG5 (PDB accession code 1OS7).

A second common feature is that the active metal site is found in a double-stranded beta
helix protein fold.3 A significant focus of this thesis is to understand the relationship between the
3D structure of an Fe/2OG enzyme and its reaction outcome/mechanistic pathway. We address
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this question in four specific Fe(II)/2OG enzymes: taurine hydroxylase (TauD), carbapenem
synthase (CarC), AmbI3, and PIsnB. In prior mechanistic studies, TauD has been the
prototypical example of the hydroxylation outcome, while CarC performs desaturation and
epimerization reactions. Hydroxylation reactions are those that add an -OH functional group to
an organic compound. Desaturation reactions, in contrast, consist of removing hydrogen
molecules to form a double bond or “desaturate” the compound. Finally, epimerization reactions
are those that change the stereochemistry at only one chiral carbon within a set of epimers.
Hydroxylation reactions in Fe/2OG enzymes are well characterized, especially in regards to the
reaction mechanism. In the current research, we seek to understand how CarC, AmbI3, and
PIsnB avoid hydroxylation in favor of non-canonical reactions such as epimerization and
desaturation.
1.3 Hydroxylation reaction mechanism
As mentioned above, TauD is the archetypal enzyme for understanding the hydroxylation
reaction mechanism, and has been extensively studied biochemically. In order to begin to discuss
the non-canonical reactions, however, it is necessary to understand the hydroxylation
mechanism. The reaction begins with three water molecules bound to the open coordination sites
of the Fe(II) ion, which is anchored in the active site by the facial triad.3 2OG binding removes
two of these water molecules. Upon binding of the primary substrate to the active site of the
enzyme, the third water molecule is displaced allowing diatomic oxygen to add, creating an
Fe(III)-superoxo intermediate. This intermediate reacts via decarboxylation of 2OG, releasing
carbon dioxide and yielding a Fe(II)-peroxysuccinate intermediate. The bond between the O-O in
diatomic oxygen is then broken, generating a ferryl complex with succinate bound to it. This
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ferryl intermediate then removes a single hydrogen atom from the primary substrate. Oxygen
rebound from the iron center forms the hydroxylated product.
In order for these enzymes to avoid hydroxylation, it is proposed that the position of the
ferryl, and perhaps also that of 2OG, may play a role. Two configurations of the ferryl
intermediate are possible. The in-line configuration is typical of hydroxylation reactions,
whereas the off-line configuration may be common in non-hydroxylation enzymes. Similarly,
2OG can bind in an in-line (“online” in Fig. 1-2) configuration, in which 2OG O1 is coordinated
across from the proximal His ligand. In the off-line configuration, 2OG binds across from the
distal histidine.5 A goal of future research is to structurally characterize Fe/2OG enzymes that
use off-line ferryls using vanadyl, which serves as a mimic of the native Fe(IV)-oxo
intermediate.
Figure 1-2. In-line and off-line positions of 2OG binding.5

1.4 Proposed desaturation and epimerization reaction mechanisms
In contrast to TauD, CarC performs two sequential non-canonical reactions to generate a
bicyclic beta-lactam.6 Current research suggests three possible mechanisms for the desaturation
reaction, none of which have been probed in CarC, indicating a need for further experimental
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research.3 The desaturation yields active antibiotic (5R)-carbapenem-3-carboxylate.6 While all
pathways use a ferryl intermediate, as in the hydroxylation reaction, the proposed mechanisms
differ from this point on. In the first proposed mechanism, an additional hydrogen atom is
abstracted from the substrate to form Fe(II)-H2O from Fe(III)-OH. The product forms from the
coupling of the two radicals.3 The second proposal uses a hydroxyl radical rebound and further
removal of the hydroxide anion, while the third suggesting the possibility the desaturated product
forming from an electron transfer.3 In regards to epimerization, CarC specifically catalyzes the
(3S,5S)-carbapenam epimerization to (3S,5R)-carbapenam.6 The most current research suggests a
hydrogen atom is abstracted from carbon 5 of (3S,5S)-carbapenam by the ferryl intermediate.
Tyr165 adds a hydrogen in the opposite stereochemical configuration to ultimately form its
epimer. We aim to probe the geometry of the ferryl intermediate in this system using the
vanadyl probe in conjunction with x-ray crystallographic analysis.
1.5 Introduction to purification
In order to study protein enzymes, they must be mass-produced and isolated in their pure
form. The easiest way to produce large amounts of proteins is through the growth of bacteria
expressing a gene of interest that codes for the specific protein. The bacterium E. coli is typically
used for this function because of its ability to be manipulated and its rapid growth rate. The
process of transformation introduces this foreign DNA containing the gene of interest into the
plasmid of a bacterium such as E. coli. The growth of these bacteria enables expression of the
gene of interest. In order to extract the protein of interest from the inside of the cell, the cells
must be disrupted.
However, while these bacteria are growing and reproducing, they not only produce the
protein of interest, but a variety of proteins necessary for its functioning. This demonstrates one
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of the challenges of protein purification, separating the protein of interest from many others. To
overcome this problem, one can either manipulate the protein itself, such as adding a
polyhistidine tag, or exploit the inherent characteristics of the protein, such as the isoelectric
point, size, or polarity. The isoelectric point of a protein can be used to aid in its purification by
using either a pH graded gel or an ion exchange column. The use of size exclusion
chromatography or SDS-page separates proteins by their size, while high performance liquid
chromatography separates proteins based on polarity. In order to confirm the presence of the
purified protein of interest, gel electrophoresis is used to separate proteins based on size. If dark,
distinct, bands are visible in the corresponding size region, it is likely that the protein is present.
1.6 Introduction to crystallography
Crystallography is broadly defined as the determination of the arrangement of atoms in
crystal structures. These crystal structures aid in generate knowledge regarding the composition
of the crystal and arrangement of atoms. In order to obtain these structures, proteins must first be
crystallized, or allowed to self-assemble into crystal lattices using their network of
intermolecular forces. This task comes with challenges in that proteins are generally hard to
crystallize, due to the difficulty in obtaining pure samples and their sensitivity to physical factors
such as temperature, pH, etc.7
Crystallography provides highly accurate and detailed structures of macromolecules. Xray crystallography involves using X-ray diffraction to deduce atomic and molecular structure of
a molecule in a crystal lattice. By measuring the intensities and angles of diffracted x-ray beams,
it is possible to calculate an electron density map.7 One challenge of crystallography is that x-ray
diffraction does not give a direct image of the protein structure, a problem dubbed the phase
problem. The phase problem states that while the amplitude and reflection intensities are easily
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measured, phase information for x-rays is lost. This information is vital to determining electron
density in a crystal.7 Despite these challenges, crystallography has remained the most accurate
method of obtaining protein structures.
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Chapter 2
Desaturases active in vinyl isocyanide biogenesis
AmbI3 and IsnB are both Fe/2OG dependent enzyme involved in construction of vinyl
isonitrile (or isocyanide) modified amino acids. Isocyanides are interesting due to their ability to
act as both a nucleophile and electrophile and are found in a number of bioactive natural
products.8 Although it was initially thought that the function of AmbI3 and IsnB was to install
the isonitrile functional group, recent research suggests that this reaction is actually performed by
other enzymes in the biosynthetic gene cluster. Rather, AmbI3 and IsnB appear to act on
isonitrile-modified amino acids, performing a desaturation/decarboxylation step necessary to
generate their respective products. IsnB, PIsnB, and AmbI3 act on tryptophan-derived substrates,
while PvcB acts on tyrosine compounds.9 The only enzyme crystallized thus far in this group is a
tagless construct of PvcB. Attempts to grow, purify, and crystallize the tagged version of AmbI3
as well as the tagless version of PIsnB are described in this chapter. The goal of this work is to
understand the structural basis for desaturation chemistry in these systems.
2.1 AmbI3
The project with AmbI3 began in collaboration with the Chang lab at North Carolina
State University, who provided a vector for overexpression. Previous purification by members of
the Boal lab had low yield, and the following crystallization efforts of that preparation resulted in
heavy precipitation. Using the available vector, the following project was to improve the
purification protocol in order to yield crystals.
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Table 2-1. Summary characteristics for the tagless version of AmbI3
AmbI3 Characteristics (Tagless Version)
MIVSTSVEQSAQFSVKSLTPFGALLEATEDH
Amino Acid Sequence
SDIQQLSIEQLCQLTWEHRLIVLRGFSLLER
EELSTYCQRWGELLVWNFGTVLDLIVHQNP
ENYLFTNGNVPFHWDGAFAEAVPRFLFFQC
LKAPEAGSGGESLFCDTVRILQNVSPQQREI
WQKTEISYKTQKVAHYGGEITKSLVIKHPIT
GLSTLRFAEPLNDASVHLNPLYVEVCNLPA
EEQNPFINELIENLYLPQNCFAHEWQEGDFL
I A D N H A L L H G R N P F L S N S Q R H L Q R V H I L Stop
273
Number of Amino Acids

Molecular Weight
Isoelectric Point (pI)
Extinction Coefficient

31225.38 g/mol
5.24
42315 M-1cm-1

Table 2-2. Summary characteristics for the N-terminally tagged version of AmbI3.
AmbI3 Characteristics (N-terminally tagged version)
MGSSHHHHHHSSGLVPRGSHMMIVSTSVEQ
Amino Acid Sequence
SAQFSVKSLTPFGALLEATEDHSDIQQLSIE
QLCQLTWEHRLIVLRGFSLLEREELSTYCQ
RWGELLVWNFGTVLDLIVHQNPENYLFTN
GNVPFHWDGAFAEAVPRFLFFQCLKAPEAG
SGGESLFCDTVRILQNVSPQQREIWQKTEIS
YKTQKVAHYGGEITKSLVIKHPITGLSTLRF
AEPLNDASVHLNPLYVEVCNLPAEEQNPFI
NELIENLYLPQNCFAHEWQEGDFLIADNHA
L L H G R N P F L S N S Q R H L Q R V H I L Stop

Number of Amino Acids
Molecular Weight
Isoelectric Point (pI)
Extinction Coefficient

294
33519.90 g/mol
5.77
41940 M-1cm-1

2.1.1. Production of recombinant AmbI3 plasmid
2.1.1.a Transformation
AmbI3-bearing plasmid was used to transform competent BL21 E. coli cells. BL21 is a
specific strain of E. coli that is typically used in transformations and protein expression. In
general, transformation is the transfer of plasmid DNA into a particular cell, in this case, that of
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E. coli. The plasmid with the added DNA is then overexpressed in bacteria. The general process
followed in this experiment was followed as in Figure 2-1.
Figure 2-1. Flow chart of transformation of E. coli cells.

In order to begin the process of transformation, 1 µL of the gene of interest (pET28a/AmbI3)
was added to 25 µL of the competent cells and incubated on ice for thirty minutes. The
pET28a/AmbI3 vector confers kanamycin resistance to the cells. Following incubation on ice,
the cells were then heat-shocked at 42 °C for 45 seconds to permit plasmid entry. The cells were
incubated on ice for two minutes, allowing the cells to recover and incorporate into the plasmid.
200 µL of Luria broth (LB) medium was added to the reaction so that the cells can start to grow,
expressing the recombinant plasmid. The mixture was shaken for approximately 45 minutes.
Using a sterile spreader, around 100 µL of the transformed cells were spread onto LB +
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kanamycin agar plates, covering the entire surface evenly. The plates were incubated at 37 °C
overnight and are shown in Figure 2-2.
Figure 2-2. Two identical, incubated plates of AmbI3 pET21a.

2.1.1.b. 5 mL Starter Culture
5 µL of 50mg/mL kanamycin was added to 5 mL of LB in a test tube. Kanamycin was added to
select for bacteria that had taken up the plasmid where only the transformed cells would grow in
the presence of the two antibiotics. A colony was taken from the LB/Kanamycin plate and added
to the 5 mL LB solution, and shaken for approximately 8 hours.
2.1.1.c LB medium preparation
12 liters of medium was prepared by adding 300 grams of LB to 4 liters of deionized (DI) water
(25 g of LB powder for each liter of DI water), and stirred until dissolved. 1 liter of the medium
was added to four 6-liter Erlenmeyer flasks, to which two additional liters of water were then
added. The medium was autoclaved to sterilize and left on the lab bench overnight.
2.1.1.d 250 mL starter culture
5 grams of LB powder was added to 250 mL of DI water and stirred until completely dissolved.
The media was then autoclaved and cooled down to room temperature. 250 µL of the antibiotic
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Kanamycin and 1mL of the 5mL starter culture were added, shook at 37 °C and 180 rpm
overnight.
2.1.1.e Overexpression of AmbI3/pet28a in BL21
3 mL of kanamycin and 60 mL of the starter culture was added to each 6-liter flask. The medium
was shaken at 180 rpm, 37 °C until it reached OD600 of 0.6, the exponential growth phase. The
growth was cold shocked in an ice bath for two hours. 1 mM isopropyl β-D-1thiogalactopyranoside (IPTG) was then added to each flask to induce protein expression. The
flasks were shaken at 18 °C and 120 rpm overnight. The calculations of kanamycin and IPTG are
shown in Table 2-3.
Table 2-3. Calculations of Kanamycin and IPTG in the overexpression of AmbI/pet28a.
Solution

Calculation

50mg/mL
Kanamycin
1M IPTG

0.75g/15ml

Grams in final
volume
0.75g/15ml

(1M)(0.013L)(238.3g/mol)

3.10g/13mL

To each 3L
3mL
(FC=50ug/mL)
3mL

2.1.1.f Collecting AmbI3 cell paste
Approximately 800 mL of the medium was added to four, 1-liter bottles, balanced with DI water,
and centrifuged at 7,000xg for 12 minutes, 3 times. The suspended cell paste was collected
(28.35 grams), flash frozen, and stored in the -20 °C freezer.
2.1.2 Purification of AmbI3
2.1.2.a Preparation of dialysis buffer, PMSF solution, and column
The overall function of dialysis is to remove small, unwanted molecules from the larger
protein of interest using passive diffusion. The buffer composition of the dialysis buffer was 100
mM Tris (MW=121.14 g/mol) at pH 7.5, with 5 mM ethylenediaminetetraacetic acid (EDTA,
MW=292.24 g/mol). A pH of 7.5 was chosen because it is optimal for binding of the protein to
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the nitroloacetic acid (NTA) beads of the nickel column, and EDTA serves as a strong chelator. 4
liters of buffer were prepared and stored in the cold room until further use. The composition of
the phenylmethane sulfonyl fluoride (PMSF, MW=174.19g/mol) buffer was 50 mM PMSF in
80% ethanol. PMSF served the function of a general protease inhibitor, a common inhibitor in
protein purification. 5 mL of PMSF solution was prepared.
The nickel column was also prepared the night before the purification process. The
overall purpose of the nickel column is for immobilized metal affinity chromatography (IMAC)
for recombinant proteins with a histidine tag. The histidine tag, which is a DNA sequence
encoding 6 histidine residues, is added to the N- or C- terminus of a protein. Proteins with a Histag can be purified more easily due to their unique ability to bind to nickel. In order to prepare
the column, it was first rinsed with 10 column volumes (CV) of water (150 mL total), where one
column volume is the amount of resin. Next, 10 CV of 250 mM imidazole buffer (150 mL total)
was run through the column and drained to clear the column of any unwanted molecules. The
column was then rinsed with another 20 CV of water (300 mL total). 15 CV (22 5mL total) of
the prepared buffer (100 mM Tris pH 7.5, 5 mM EDTA) was added to the column, and double
the volume of the resin was added to the resin for storage. The prepared column was stored in the
cold room.
2.1.2.b Resuspension of cell pellets
Frozen cell paste (around 10 g) was taken from the frozen stock and put into a glass
beaker on ice/water slurry. 150 µL of buffer (100 mM Tris, pH 7.5, 5 mM EDTA) was added to
the cell paste and stirred with a stir bar. 15 mg of both lysozyme and DNAse were added,
followed by 1.5 mL of PMSF (50 mM in 80% ethanol). The mixture stirred for around 45
minutes until homogeneous and poured into a metal sonication beaker.
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2.1.2.c. Sonication
Sonication of the mixture served the purpose of lysing, or breaking down the cells. The
sonicator was first cleaned first with water, then ethanol, then water again. The cells, still on ice,
were placed beneath the sonicator without it touching the bottom or sides of the metal sonication
beaker. The sonicator was run for 20 seconds on, 20 seconds off for 10 minutes of “on time”
total, while closely watching the mixture for protein foaming, an indicator of protein
degradation.
2.1.2.d. Nickel column
Before running the nickel column, the lysate from the sonication was put into one tube,
balanced with another tube of water, and centrifuged for 30 minutes at 22,000xg. Using a plastic
bulb, approximately 3mL of lysate at a time was added to the sides of the column in order to
avoid disturbance of the resin. One a substantial amount of sample has been added, the valve of
the column was open to let drain. In order to wash the column, 100 mL of simple buffer (100
mM Tris pH 7.5) was added to the sides of the column and let to drain. To elute the protein, 150
mL of imidazole buffer, a common eluting agent, was added the same way. During the elution,
seven, ~21 mL fractions, were collected in 50 mL Falcon tubes. At the conclusion of the elution,
the column was washed by filling with water and drained to waste.
2.1.2.e. Gel electrophoresis of fractions
In order to run a gel with the column fractions, seven eppendorf tubes were labeled F1F7 to indicate each fraction. The SeeBlue Pre-Stained Standard dye was equilibrated on a heat
block at 95 °C for five minutes. 20 µL of each fraction was added with 5µL of SDS dye to each
eppendorf tube, and denatured on a heat block at 95 °C for five minutes. The gel was placed in
the gel electrophoresis apparatus and filled with SDS buffer. The first well was the 100bp DNA
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ladder, provided by New England BioLabs. The ladder was followed by each fraction as shown
in Figure 2-3. The gel was run for approximately 1.5 hours at 20 milliamps and 300 volts.
After the completion of running the gel, it was rinsed with DI water. The gel was then
covered with Coomassie blue dye to stain the gel, microwaved for 10 seconds, and shaken for
approximately ten minutes. The staining solution was then removed, destaining solution added,
and shaken overnight. The destaining solution was then discarded and the gel was stored in DI
water. Unless otherwise stated, this same protocol for running gel electrophoresis was used in the
remainder of experiments.
Figure 2-3. 8% SDS page gel electrophoresis of nickel column fraction of AmbI3

The gel shows a relatively clean gel, with the protein appearing as a dark band around 33kDa.
The fractions F2-7 were collected as the cleanest fractions. These fractions were further
concentrated at 33,500xg in the swinging bucket rotor centrifuge. Using a NanoDrop
spectrophotometer, the concentration of AmbI3 was found to be 15mg/mL.
2.1.2.f. Dialysis with EDTA
Lastly, AmbI3 was dialyzed with EDTA to chelate the iron metal site of the protein. The dialysis
tubing was put in buffer to rehydrate and tied and clipped at one end. The sample was added to
the open end, then also tied and clipped. The tubing was placed in the prepared 4-liter dialysis
buffer in the cold room, covered with cling wrap, and let stir slowly overnight.
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2.1.3. AmbI3 crystallography
Four initial sparse matrix screens, JCSG+, Classics, PEGs and Anions, produced by Qiagen,
were selected to screen conditions suitable for co-crystallization of AmbI3 with 2OG and Fe(II).
With the concentration of AmbI3 at 15mg/mL, the molarity was calculated as follows:
15 mg
1 mol
1g
1000 mL 1000 mmol
×
×
×
×
= 0.44749 mM
mL
33520 g 1000 mg
1L
1 mol
The protein mix contained AmbI3 at 30 mg/mL, or 0.447mM, one equivalent of Fe(II) (at
10mM), and five equivalents of 2OG (at 50mM), in a buffer (20mM HEPES at pH 7.5). These
initial screens had some success, with the hits of each sparse matrix screen shown in Tables 2.42.6.
Table 2-4. Crystal hits for AmbI3 in the PEGs II sparse matrix screen.
Number
61 (1F)

Salt
0.1 M tri-sodium citrate

Buffer
None

62 (2F)

None

0.1 M MES pH 6.5

31 (7C)

0.2 M Lithium sulfate

0.1 M Tris pH 8.5

Precipitant
20% (w/v) PEG 4000; 20% (w/v)
isopropanol
20% (w/v) PEG 4000; 0.6 M sodium
chloride
16% (w/v) PEG 4000

Table 2-5. Crystal hits for AmbI3 in the Classics sparse matrix screen.
Number
16 (4B)

Salt
None

Buffer
0.1 M Tris pH 8.5

Precipitant
30% (w/v) PEG 1000

Table 2-6. Crystal hits for AmbI3 in the JCSG+ sparse matrix screen.
Number
87 (3H)
88 (4H)
21 (9B)
10 (10A)
23 (11B)

Salt
1.0 M Lithium sulfate
None
None
0.1 M Magnesium chloride
0.2 M Sodium acetate

Buffer
None
None
None
0.1 M MES pH 6.5
0.1 M HEPES pH 7.5

Precipitant
2% (w/v) PEG 8000
4% (w/v) PEG 8000
25% (w/v) PEG 2000
30% (w/v) PEG 400
20% (w/v) PEG 3000
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2.2 PIsnB
As with AmbI3, this project was performed in collaboration with the Chang lab at North
Carolina State University and a tagged construct of the enzyme was provided for crystallization
in the Boal lab. Repeated attempts were made to crystallize both PIsnB and its close homolog
IsnB over the past few years, however, no hits were obtained. Neither the presence of substrate,
nor additional purification improved results. Given the success achieved in crystallization of
PvcB using a tagless construct, PIsnB was subcloned to remove the N-terminal tag. This
component of the thesis is dedicated to the development of a tagless purification protocol using
stored cells, grown to overproduce the tagless construct.
Table 2-7. Summary characteristics for the tagless version of PIsnB.
PIsnB Characteristics (Tagless Version)
MTELNSFQTEEITPFGLKITPQYSDQHIDTL
Amino Acid Sequence
PVEQLKELARKHHLLILRGFKSDLSDHEKY
EKYARNWGEIMMWPFGAILDVREHQDAT
DHVFDNSYMPLHWDGMYKPTIPEFIMFHC
AHAPESDQGGRTTFVNTRRVVANATQQQL
EQWKNISITYRINKVTHYGGEVHSPLVEEH
PDRNGFVIRYNEPAVDGEKFLNKHAIEYHN
INPDQVAEFQQDFINILYDKRHLYAHAWK
KSDLVIVDNFSLLHGREGFTSKSERHLQRI
H I Q S N P A F N N Q A L R S Stop
Number of Amino Acids 281
32990.03
Molecular Weight
6.16
Isoelectric Point (pI)
43890 M-1cm-1
Extinction Coefficient

Table 2-8. Summary characteristics for the N-terminally tagged version of PIsnB.
PIsnB Characteristics (N-terminally tagged Version)
MGSSHHHHHHSSGLVPRGSHMMTELNSFQ
Amino Acid Sequence
TEEITPFGLKITPQYSDQHIDTLPVEQLKEL
ARKHHLLILRGFKSDLSDHEKYEKYARNWG
EIMMWPFGAILDVREHQDATDHVFDNSYM
PLHWDGMYKPTIPEFIMFHCAHAPESDQGG
RTTFVNTRRVVANATQQQLEQWKNISITYR
INKVTHYGGEVHSPLVEEHPDRNGFVIRYN
EPAVDGEKFLNKHAIEYHNINPDQVAEFQQ
DFINILYDKRHLYAHAWKKSDLVIVDNFSL
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LHGREGFTSKSERHLQRIHIQSNPAFNNQAL
R S Stop
Number of Amino Acids 302
Molecular Weight

35284.54 g/mol

Isoelectric Point (pI)

6.42

Extinction Coefficient

43890 M-1cm-1

2.2.1 Purification of PIsnB
Table 2-9. Summary characteristics of the weak and strong anion columns used in purification of
PIsnB.
Column Name

Column type

Bed volume (mL)

HiPrep Deae FF 16/10
HiPrep Q FF 16/10

Weak anion
Strong anion

20
20

Recommended working Maximum
flow range
flow
2-10 mL/min
10 mL/min
2-10 mL/min
10 mL/min

2.2.1.a Gel electrophoresis of cell paste
A gel was run of the cell paste that was stored in the -20°C freezer as shown in Figure 2-4.
Figure 2-4. 12% SDS page gel of PIsnB cell paste

This gel shows strong bands around 33kDa, presumably PIsnB. Due to the presence of several
other bands, the cell paste needs to be further purified.
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2.2.1.b Preparation of solutions for anion exchange
The previous gel of the PIsnB cell paste suggested that ion exchange chromatography would be
an appropriate technique to further purify the protein. Specifically, anion exchange
chromatography was chosen due to its relatively low isoelectric point of 6.16 (tagless version).
Anion exchange chromatography is an example of ion exchange chromatography, which serves
the purpose of separating molecules based on their charges. This separation relies on the
attraction of a charged chromatography medium to an oppositely charged molecule. Specifically,
anion exchange chromatography uses a positively charged resin to attract negatively charged
molecules. By using an alkaline pH while running the anion exchange column, more proteins are
above their isoelectric point, causing them to be negatively charged. Because of this effect, a
buffer of pH 7.1 was chosen due to its basicity in comparison to the isoelectric point of PIsnB,
and the recommendation to remain 0.5-1 pH units from the isoelectric point of the protein.10 Two
buffers, with and without salt, were prepared (50 mM HEPES pH 7.1 with 1M NaCl, 50 mM
HEPES pH 7.1) were prepared, vacuum filtered to remove any dust and impurities, and stored in
the cold room.
2.2.1.c Resuspension of cell pellets
Frozen cell paste (around 10 g) was taken from the frozen stock and put into a glass beaker on
ice/water slurry. 50 mL of buffer (50mM HEPES, pH 7.1), 10 mg of PMSF, 5 mg of DNAse, and
50 mg of lysosome were added to a metal sonication beaker and stirred with a stir bar. The
mixture stirred for around 45 minutes until homogeneous.
2.2.1.d. Sonication
The sonicator was first cleaned first with water, then ethanol, then water again. The cells, still on
ice, were placed beneath the sonicator without it touching the bottom or sides of the metal
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sonication beaker. The sonicator was run for 20 seconds on, 20 seconds off for 10 minutes of “on
time” total, while closely watching the mixture for protein foaming, an indicator of protein
degradation.
2.2.1.e. Running of the weak anion exchange column
Before running the weak anion exchange column, the lysate from the sonication was put into one
tube, balanced with another tube of water, and centrifuged for 30 minutes at 22,000xg. The weak
anion exchange column to be used was the HiPrep Deae FF 16/10 Column, produced by GE Life
Sciences. After the cleaning/washing of the fast protein liquid chromatography (FPLC) machine
from previous runs using no salt and high salt buffers, the PIsnB sample was run as shown in
Figure 2-5-2-7.
Figure 2-5. Flow chart of FPLC purification process
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Figure 2-6. Graph of %Buffer B and Volume during FPLC
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Figure 2-7. Chromatogram of PIsnB sample from HiPrep Deae FF 16/10 Weak anion exchange
column
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This chromatogram shows two peaks of interest based on the ultraviolet trace shown above. Peak
one collected in fractions 19-30 and peak two collected in fractions 31-35. The first peak was
subdivided into three sections: P1A: F19-20, F24-25, P1B: F21-23, P1C: F26-30 based on the
two sub-peaks shown in Figure 2.7.
2.1.2.f. Gel electrophoresis of fractions
The same procedure of running the gel was followed as with AmbI3 in Section 2.1.2.e.
Figure 2-8. 8% SDS page gel electrophoresis fractions from weak anion exchange

Bands around 33 kDa are presumed to be PIsnB. The circled band in Figure 2-8 from P1B was
collected as well as P1B due to their strong bands around 33kDa. These samples were then
buffer exchanged. This was completed by taking protein directly from fraction tubes and putting
it in 50mL, 10K centrifugal tubes used for efficient concentration and salt removal. The 10K size
was chosen because it is approximately 3 times the weight of the protein (~33kDa) in order to
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retain the protein in the filtrate. The samples were then centrifuged at 5,000xg to concentrate to
approximately 3mL with the non-salt buffer (50mM HEPES at pH 7.1). This was completed
three times to completely remove the salt from the samples. However, the gel also has many
unwanted bands, showing that further purification measures are necessary. Therefore, a strong
anion exchange on both of these peaks was carried out with the same buffers as that of the weak
anion exchange. The results are shown in Figures 2-9 and 2-10.
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Figure 2-9. Chromatogram of P1B (F21-23) from HiPrep Q FF 16/10 strong anion exchange
column
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Figure 2-10. Chromatogram of P1A (F19-20, 24-25) from HiPrep Q FF 16/10 strong anion
exchange column
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Both of the chromatograms from P1B and P1A show a well-defined peak. P1Ba (F2-4) and P1Bb
(F4-6) were pooled, buffer exchanged, and concentrated for P1B, and P1Aa (F7-10), P1Ab (F1112), P1Ac (F13-16), and P1Ad (F17-18) were pooled, buffer exchanged, and concentrated for
P1A. In order to check whether PIsnB was present after the strong anion exchange, another gel
was run as shown below.
Figure 2-11. 8% SDS page gel electrophoresis fractions from weak anion exchange.

This gel shows the strongest bands around 33kDa in P1Ab-d, which were pooled together, buffer
exchanged, and concentrated. Still, the gel showed a variety of unwanted bands. A new approach
was taken to next perform size exclusion chromatography (SEC), where molecules are separated
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not by charge as in the ion exchange chromatography, but rather by molecular weight. The
chromatogram of SEC is shown below.
Figure 2-12. Size exclusion chromatogram of PIsnB fractions from P1Ab-P1Ad.
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This chromatogram shows two distinct peaks. Fractions 18-37 collectively Peak 1, while
fractions 42-48 were collectively Peak 2. Gels were run of both peaks. However, the gel
corresponding to Peak 2 was completely clear, indicating that no protein was present, and is
therefore not shown below.
Figure 2-13. SDS page 10% gel electrophoresis fractions 18-26 from SEC

Figure 2-14. SDS page 10% gel electrophoresis fractions 27-35 from SEC

An ultra violet visible (UV-Vis) spectrum was taken of F27-35 of Peak 1. UV-Vis is an easy and
efficient way of determining the concentration of an analyte, in this case of a protein. Proteins in
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solution typically absorb at 280 nm, therefore absorbance at this wavelength can be used to
calculate protein concentration using Beer’s Law. Beer’s Law says that absorbance is equal to
the product of the molar extinction coefficient, path length, and concentration of the solution
(A=ε x L x C). The concentration of PIsnB can be estimated as shown below, using the
molecular weight to convert the units of concentration to that of “mg/mL.” The concentration
was multiplied by 0.25, which is the dilution factor of the volume of PIsnB protein to volume of
water (50:200).
𝑐𝑐 = 0.65×

mol x cm
1
32990.03 𝑘𝑘𝑘𝑘 1000𝑔𝑔 1000 𝑚𝑚𝑚𝑚
1 𝐿𝐿
×
×
×
×
×
= 488.6mg/mL ×0.25= 122.1 mg/mL
43890 L 1 cm
𝑚𝑚𝑚𝑚𝑚𝑚
1 𝑘𝑘𝑘𝑘
𝑔𝑔
1000 𝑚𝑚𝑚𝑚

Figure 2-15. UV-Vis of F27-35 from SEC
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Figures 2-13 and 2-14 show faint bands around the 33kDa mark on F23-35, indicating little
protein within these fractions.
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2.2.2 Future directions of PIsnB
Overall, it has been seemingly difficult to obtain pure protein, despite attempts using the weak
and weak anion exchange, followed by size exclusion. Other approaches such as using more cell
paste or a different series of anion exchanges may prove to be more successful if continuing to
use the tagless version. Rather than attempting these exchanges with a buffer of 7.1 pH, it may
be beneficial in future purification attempts to raise the pH to two units higher than the pI of the
protein rather than just one unit. However, another approach would be to attempt additional
purification on the tagged version of PIsnB. Previous attempts had only used the nickel column
and weak anion exchange for purification, so it may prove valuable to try a variety of other ion
exchange chromatography columns and/or size exclusion chromatography. Lastly, a cleavage tag
can be utilized, where the protein will be tagged, the tag cleaved, ending with tagless protein in
the end.
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Chapter 3
Structures of a ferryl-oxo mimic
3.1 Vanadyl structural probe
Vanadyl is a relatively new structural probe of Fe/2OG enzymes. Its purpose is to use
vanadium as a mimic of the native iron-based cofactor. The vanadyl mimic can be used to
capture “snapshots” of Fe/2OG enzymes in the middle of their reactions. It is used because it is a
stable form of a metal-oxo moiety, unlike its Fe4+ counterpart, which is unstable.11 We theorized
that Fe/2OG enzymes will incorporate vanadyl and it will faithfully mimic the short-lived ferryl
intermediate state. Reconstituting the enzymes with vanadyl rather than iron aids in learning
about structural features of different states. Vanadyl has recently been incorporated into VioC, an
enzyme that catalyzes the hydroxylation of L-arginine, highlighting its general utility.11
3.2 Crystallography techniques
Crystallization screening explores a variety of methods, reagents, and other physical
variables with the objective of successful crystal growth of a sample. In the work with the
crystallography of TauD, AmbI3, and CarC, sparse matrix screens were used as the initial
screening process. These screens serve the purpose of evaluating a variety of physical variables
such as pH, salt, buffer, etc. to ultimately identify conditions that may be suitable for
crystallization.13 All crystallization of these enzymes was performed anaerobically using a
glovebox (Coy Laboratory Products) containing an atmosphere of approximately 97% N2 and
3% H2. A multichannel pipette was used to pipette 50 µL of the well solution to the reservoir
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well of the 96-well screen. 1 µL of protein was then added to each well using the electronic
repeating pipette, followed by the same amount from each reservoir to the corresponding well.
Crystal size, number, morphology, and level of surrounding precipitation evaluated the
quality of the ‘hit’ conditions. In order to reproduce and improve crystals observed in the initial
screens, smaller screens, called optimization screens, were designed which systematically vary
characteristics of the original condition, e.g. changing buffer pH or precipitant concentration in
small increments. Well composition is also a factor in determining the priority for optimization.
For example, simpler conditions with components compatible with Fe/2OG enzymes are
preferable to those that have been shown to interfere with the active site. Components that are
likely to interfere with the active site include anions like acetate, which may bind preferentially
to succinate, or citrate, which can chelate metals causing issues with occupancy. All of the
optimizations detailed in this thesis are performed using the hanging drop method. In this
technique, a drop consisting of protein and selected precipitant hangs from a glass slide above a
comparatively large volume of reservoir solution. The drop usually has a lower concentration of
precipitant than the remaining reservoir solution, and the closed system (sealed with vacuum
grease) allows the drop to become supersaturated via vapor diffusion.13
3.3 Crystallization of a TauD intermediate mimic
The initial sparse matrix screens that had been set up previously provided an opportunity to set
up optimization screens for wells that yielded visually high quality crystals. The protein mix that
was used for both the sparse matrix screens and the optimizations contained TauD at 20 mg/mL,
one equivalent of vanadyl (at 50mM), and five equivalents of succinate (150mM), five
equivalents of taurine stock (50mM) in a buffer of 50 mM Tris at pH 7.5. General characteristics
of the taggless version of TauD are shown in Table 3-1.
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Table 3-1. Summary characteristics for the tagless version of TauD.
TauD Characteristics
Amino Acid Sequence

Number of Amino Acids
Molecular Weight
Isoelectric Point (pI)
Extinction Coefficient

MSERLSITPLGPYIGAQISGADLTRPLSDNQFEQLYHAVLRHQVVFLR
DQAITPQQQRALAQRFGELHIHPVYPHAEGVDEIIVLDTHNDNPPDND
NWHTDVTFIETPPAGAILAAKELPSTGGDTLWTSGIAAYEALSVPFRQ
LLSGLRAEHDFRKSFPEYKYRKTEEEHQRWREAVAKNPPLLHPVVRT
HPVSGKQALFVNEGFTTRIVDVSEKESEALLSFLFAHITKPEFQVRWR
WQPNDIAIWDNRVTQHYANADYLPQRRIMHRATILGDKPFYRAG
283
32409.55 g/mol
6.27
46410 M-1cm-1

The following information regarding the x-ray diffraction experiments of TauD came
from Katherine M. Davis, a postdoctoral research assistant who has solved the crystal structure
of TauD. This information was given to supplement this thesis before the actual publication of
research on TauD.
To generate the TauD•vanadyl•taurine•succinate complex in solution, a small volume of
50 mM vanadyl sulfate in 2.5 mM sulfuric acid was added to a stock solution of TauD at 34.5
mg/mL in 50 mM HEPES at pH 7.5, and gently mixed. The solution was subsequently diluted
with buffer, taurine and succinate to yield a final protein concentration of 21 mg/mL with 1.3
equivalents of vanadyl and 5 equivalents of substrate and co-product, respectively. The resulting
solution was incubated for a minimum of 5 min. at 4°C before mixing 1:1 with a precipitant
solution of 0.1 M Na acetate at pH 4.25 and 24% (w/v) PEG 300. Drops were left to equilibrate
with a 500 µL reservoir of precipitant solution in a hanging drop vapor-diffusion experiment.
Crystals appeared within 30 days and grew to size slowly over the following few months. Upon
looping, thick rod-like crystals were soaked in a cryo-protectant generated by adding 27% (v/v)
ethylene glycol to the reservoir condition before flash freezing in liquid nitrogen.
Diffraction data were collected on a MARmosaic 300 CCD detector at beamline 21-ID-G
of the Advanced Photon Source at Argonne National Laboratory (Chicago, IL). The crystal was
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maintained at 100 K to minimize x-ray-induced damage while images were collected
sequentially (∆φ = 1°) at an incident wavelength of 0.97857 Å. Indexing, merging and scaling of
the data was carried out in the HKL2000 software package.14 The resolution of the dataset was
subsequently cut at 1.75 Å for phasing, and molecular replacement was performed using the
BALBES automatic molecular replacement pipeline.14 A previously-solved structure of TauD
with Fe(III), taurine and 2OG bound (PDB accession code 1GY9A15 was ultimately selected as
the best search model. Model building and refinement were performed using Coot17 and the
Phenix software suite18, respectively. The obtained solution belongs to the P21212 space group
and contains two molecules in the asymmetric unit. Metal-oxo restraints for vanadyl were
initially defined by the geometry observed in the VioC•(VIVO)•L-Arg•succinate structure (PDB
accession code 6ALR), but restraints were later relaxed, resulting in final V-O distances of 1.84
Å and 1.89 Å for chains A and B, respectively. Selected data processing and refinement statistics
are presented in Table 3-2.
The final model contains residues 3-283 and vanadyl in both chains. Taurine and
succinate are found in chain B, while the active site of chain A is instead populated by 5 ordered
water molecules, see Fig. X. An acetate ion originating from the crystallization condition is also
present in chain A, replacing succinate in the active site and making the same interactions with
the conserved Arg266 (Arg*1 in figure of TauD active site). Alignment of 247 Cα atoms in
chain B shows an rmsd of 0.281 with the molecular replacement model (PDB accession code
1GY9 chain A). The rmsd of alignment with chain A (0.547 from 219 Cα atoms) is slightly
higher due to lid loop motions that occur upon substrate binding, as shown in Figure 3-1. These
motions have been observed previously.5 Intriguingly, the chains do not share the same vanadyl
conformation. Chain B depicts vanadyl in an in-line configuration oriented towards the target
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carbon (distance from C1 = 2.9), as expected for the hydroxylation reaction the enzyme
performs, while the metal-oxo complex is observed offline in the substrate/product free active
site of chain A, see Figure 3-2. This is the first observation of an offline metal-oxo species in the
structure of Fe/2OG enzyme and illustrates the potential for this conformation to occur in more
physiologically relevant contexts, such as non-hydroxylating systems.

This off-line

configuration was determined by modeling waters at all relevant positions around a vanadium
atom and relaxing their restraints. One of the waters positioned offline settles at a very short
distance (~ 1.84 Å) from the metal, inconsistent with a simple aquo ligand. We assign this
position as the vanadyl-oxo. In contrast, the other ligands in chain A prefer distances more
typical of waters (2.09 – 2.17 Å). Further analysis of the structure is ongoing.
Table 3-2. Selected data collection and refinement statistics.
TauD (+ vanadyl, taurine, succinate)
Data Collection:
• Wavelength
• Resolution range
• Space group
• Unit cell dimensions (Å, °)
• Completeness
Refinement Statistics
• Rwork (Rfree)
• RMSDs
• Bond lengths (Å)/angles(°)
• Ramachandran favored/allowed

0.97857 Å
36.35 – 1.75
P 21 21 2
a = 118.41, b = 54.199, c = 87.385,
α = β = γ = 90
98.92
16.93 (20.37)
0.009/0.99
96.77/3.23
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Figure 3-1. Active site structure TauD.
(A) Chain A. Surprisingly, vanadyl appears to prefer an offline conformation in the absence of
taurine and succinate. (B) Chain B. Vanadyl is oriented in-line as would be expected for a
hydroxylation outcome. The short distance (2.9 Å) between the vanadyl-oxo and the target
carbon is primed for hydrogen abstraction.

Figure 3-2. Alignment with the TauD•Fe(III)•taurine•2OG complex
PDB accession code 1GY9 - grey. (A) Comparison to chain A illustrates lid loops motion upon
substrate binding observed previously. (B) No large scale differences occur in the structure due
to vanadyl•succinate binding in place of Fe(III)•2OG.
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3.4 Crystallization of a CarC intermediate mimic
Previously purified CarC was provided by the Bollinger-Krebs lab at Penn State at a
concentration of 145.229 mg/mL or 4.3 mM. General enzyme information is given in Table 3-2
and 3-3.
Table 3-3. Summary characteristics for the tagless version of CarC
CarC Characteristics (Tagless version)
MSEIVKFNPVMASGFGAYIDHRDFLEAKTETIKNLLMRQGFVVVK
Amino Acid Sequence
NLDIDSDTFRDIYSAYGTIVEYADEKIGVGFGYRDTLKLEGEKGKI
VTGRGQLPFHADGGLLLSQVDQVFLYAAEIKNVKFRGATTVCDH
ALACQEMPAHLLRVLEEETFEVRVLERGYYVDVSPDGWFKVPVF
TDLGWVRKMLIYFPFDEGQPASWEPRIVGFTDHETQAFFQELGAF
LKQPRYYYKHFWEDGDLLIMDNRRVIHEREEFNDDDIVRRLYRG
QTADI

Number of Amino Acids
Molecular Weight
Isoelectric Point (pI)
Extinction Coefficient

273
31610.90 g/mol
5.04
41495 M-1cm-1

Table 3-4. Summary characteristics for the N-terminally tagged version of CarC
CarC Characteristics (N- terminally tagged version)
MGSSHHHHHHSSGLVPRGSHMSEIVKFNPVMASGFGAYIDHRDFL
Amino Acid Sequence
EAKTETIKNLLMRQGFVVVKNLDIDSDTFRDIYSAYGTIVEYADEKI
GVGFGYRDTLKLEGEKGKIVTGRGQLPFHADGGLLLSQVDQVFLY
AAEIKNVKFRGATTVCDHALACQEMPAHLLRVLEEETFEVRVLER
GYYVDVSPDGWFKVPVFTDLGWVRKMLIYFPFDEGQPASWEPRIV
GFTDHETQAFFQELGAFLKQPRYYYKHFWEDGDLLIMDNRRVIHE
REEFNDDDIVRRLYRGQTADI

Number of Amino Acids
Molecular Weight
Isoelectric Point (pI)
Extinction Coefficient

293
33774.23 g/mol
5.59
41495 M-1cm-1

Four initial sparse matrix screens, JCSG+, Classics, PEGs II, and Anions, produced by Qiagen,
were selected to screen conditions suitable for co-crystallization of CarC with vanadyl. The
protein mix contained CarC at 20 mg/mL, one equivalent of vanadyl, and five equivalents of
succinate, in a buffer of 50 mM Tris at pH 7.5. Vanadyl is added first before dilution of the
enzyme. Biochemical work suggests it is best incorporated by pipetting a small amount of ~50
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mM stock solution (diluted in 2.5mM sulfuric acid). Although some precipitation does occur,
gently pipetting up and down typically resuspends the protein. The wells of these screens
contained 1:1 ratio of the protein mix to reservoir solution, one microliter of each. These initial
screens proved to be quite successful, with a variety of hits in a variety of conditions as shown in
Tables 3.4-3.6.
Table 3-5. Crystal hits for CarC•vanadyl•succinate in the PEGs II sparse matrix screen.
Number Salt
Buffer
Precipitant
None
15% (w/v) PEG 1500
17 (5B) None
0.1 M Tris pH 8.5
16% (w/v) PEG 4000
31 (7C) 0.2 M sodium sulfate
0.1 M Tris pH 8.5
16% (w/v) PEG 4000
32 (8C) 0.2 M sodium sulfate
0.1 M HEPES pH 7.5
10% (w/v) PEG 4000;
53 (5E) None
20% (w/v) isopropanol
15% (w/v) PEG 4000
56 (8E) 0.2 M ammonium sulfate 0.1 tri-sodium citrate pH 5.6
None
12% (w/v) PEG 6000
77 (5G) 2.0 M sodium chloride
0.05 M Imidazole pH 8.0
20% (w/v) PEG 6000
81 (9G) None

Table 3-6. Crystal hits for CarC•vanadyl•succinate in the Classics sparse matrix screen
Number Salt
Buffer
Precipitant
0.1 M HEPES pH 7.5
10% (w/v) PEG 6000; 5% (v/v)
93 (9H) None
MPD

Table 3-7. Crystal hits for CarC•vanadyl•succinate in the JSCG+ sparse matrix screen
Number Salt
Buffer
Precipitant
0.1 M BICINE pH 9.0
20% (w/v) PEG 6000
15 (3B) None
0.1 M HEPES pH 7.5
10% (w/v) PEG 8000;
16 (4B) None
8% (v/v) ethylene glycol
0.1 M Tris pH 8.5
20% (w/v) PEG 2000 MME
76 (4G) 0.2 M TMAO
None
15% (w/v) PEGS 3350
79 (7G) 0.1 M succinic acid
None
30% (w/v) PEGS 2000 MME
81 (9G) 0.1 M potassium
thiocyanate
0.1 M HEPES ph 7.0
ED-2003
70 (10F) 1.1 sodium malonate
dibasic monohydrate
None
20% (w/v) PEGS 3350
12 (12A) 0.2 M potassium nitrate
None
20% (w/v) PEGS 3350
24 (12B) 0.2 M potassium citrate
tribasic monohydrate
0.1 M Tris pH 8
40% MPD
44 (8D) None
0.1 M sodium acetate
None
56 (8E) 1.0 M ammonium
phosphate dibasic
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A variety of conditions were pursued further for optimization, including wells 7C and 5B
from PEGS II, as well as 7G, 4B, 3B, and 8B from JCSG+. PEGS II 7C and JSCG+ 7G were
initially preferred based on visual crystal quality, and optimizations were performed using the
same protein concentration as the initial screens (20 mg/ml). Additionally, JSCG 7G+ was
preferable because succinate was in the condition. Both yielded only clear drops, likely
indicating a need to increase the protein concentration, not uncommon when transitioning to the
larger hanging drop format. These conditions were repeated at enzyme concentrations of 27
mg/ml and 30 mg/ml, respectively. In the higher concentration screen of the JCSG+ 7G
optimization, a variety of crystal hits were observed as shown in Figure 3-4. In all of the figures
representing optimizations, wells colored black indicated crystal hits. Although the hits were
dispersed throughout the tray, the lower molarities of succinate acid (0.075M and 0.01M) were
favored due to the number and quality of crystals. Due to unexpected jostling in the glovebox,
determination of hit locations in PEGs II 7C was not possible, and the experiment was not
repeated.
JCSG+ 4B and 3B were chosen for optimization at 32 mg/mL, as shown in Figure 3-5 and
3-7, based on visual crystal quality in the initial screens. However, both optimization screens
yielded few, low quality hits with heavy precipitation. PEGs II 5B was also optimized as shown
in Figure 3-6 at 32 mg/mL due to its simple construction with only PEGs in the condition. This
screen yielded several, large crystals, mostly in the higher concentrations of PEGs (14-18%).
Lastly, because the initial screening well of JSCG+ 8D also yielded high quality crystals, it was
optimized at 27mg/mL as shown in Figure 3-8. However, all of the wells were clear and yielded
no crystals.
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Figure 3-3. CarC optimization of PEGs II 7C at 27mg/mL
% PEG 4000 →
pH Tris ↓

14%

14%

16%

16%

18%

18%

12%

4%

16%

8.0
8.5
8.5
9.0

Figure 3-4. CarC optimization of JCSG+ 7G at 30mg/mL
% PEG 3350 →
Succinate acid ↓
0.075 M
0.1 M
0.125 M
0.15 M

6%

8%

10%
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Figure 3-5. Sample crystal hit from JCSG+ 7G, well 2B

Figure 3-6. CarC optimization of JCSG+ 4B at 32 mg/mL
% PEG 8000 →
pH HEPES ↓

6%

8%

10%

12%

4%

16%

14%

16%

18%

7.2
7.5
7.7
7.9
Figure 3-7. CarC optimization of PEGs II 5B at 32mg/mL
% PEG 2000 →
8%

10%

12%
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Figure 3-8. Sample crystal hit from PEGs II 5B, well 2C

Figure 3-9. CarC optimization of JCSG+ 3B at 32mg/mL
% PEG 6000 →
pH BICINE ↓

16%

18%

20%

22%

24%

26%

0%

2%

7%

8.5
9.0
9.0
9.5

Figure 3-10. CarC optimization of JCSG+ 8D at 27mg/mL
% MPD →
pH Tris ↓
7.0
8.0

8%

3%

8%
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8.0
8.5
Crystals from the PEGs 5B optimization tray obtained through a variety of PEG 2000
concentrations were selected for looping (from wells 4A, 4B, and 5D). To minimize damage due
to x-ray exposure, protein crystals are typically kept frozen during measurement, and are
therefore flash frozen into liquid nitrogen upon looping. Unfortunately, ice formation can
damage the crystal lattice. To minimize this degrading effect, the crystals are soaked in solutions,
which instead facilitate the formation of glassy, amorphous ice. The shock of changing
conditions, however, may also destabilize the lattice and three cryoprotectants were therefore
tested to determine which was the most suitable for freezing the crystals without cracking,
splitting, or loss of resolution. The two cryoprotectants used were as follows in Table 3-7.
Table 3-8. Composition of the two cryoprotectants used to loop CarC crystals from PEGs II 5B.
Cryoprotectant 1
Cryoprotectant 2
40% PEG 2000  400 µL
40% PEG 2000  400 µL
30% ethylene glycol  300 µL
30% glycerol  300 µL
30% water  300 µL
30% water  300 µL
Total  1000 µL
Total  1000 µL
The coverslip with the designated crystal was removed from the tray and flipped to
expose the crystals. Approximately 5 µL of the cryoprotectant drop was added to a glass
coverslip. With the aid of a microscope, the crystal was removed from its drop using the
appropriately sized loop and placed in the cryoprotectant.

Hampton Research Mounted

CryoLoop Nylon loops between 0.05-0.4 mm in diameter were employed. While in the
cryoprotectant, the crystal was observed under the microscope to check if it maintained its

45

quality. If so, it was quickly flash frozen and stored in liquid nitrogen. A total of 22 CarC
crystals were looped.
Due to the low resolution of the x-ray diffraction of the looped crystals, alternative
methods of improving the crystal quality were used. For example, to continue working with what
seemed to be the optimal condition, PEGs II 5B, an additive screen was used to vary factors such
as salts, amino acids, reducing agents, etc. that may improve the crystallization structure.12 The
percent of the reagents that formed best crystals from this condition were used for the entirety of
the additive tray. In other words, the best condition from PEGs II 5B was well 2C, which
contained 10% PEGs 2000 was replicated on a smaller scale of 50 µL using the 96-well tray. The
well solution was added as follows.
Table 3-9. Composition of well solution for CarC additive tray
Additive Screen
10% additive  5 µL
10% PEGs 2000  11.25µL
Water  33.75µL
Total  50 µL
As with the initial screens, the protein mix and reservoir mix were added in a 1:1µL ratio into the
sitting drop. The first additive screen, provided by Hampton Research (HR2-138) was performed
at 20 mg/mL, which yielded mostly clear drops. The additive screen was repeated at 27 mg/mL
and the following hits were observed as shown in Table 3-9.
Table 3-10. Crystal hits for CarC•vanadyl•succinate in additive screen at 27mg/mL
Number
Additive
0.1M Ethylenediaminetetraacetic acid disodium salt dihydrate
49 (1E)
30% v/v ethylene glycol
61 (1F)
30% v/v glyercol
62 (2F)
0.1 M spermine tetrahydrochloride
39 (3D)
3.0 M NDSB-195
63 (3F)
50% v/v polyethylene glycol 400
76 (4G)
1.0 M Lithium chloride
17 (5B)
2.0 M NDSB-211
65 (5F)
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18 (6B)
66 (6F)
78 (6G)
90 (6H)
43 (7D)
45 (9D)
22 (10B)
46 (10D)
24 (12B)

2.0 M sodium chloride
2.0 M NDSB-221
40% v/v 2,5-hexanediol
40% v/v 1-propanol
1.0 M guanidine hydrochloride
0.1 M β-nicotinamide adenine dinucleotide hydrate
1.0 M potassium sodium tartrate tetrahydrate
0.1 M adenosine-5’-triphosphate disodium salt hydrate
1.0 M Cesium chloride

It was hypothesized that the acidic vanadyl component of the cryoprotectant when looping may
have may have affected the crystals of the non-buffered PEGs II 5B optimization. Therefore,
another optimization mimicking this condition with an added buffer was set up as follows in
Figure 3-11.
Figure 3-11. CarC optimization of PEGs II 5B + Tris buffer at 32mg/mL
% PEG 2000 →
pH Tris ↓
7.0
7.5
8.0
8.5

8%

10%

12%

14%

6%

18%
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Figure 3-12. Sample crystal hit from PEGs II 5B + Tris, well 6B

3.4.1. Future directions of CarC
Attempts of co-crystallizing CarC with vanadyl has shown that there are a number of
conditions that crystallize CarC in the presence of vanadyl and succinate. However, the x-ray
diffraction has shown that the occupancy of the metal atom is not strong. Figure 3-13 shows the
low electron density of the CarC active site in recent diffraction experiments. In other words, the
weak signal has not given sufficient information as to which direction the metal is pointing
(online or offline direction). This seems to be the case when CarC is co-crystallized with
vanadyl, soaked with vanadyl, or co-crystallized and then subsequently soaked with vanadyl.
One possible explanation for this is the protein structure at the crystal lattice contacts, which can
prevent succinate from binding. However, this conclusion seems unlikely considering the
attempt of x-ray diffraction in a variety of conditions.
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To determine the cause of this problem, it is important distinguish if there is an issue of
vanadyl binding to the protein in solution, or a problem with crystallization itself. To confirm
that vanadyl is binding to the protein in solution, electron paramagnetic resonance (EPR)
experiments can be used. For other enzymes, EPR has also shown that 2OG may be better at
binding the active site because it binds in a bidentate fashion. Succinate, on the other hand, binds
monodentate and may not be sufficient to lock into the active site. CarC has a very open active
site, which also may be a problem for stabilization. Lastly, it is a possibility to attempt
crystallization of CarC with substrate. However, the substrate is unstable and must be
synthesized, which takes a great deal of time and use of expensive resources.
Figure 3-13. Electron density of the active sites of CarC vs. TauD
This figure shows a lack of visible density around the metal of CarC when contoured at greater
sigma, which is indicative of lower occupancy of metals. The density of the metal is very
spherical, so it is impossible to determine the direction of the oxo pointing. This is in comparison
to TauD, which has high visible density.
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