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Abstract

Dehydrogenases are enzymes that consist of a flavin cofactor in their catalytic unit and a heme or
an FesS4 cluster in their electron transfer subunit, thereby having the ability to undergo direct
electron transfer processes. A significant advantage of using dehydrogenases over oxidases for
enzyme-based biosensing applications is the ability to eliminate oxygen dependence. The goal of
this dissertation was to investigate one such flavin dependent dehydrogenase (FDD) enzyme, the
histamine dehydrogenase from Rhizobium sp. 4-9 (HaDHR) and determine the protein engineering
criteria required of a dehydrogenase enzyme for use in in vivo biosensing applications. HaDHR
belongs to a small family of dehydrogenases that contains a covalently attached FMN and an FesS4
as the redox cofactors. HaDHR can convert histamine to imidazole acetaldehyde and ammonia
with a release of two electrons and is the only member of this family that does not show substrate
inhibition, making HaDHR the best candidate for use in in vivo biosensing applications. The
crystal structure of HaDHR at a resolution of 2.1 A was determined, which facilitated elucidation
of the internal electron transfer pathway from the active site to the protein’s surface. An artificial
electron mediator Fc* was covalently attached proximal to the exit point of the electron transfer
pathway. We demonstrated that even in the absence of any other mediator, an Fc-modified HaDHR
could deliver electrons from the enzyme to an electrode surface in the presence of histamine in a
dose-dependent manner. We engineered HaDHR with noble metal affinity peptides to orient the
enzyme on an electrode surface. Additionally, structural comparisons between HaDHR and other
family members was undertaken to probe the origins of substrate inhibition. Together, these results
provided a proof of concept that HaDHR is suitable for use in the fabrication of Gen 2.5 and Gen

3 biosensors, thereby contributing significantly to this rapidly evolving field.
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Chapter 1. Introduction

Histamine is an essential biogenic amine that acts as a chemical neurotransmitter in the brain,
mediates allergic reactions, and is a key immune signaling molecule (1,2). Histamine is involved
in various brain functions (1,3), and through earlier studies in animal models and postmortem
studies in humans it has been shown that histamine concentration plays a prominent role in several
neurological disorders including sleep-wake disorders, disorders of mood and cognition
(schizophrenia, depression, Alzheimer’s disease), movement disorders (Parkinson’s disease),
epilepsy, eating disorders, pain, and addiction (4-9). At present, microdialysis techniques exist that
are coupled to high performance liquid chromatography (HPLC) as well as fluorescence, optical
density, or electrochemical detection systems help in monitoring brain neurotransmitters. Data
obtained help in studying biomarkers and their relationship to diseases. However, the major

drawback of these systems is the poor spatial and temporal resolution (10).

Although histamine concentration regulation is so important in the brain, at present there is no
biosensor, a specific device or method by which one can accurately measure the levels of histamine
in the brain, either as a single point measurement or in real time on a continuous basis.
Amperometric biosensors are the most prominent technology available currently to study the
fluctuations in the levels of neurotransmitters and neuromodulators that are related to many
neurological diseases in the brain (11,12). These biosensors can be implanted directly into the
brain and thus can monitor the concentrations of neuroactive substances in real time (13). Such a
device would help in early diagnosis of neurological and psychiatric disorders, which after
successful testing in animal models, will ultimately aid human patients in health condition
management for effective treatment and potential disease prevention. These biosensors can be used

in rodents for drug discovery and in cases where biological fluids can be obtained non-invasively

1



or semi-invasively. While some applications of a histamine biosensor might be employed by the
patient themselves, many other applications are possible in urgent care settings where the
histamine biosensor is installed and monitored by medical professionals, such as during brain
injury or stroke (14-16). A histamine biosensor for use by first responders and in critical care
situations may also help improve acute patient morbidity and mortality (15). While long-term
biosensor implantation is likely to be too invasive for chronic applications, subcutaneous
implantation may be possible to monitor systemic changes in histamine concentration that may

reflect underlying brain pathologies.

Biosensors are functional analytical devices that incorporate a biological recognition element,
usually an enzyme, to analyze specific quantitative information from complex mixtures such as
blood and tissue (17). These devices can harness exquisite sensitivity and specificity coupled with
high temporal and spatial resolution (18-21). In the past two decades, growth in the biosensor field
has been phenomenal, such that, in last year alone, about 4500 papers on biosensors were published
discussing their wide range of functional modalities. Despite their potential use and effectiveness
in a wide range of applications, development of biosensors that can continuously in real time
monitor analytes in vivo for extended, long periods of time is a challenging task and at the present
only glucose biosensors are routinely used in humans to monitor glucose levels in real time (22-

24).

Enzymes are the most critical component of a biosensor design. The performance of a biosensor
device relies ultimately on the suitable activity, selectivity, reproducibility, reliability, and long-
term stability of the enzyme for in vivo applications. Currently, many biosensors that are capable
of real-time measurement of analytes are oxidase enzyme-based amperometric biosensors (25).

Other classes of biosensors that have been used to probe brain function are carbon fiber-based



probes that are selective for some neurotransmitters (26-28). Oxidase enzymes have been used
extensively in the development and commercialization of biosensors as their family members are
known to process a variety of analytes that are important for human health monitoring (21,22).
The most widespread used oxidase enzyme is glucose oxidase and due to its high stability and
activity profile, is often referred to as “an ideal enzyme” (22). At present there are two FDA
approved glucose oxidase-based biosensors that are used for monitoring glucose continuously.
One can monitor for 14 days and the other for 10 days continuously and both claim to come pre-
calibrated. However, this is often not the case and despite such widespread use they are still not
stable enough for long term in vivo studies. The problem is not always due to the stability of the

enzyme but can also be due to the immune response to the implanted sensor (15,29).

When discussing a peroxide producing enzyme suitable for use in biosensor fabrication, there are
two critical parameters: keat and Km. The catalytic efficiency of the enzyme is designated as kcat.
Kwm describes the point at which the reaction velocity of the enzyme starts to plateau and directly
influences the in vivo linearity of the biosensor. Because the maximum concentration of enzyme
that can be practically immobilized on a given biosensor is usually limited by the geometry of the
transduction element, kcae is the measure that most directly relates to final sensitivity of the

completed biosensor.

Oxidase enzymes require oxygen to function and depending upon the in vivo environment the
availability of oxygen may directly affect Km (30). In addition, for biosensors based on an oxidase
enzyme the problems of enzyme activity, stability, and availability often dictate the useable
lifetime of a biosensor. The activity and stability are usually associated with cofactor residence:
how long the FAD or FMN cofactors remain resident inside the enzyme. Additionally, there is a

problem of the peroxide capture by the transduction element which is typically very inefficient.
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Some studies have determined that over 90% of the peroxide generated by the oxidase enzyme
may be lost to the environment and never sensed by the transduction element (31). This
phenomenon is partially related to the thickness of the enzyme layer in a biosensor, the importance
of peroxide loss is also dependent upon the analyte being measured and the activity of the enzyme
(32). For example, peroxide loss may not be as relevant for glucose biosensors because the glucose
concentration range is mM, and sufficient signal exists to make reproducible measurements. For
sensors measuring analytes at the uM range, for example glutamate, peroxide loss may be more

relevant (32).

Dehydrogenases, unlike oxidases, have the potential to directly transfer electrons from the enzyme
directly to the transduction element of a biosensor (33). In the absence of direct electron transfer
(DET) dehydrogenases can be used in conjunction with artificial mediators, such as, ferrocenes,
osmium salts, variety of dyes, quinones and ferri/ferrocyanides (34). Unlike oxidases,
dehydrogenases can undergo DET from the enzyme or through a mediator to the electrode surface
(35,36). This requires careful attention to the electron transfer pathway through the enzyme from
the flavin cofactor to the electrode surface. Application of a flavin dependent dehydrogenase
(FDD) enzyme is often limited because the redox catalytic center is buried within the protein
structure in combination with the lack of an electron transfer pathway to the electrode surface (37-
39). Several of these dehydrogenases often harbor an additional heme prosthetic group, such as a
cytochrome domain which acts as a ‘built in mediator’ that can connect to the flavin domain to

undergo DET with electrodes (40,41).

A significant advantage of dehydrogenases over oxidases is that the enzyme response is not
dependent on oxygen and can be used for repeated measurements where the oxygen concentration

is variable. Use of dehydrogenases would make possible the construction of biosensor arrays that
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monitor a range of analytes simultaneously. With oxidases, array construction is difficult, if not
impossible, because of the worry about different sensing elements “stealing oxygen” from adjacent
elements. For example, when measuring a particular analyte in the brain, a response to a stimulus
measured using an oxidase enzyme can simultaneously change the oxygen level as well as the

analyte level around the sensing element, which may affect subsequent measurements (42-44).

The diffusion of peroxide away from the biosensor transduction element is not a problem for
sensors based on dehydrogenases. If fast response (sub-second) is required, then all the enzyme
layers on the sensor surface must be thin. Further, achieving good spatial resolution requires small
sensors, namely 10 um or less. For the purposes of in vivo histamine sensing, systemic histamine
concentrations range from 4 nM - 240 uM (45) and brain histamine concentrations also fall within
this range (46). The concentration of histamine in the brain is also dependent upon the area being
probed and different regions of the brain is known to have different concentrations, however, there
is a reservoir of histamine in the brain stored in mast cells which may not contribute to any
snapshot measure of a histamine concentration (1,47). Regardless, biorecognition elements based
on dehydrogenases could offer improved performance and better sensitivity compared to the

corresponding oxidase. This is especially true if the dehydrogenase could be leveraged for DET.

Based on oxidase enzyme-based amperometric biosensor studies, efforts have been made earlier
to design a biosensor to monitor histamine levels in the brain in real-time by using a histamine
oxidase enzyme from Arthrobacter globiformis (48). This enzyme was found to be non-specific
for histamine and more specific for dopamine or tyramine. Since then, no known histamine oxidase
has been identified that is highly specific for histamine. However, there is a histamine
dehydrogenase (HaDH) enzyme from two different bacterial species that have been identified.

Histamine dehydrogenase from Nocardioides simplex (HaDHN) and histamine dehydrogenase
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from Rhizobium sp. 4-9 (HaDHR) (41,42). Studies on HaDHN and HaDHR have shown their

successful biosensing application in the food industry (49-53).

In this dissertation, we present data on one such FDD enzyme HaDHR, a histamine dehydrogenase
from Rhizobium sp. 4-9 that is highly specific for histamine and has the appropriate catalytic
properties to support its use in the fabrication of a DET type biosensor for use in in vivo histamine
biosensing applications. HaDHR belongs to a small family of covalently bound 6-S-cysteinyl-
FMN enzymes that has only been identified so far in four different bacterial enzymes as shown in

Table 1-1 (54-58).

Table 1-1: 6-S-cyteinyl-FMN covalent linkage identified in bacterial enzymes

Enzyme Source
Histamine Dehydrogenase (HaDHR) Rhizobium sp. 4-9 (54)
Histamine Dehydrogenase (HaDHN) Nocardioides simplex (55)
Trimethylamine dehydrogenase (TMADH) Bacterium sp. W3A41 (56)
Dimethylamine dehydrogenase (DMADH) Hyphomicrobium X (58)

Both HaDHR and HaDHN enzyme catalyze the oxidative deamination of histamine to form
imidazole acetaldehyde and ammonia (54,59). Each enzyme comprises a Fes4S4 iron-sulfur center
as a redox active cofactor and an ADP in each subunit of the homodimer. Although both enzymes
catalyze histamine, the key difference between the two enzymes is that HaDHR is highly specific
for histamine and does not show substrate inhibition at high concentrations of histamine (54).
HaDHN, however, shows reasonable selectivity towards histamine with respect to other biogenic
amines such as agmatine and putrescine (60) but also shows substrate inhibition (61). HaDHN
shows 55% sequence homology with HaDHR and is the best characterized enzyme of the two.
Interestingly, both HaDHR and HaDHN enzymes have been used to develop enzyme assays
(52,62,63) or for engineering bio-electrochemical sensors (49,53) for detecting histamine in in

vitro diagnostic methods. However, no attempts have been made yet to engineer these enzymes
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for in vivo histamine biosensing applications. Since, HaDHR shows higher substrate specificity
for histamine and no substrate inhibition and is the least characterized enzyme, this dissertation is
focused on understanding the structural and functional aspects of HaDHR, comparing it with the
other histamine metabolizing dehydrogenase enzyme HaDHN. Molecular design is then used to

optimize DET for in-vivo biosensing applications.

In Chapter 2 of this dissertation, we introduce the crystal structure of HaDHR solved at a resolution
of 2.1A (Figure 1-1A). Guided by this 3D-model and its comparison with other dehydrogenases
in the family, we identified and mutated several amino acid residues to establish the electron
transfer pathway from the Fe4S4 cluster to the enzyme surface. We identified Ala437 to be the key
surface residue that terminates the electron transfer pathway from the Fe4S4 cluster to the surface
of HaDHR. We then created a Ser436Cys mutant proximal to Ala437, to which a ferricenium ion
(Fc") was tethered via standard maleimide chemistry (Figure 1-1B). Using standard
electrochemical techniques, we successfully showed that in solution, the tethered Fc¢' accepted
electrons from HaDHR when titrated with histamine (Figure 1-2). This study facilitated
understanding of the possible electron transfer pathway through the molecule based on the crystal
structure and enabled us to propose a bioengineering design for a mediated electron transfer (MET)

type biosensor.



Figure 1-1 Crystal structure of HaADHR, RCSB accession number 6DE6

(A) Crystal structure of HaDHR solved at 2.1 A resolution, (B) Ala437 (highlighted in cyan) key
surface residue identified that exits electron from the HaDHR surface, Ser436Cys (highlighted in
orange) mutant created to tether ferrocene for mediated electron transfer studies.
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Figure 1-2 Schematic reaction scheme of the HaDHR enzyme system

This schematic presents the underlying chemistry of histamine oxidation by HaDHR that is
explored in this dissertation. Histamine in the reduced state interacts with the oxidized form of
HaDHR resulting in oxidation of histamine and reduction of the HaDHR-FMN cofactor. Electrons
are then internally transferred from FMN to FesS4 and then to the surface of the protein upon
oxidation of the Fe4S4 center. Electrons on the surface of the protein can interact with mediators,
natural or artificial, which in turn can interact with an electrode to generate an electrochemical
signal corresponding to the histamine reduction.



In Chapter 3 of this dissertation, we present detailed mechanistic studies of HaDHR and
demonstrate that the enzyme does not show any substrate inhibition that can limit its use in
biosensor fabrication. HaDHR is compared structurally and mechanistically to other members of
its enzyme family, all of which show substrate inhibition. We suggest a molecular-based model for
the absence of substrate inhibition in HaDHR as compared to the other members of the family,
including HaDHN its closest homolog. Electron Paramagnetic Resonance (EPR) and stopped-flow
measurements, suggested that a cause of inhibition was the binding of histamine to the flavin
semiquinone in HaDHN (64). Comparison of the HaDHR and HaDHN active sites led to the
hypothesis that substrate inhibition of HaDHN can be explained by the difference in orientation of
a single aromatic residue (Phel176 in HaDHR; Tyr181 in HaDHN). A double mutant of HaDHR,
F176Y/F131D, designed to mimic the HaDHN active site, resulted in ~50% reduction in Keat.
Based upon our analysis of the docking studies, HaDHR is found to be better poised to support
hydride transfer from the histamine substrate, but the overall rate of electron transfer may be better
optimized in HaDHN. This study enabled us to understand the structural mechanism of substrate
inhibition in HaDHN by comparing it with our high-resolution crystal structure of HaDHR. We
believe that HaDHR is better enzyme for biosensor fabrication because of its lack of substrate
inhibition, which could compromise the fidelity of the measurements in high histramine-producing

diseased states.

1.1 Requirements of a biorecognition element for a working DET biosensor fabrication

Traditional enzyme immobilization strategies for a working biosensor fabrication typically employ
adsorption and/or cross-linking strategies that often inactivate the biorecognition element. A
consequence of this random process, beyond enzyme inactivation, is the lack of orientational

control needed to support direct electron transfer applications, including the development of a DET
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biosensor. The strategy needed for a complete construction of a DET biosensor fabrication
requires the following: (1) a highly active biorecognition element, e.g., an enzyme with an
appropriate catalytic efficiency (kcar), for the substrate to be measured, (2) enzyme activity that is
not limited by the substrate over the physiologic range to be measured, e.g., Ky is not limiting for
the measurement, and Ky is not subject to changes as a result of substrate inhibition (3) a molecular
level understanding of the electron transfer pathway from the active site of the enzyme to its
surface needed to support DET, (4) a high resolution crystal structure is available, (5) the controlled
orientation of the enzyme to the transduction element for an efficient DET process, and (6) a strong
association of the enzyme on the transduction element so that the enzyme remains immobilized
over the course of the measurement, e.g. equilibrium dissociation constant (Kq) is sufficiently low
to allow for DET to occur. The relevance of points (5) and (6) are more fully discussed in Chapter

4.

In Chapter 4 of this dissertation, the use of metal binding peptides is explored to facilitate the
binding and orientation of HaDHR to a noble metal transduction element (Figure 1-3). HaDHR
was engineered with metal binding affinity tags to target the enzyme to Au and Pt surfaces. These
peptides were attached to the N and/or C termini of HaDHR. The interactions of these constructs
were probed on gold and platinum surfaces using Surface Plasmon Resonance (SPR), Quartz
Crystal Microbalance (QCM), and Dynamic Light Scattering (DLS). This study investigates the
utility of using noble metal binding peptides to orient HaDHR on the metal surface of a biosensor’s

transduction element.
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Figure 1-3 Depiction of metal binding peptide modified HaDHR interactions with a noble

metal surface

(A) Engineering the enzyme HaDHR with metal affinity peptides for immobilization and
controlled orientation on electrode surface, (B) Engineered enzyme attached on the electrode
surface, (C) Engineered enzyme might facilitate the possibility of a DET type biosensor, and (D)
Fc-tethered enzyme can be engineered for attachment on electrode surface to facilitate the

possibility of MET type biosensor.
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Chapter 2. Structure of Rhizobium sp. 4-9 Histamine Dehydrogenase and Analysis of the

Electron Transfer Pathway to Fc*

2.1 Abstract

Histamine dehydrogenase from the gram-negative bacterium Rhizobium sp. 4-9 (HaDHR) is a
member of a small family of dehydrogenases containing a covalently attached FMN, and the only
member so far identified that does not exhibit substrate inhibition. In this study, we present the
crystal structure of HaDHR that was solved to a resolution of 2.1 A. This new structure allowed
for the identification of the internal electron transfer pathway to external artificial ferrocene-based
mediators. This study identified alanine 437 as the exit point of electrons from the Fe4S4 cluster.
HaDHR was reengineered to facilitate the direct attachment of ferrocene proximal to alanine 437
and this construct was shown to be capable of supporting electron transfer from the enzyme to a
gold electrode in a histamine dose-dependent manner without the need for any additional electron

mediators.

17



2.2 Introduction

The histamine dehydrogenase from Rhizobium sp. 4-9 (HaDHR, UniProtKB: Q60159 9RHIZ)
belongs to a small family of Fe4S4 cluster containing amine dehydrogenases with covalently
attached FMN co-factors. These enzymes are composed of two identical subunits with average
molecular weights of 76-83 kDa, and where co-factor attachment occurs through a conserved
cysteine residue in the active site. (1-5) Even though all the enzymes of this family process small
amines, the sequence homology within this group is relatively low given the overall functional
homology of the family. The best characterized member of the family is the histamine
dehydrogenase enzyme from Nocardioides simplex (HaDHN, UniProtKB: Q6IWJ5 NOCSI),
(2,6,7) which shows reasonable selectivity towards histamine with respect to other biogenic
amines. The other two members of the family are dimethylamine dehydrogenase from
Hyphomicrobium sp. (strain x) (DMADH, UniProtKB: Q48303 HYPSX) and trimethylamine
dehydrogenase (TAMDH, UniProtKB: P16099 METME, RCSB:1DJIN) from Methylophilus

methylotrophus.(3,4)

The physiological electron acceptors for HaDHR and HaDHN have not yet been identified,
whereas an electron transferring flavoprotein (ETFDH) is the physiological electron acceptor for
TMADH, (8) and presumably DMADH. Several artificial electron acceptors such as phenazine
methosulfate (PMS) and phenazine ethosulfate (PES) (with dichlorophenolindophenol-DCIP), and
ferricenium hexafluorophosphate (Fc'PF¢) have been utilized in studies with HaDHN and

TMADH in place of the physiological one. (9,10)

HaDHR is the only member of the family that does not exhibit substrate inhibition (1). Many
studies have examined the structural and mechanistic details of histamine catalysis in HaDHN, but

no consensus for the structural basis of substrate inhibition has emerged (5,10,11). HaDHR has
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~55% sequence identity with HaDHN, catalyzing the oxidative deamination of histamine to
imidazole acetaldehyde and ammonia (6). HaDHR also shows ~38% sequence identity with
DMADH and TMADH. A distinguishing difference between HaDHR and other family members
is that HaDHR does not show any substrate inhibition, even at high substrate concentrations, and
is, to date, superior to any known dehydrogenase enzyme in terms of histamine specificity and
enzyme stability as measured by loss of activity over time (1). HaDHR has been previously cloned
and expressed in E.coli, purified, but only partially characterized. The lack of a high resolution
HaDHR structure has precluded the detailed comparison with HaDHN as part of a broader

investigation into the origins of substrate inhibition in the HaDHR enzyme.

In this study, we present the crystal structure of HIDHR at a resolution of 2.1 A. This new structure
enabled a better understanding of the electron transfer pathways in HaDHR to artificial electron
mediators such as F¢' and provided additional insights into the possible electron transfer pathway
to the enzyme’s natural acceptors. As part of this study, we mutated a key serine residue known
to be involved in electron transfer to a cysteine residue for attachment of ferrocene maleimide as
an artificial electron transfer mediator. The electron transfer rates of HaDHR with the conjugated
ferrocene were monitored using electrochemistry and are also disclosed as part of this study. This
combined structural and electron transfer study demonstrates the promise of HaDHR as the

biorecognition element in a histamine biosensor (12,13).

The terms ferrocene and ferricenium will both be used throughout this Chapter. For clarity, note
that the difference in spelling of the ferricenium (Fc") vs. ferrocene (Fc) is indicative of the

oxidation state of ferrocene.
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2.3 Experimental Procedures

2.3.1 Materials

Histamine, carbenicillin, chloramphenicol, Sephadex G-50 resin, azurin from Pseudomonas
aeruginosa, cytochrome c from equine heart, ferredoxin from spinach, N-ferrocenyl-maleimide
(Fc-maleimide), ferricenium hexafluorophosphate (Fc"PFq") and bilirubin oxidase were purchased
from Sigma Aldrich. Ferrocenedimethanol (Fc-DM) was purchased from Santa Cruz
Biotechnology, and Ni-NTA resin was purchased from Qiagen. DNasel was purchased from
Roche. The primers used in this study were obtained from Integrated DNA Technologies. Gold
and platinum electrodes of 2 mm disk OD and 0.5mm Ag/AgCl wire electrodes were purchased

from CH Instruments.

2.3.2 Gene construct

DNA encoding the full-length histamine dehydrogenase enzyme from Rhizobium sp. 4-9
(protein_id="BAD54700.1”") were obtained from Integrated DNA technologies. The genes were
cloned into the pMCSG7 vector (14), which incorporated a 6xHis tag on the N-terminus of the
protein followed by a tobacco etch virus (TEV) cleavage site, using a ligation independent cloning
method (15). The resulting plasmid (Figure 2-1A) was transformed into competent E.coli XL10

Gold cells (Agilent Technologies) and the sequence was confirmed commercially (ACGT Inc.).
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2.3.3 Protein expression and purification

The sequenced wildtype or mutant plasmid DNA was transformed into the expression host E. coli
BL21 (DE3)/pRARE and the enzyme was expressed upon addition of isopropyl B-D-1-
thiogalactopyranoside to 0.1 mM and incubated overnight at 15 °C in a shaking incubator. Cells
were harvested by centrifugation at 5,000 x g for 10 min, frozen at -80 °C overnight, thawed and
sonicated for 2 min on ice using an alternating 2 sec on/8 sec off duty cycle at 30% amplitude in
Buffer A (50 mM potassium phosphate, pH 7.4, 0.15 M NaCl and 5 mM imidazole) plus 5 U/mL
of DNasel. Insoluble material was removed by centrifugation at 20,000 x g for 60 min at 4 °C.
The soluble cell fraction was applied to a 3 mL of Ni-NTA resin equilibrated in Buffer A and
protein eluted in Buffer A containing 250 mM imidazole. At this stage the enzyme was >95% pure
as judged by SDS-polyacrylamide gel electrophoresis. Glycerol was added to 20% (v/v) and the
protein was snap frozen in liquid nitrogen and stored at -80 °C. Gel electrophoresis was performed

on pre-cast NuPage® 12% acrylamide gels (Invitrogen) under reducing conditions (Figure 2-1B).

Prior to crystallization, the protein was treated with tobacco etch virus (TEV) protease to remove
the 6xHis-tag in buffer A containing 5 mM Dithiothreitol (DTT) and 1 mM EDTA, 27.4 mg of
HaDHR and 2.7 mg of TEV protease. The reaction mixture was incubated for two days at 4 °C.
After desalting to remove the DTT and EDTA, the protein was subjected to reverse Ni*" affinity
chromatography. Purified protein from the eluate was incubated with 5 mM FMN for two days at
4 °C followed by size exclusion chromatography on a Superdex 200 Increase GL column
equilibrated with 10 mM Tris-HCI buffer, pH 8.0. The protein was concentrated to 10 mg/ml for

crystallization screens.
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pMCSG7-HaDHR

7371 bp ‘
-

Figure 2-1 Gene Construct and SDS-PAGE
A) The plasmid map showing the HaDHR gene cloned in pMCSG7 vector. B) SDS-PAGE gel
image showing w~-HaDHR and HaDHR-S436C-C601S double mutant after Ni-NTA column
purification. The estimated molecular weight for the w-HaDHR and HaDHR-S436C-C601S is

~76 kDa for each subunit.
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2.3.4 Crystallization and data collection

Purified HaDHR, in 10 mM Tris-HCI, pH 8 was concentrated to 10 mg/mL (0.64 mM) for
crystallization screening. All crystallization experiments were setup using an NT8 drop-setting
robot (Formulatrix Inc.) and UVXPO MRC (Molecular Dimensions) sitting drop vapor diffusion
plates at 18 °C. 100 nL of protein and 100 nL of each crystallization solution from the Proplex HT
Screen kit (Molecular Dimensions) were dispensed and equilibrated against 50 puL of the latter.
Crystals were obtained from condition F4 (18% (w/v) PEG 12,000, 100 mM HEPES pH 7.0).
Samples were transferred to a drop containing 80% crystallant and 20% PEG 200 before storing
in liquid nitrogen. X-ray diffraction data were collected at the Advanced Photon Source beamline

17-1D using a Dectris Pilatus 6M pixel array detector.

The diffraction data were integrated using XDS (16) and scaled with AIMLESS from the CCP4
program suite (17,18). The scaled data were used to obtain an initial phasing model via the
molecular replacement program Phaser (19) using the histamine dehydrogenase from Nocardiodes
simplex (PDB accession number 3K30) as the search model (5). Based on the Matthew’s
coefficient (20) each asymmetric unit contained two molecules (Vm = 2.49 A® Da’!, 51% solvent).
The top solution was obtained in the space group P212:12; with two molecules in the asymmetric
unit. The model was improved using automated model building with Arp/wARP (21) and
Autobuild in Phenix (22). Subsequent refinement and manual model building were conducted with
Phenix (22) and Coot (23) respectively. Disordered side chain atoms were truncated to the point
where electron density could be observed. Structure validation was conducted with Molprobity
(24) and figures were prepared with CCP4mg (25). Relevant crystallographic data are provided in

Table 2-3.
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2.3.5 Preparation of oxidized ferricenium dimethanol (Fc*-DM)

Ferrocenedimethanol was oxidized to (Fc'-DM) before use by treatment with bilirubin oxidase as
follows: 0.1 mg of bilirubin oxidase was added to 5 mM of Fc-DM in 0.2 M air-saturated potassium
phosphate buffer, pH 5.8 and oxidation of Fc-DM was followed as an increase in absorption at 640
nm (26). The reaction was allowed to continue until the oxidation was complete as indicated by
the change in color of the ferrocene solution from yellow to blue. The pH of the solution was
adjusted to pH 2.5 by addition of HCI to denature and precipitate the bilirubin oxidase then

returned to pH 7.4 by the addition of 1M NaOH.

2.3.6 Electron acceptor-dependent steady-state Kinetic assays.

Steady-state kinetic assays were performed to determine the Kv for the natural and artificial
acceptors (Table 2-1) under saturating histamine concentration. Assays were performed in a 1 mL
reaction volume in a 1 cm pathlength cuvette. Reaction mixtures were comprised of 100 mM
potassium phosphate buffer, pH 7.4, 20 nM HaDHR, histamine (10 mM) and varying
concentrations of electron acceptors. The reactions were monitored at the appropriate wavelength
for each electron acceptor (Table 2-1) in a Cary 50 UV-spectrophotometer. The absorbance versus
time at different acceptor concentrations were recorded and the optical velocity was determined
by linear regression fit to the steady state data over a time period of 1 min. The optical velocities
were converted to chemical velocities by dividing by the extinction coefficient of each acceptor.
The apparent Ky and the Vimax were obtained by fitting the chemical velocity data via non-linear
regression to the Michaelis-Menten equation using Graph pad prism software. The apparent kca
for each acceptor was determined by dividing Vmax by the enzyme concentration. Protein
concentrations were determined using the average of three Bradford assays (27). Assays were

performed at 25 °C.
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Table 2-1: Electron Acceptor Spectral Properties

Electron acceptors

Wavelength (nm)

Extinction coefficient

Cytochrome ¢ 550 29500 Mt cm(28)
Ferredoxin 420 9400 Mtcm™ (29)
Azurin 625 3500 Mt cm(30)
Ferricenium Hexafluorophosphate(FcPFe") 617 410 M em™(31,32)
Ferricenium dimethanol (Fc'DM) 640 241 Mlem!
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2.3.7 Histamine-dependent steady-state kinetic assays of w~-HaDHR and HaDHR mutants
with Fc'DM

Steady-state kinetic assays were performed to determine the Ky for histamine under saturating
concentrations of F¢'-DM. Assays were performed in a 1 mL reaction volume in a 1 ¢m pathlength
cuvette. Reaction mixtures were comprised of 100 mM potassium phosphate buffer, pH 7.4,
HaDHR (0.25 pM), varying histamine concentrations (0- 2 mM) and Fc¢'-DM (2.5 mM). Assays
were performed at 25 °C. Reactions were monitored at 640 nm in a Cary 50 UV-spectrophotometer.
Absorbance versus time at different histamine concentrations were recorded and the optical
velocity was determined by linear regression fit to the steady state data. The optical velocities were
converted to chemical velocities by dividing by the extinction coefficient of Fc™-DM (AAga0= 241
Mem™). The apparent Kym and the Vimax Were obtained by fitting the chemical velocity data via
non-linear regression to the Michaelis-Menten equation using Graph pad prism software. Apparent
Kkeat for histamine oxidation was determined by dividing Vimax by the enzyme concentration. Protein

concentrations were determined using the average of three Bradford assays (27).

2.3.8 Site directed mutagenesis

Mutations informed from the crystal structure of HaDHR were generated in the wz-HaDHR
expression plasmid ORF by using the Quick-change site directed mutagenesis kit (Agilent
Technologies). Plasmid DNA was purified from mutant transformant colonies, and the mutations

were validated by Sanger sequencing.

2.3.9 Enzyme conjugation with ferrocene (Fc) maleimide

Conjugation of the HaDHR S436C-C601S double mutant enzyme with Fc-maleimide was done
using standard maleimide chemistry (33). A 3.4 mM stock of Fc-maleimide in DMSO was mixed
with protein in a 4:1 molar ratio in 100 mM potassium phosphate buffer, pH 7.4 at 25 °C and
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incubated for 15 min. The incubated mixture was then purified twice by gel filtration
chromatography using Sephadex G-50 fine desalting columns to remove any free or unconjugated
Fc-maleimides. The completeness of the conjugation reaction was assessed by mass spectrometry
and by coumarin maleimide challenge of the Fc-maleimide conjugated enzyme. Coumarin
maleimide dye was mixed in the same molar ratio as above and the kinetic measurements were
measured at excitation 387 nm and emission 470 nm using fluorescence spectroscopy (34). The
intensities of the HaADHR enzymes in presence of the coumarin maleimide dye were recorded for

15 min and conjugation verified by mass spectrometry.

2.3.10 Rotating disc electrochemical measurements with Fc*'DM in solution

Gold working electrodes were thoroughly cleaned using an electrode polishing kit from Pine
Instruments. Chronoamperometry solution measurements were performed on a Model 7104E
series Electrochemical analyzer (CH Instruments, Inc.) in 30 mL of 100 mM potassium phosphate
buffer, pH 7.4. Solutions were degassed for 15 min prior to measurement. The measurements were
done using a rotating ring disc gold electrode of 12 mm OD (Pine Instruments) with 0.5 mm
platinum wire as a counter electrode and a 0.5mm Ag/AgCl wire as a reference electrode. A

potential of 0.4V vs Ag/AgCl and a rotation speed of 1500 rpm was applied for all measurements.

Chronoamperometry measurements on the wi-HaDHR, HaDHR S436C-C601S double mutant and
the Fe-tethered HaDHR C601S-S436C enzyme were performed in the presence of F¢™-DM (2.5
mM). The histamine concentration range employed was 1 uM-2 mM. The enzyme concentration
for all measurements were kept at 0.25 uM. All measurements were done in triplicates at room

temperature.
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The resulting currents at varying concentrations of histamine were recorded and the apparent Km
and Cmax were obtained by fitting the data via non-linear regression to the Michaelis-Menten

equation using Graph pad prism software.

2.3.11 Electrochemical measurements of w-HaDHR, HaDHR S436C-C601S and Fc-tethered
HaDHR S436C-C601S

Gold working electrodes (2 mm, CH Instruments) were thoroughly cleaned using an electrode
polishing kit from Pine Instruments. Chronoamperometry solution measurements were performed
on a 6 mL 100 mM potassium phosphate buffer pH 7.4 using a Gamry Interface 1010T potentiostat.
Solutions were degassed for 15 min prior to measurement. The measurements were made in a
three-electrode electrochemical cell with a platinum wire as a counter electrode and Ag/AgCl wire
as a reference electrode, with sintered glass plugs between each cell. A potential of 0.4V vs a
Ag/AgCl reference electrode was applied, and the solutions were continuously stirred for all

measurements.

Triplicate measurements on the buffer, w--HaDHR, HaDHR S436C-C601S double mutant and the
Fc-tethered HaDHR C601S-S436C enzyme were performed in the absence of any artificial
mediator. For each experiment, a 10 min run-in period was used prior to the histamine dose
response. The histamine concentration range employed was 2-480 uM. The enzyme concentration
for all measurements was kept at 2 uM. Data were collected at 10 Hz for 200s per concentration
and then averaged. The resulting currents at varying concentrations of histamine were recorded
and the apparent Ky and Cmax were obtained by fitting the data via non-linear regression to the

Michaelis-Menten equation using Graph pad prism software.
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2.3.12 Calculation of FMN butterfly angle

The butterfly angle for the FMN cofactor was calculated by averaging four dihedral angles about
the N5-N10 axis in FMN (Table 2-2). Specifically, the dihedrals defined by C2-N10-N5-C7, C2-
N5-N10-C8, N3-N5-N10-C8 and N3-N10-N5-C7 using standard FMN crystallographic
numbering were calculated by using Chem 3D (version 16.0) for each molecule of cofactor in
HaDHR (PDB ID: 6DE6), HaDHN (PDB ID: 3K30), and TMADH (PDB ID: 1DJN). The
individual dihedral angles, each of which represent one calculated value of the putative butterfly

angle, were averaged to yield a composite butterfly angle for each enzyme.
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Table 2-2: FMN butterfly angle calculations

PDB ID 1DJN (TMADH) 3K30 (HaDHN) 6DE6 (HaDHR)
Molecule | Molecule | Molecule | Molecule | Molecule | Molecule

A B A B A B
C2'N10'N5'C7 23'3 23.5 15.8 12.6 18_5 15.1
C2-N5-N10-C8 20.0 19.5 15.9 9.5 15.2 14.5
N3-N5-N10-C8 293 28.1 27.3 12.4 19.6 19.1
N3-N10-N5-C7 221 21.6 17.5 9.7 14.2 11.9
23.7 23.2 19.1 111 16.9 15.2

Average 23.4 15.1 16.0

*Molecules A and B refer to the flavin cofactor in subunits A and B, respectively, of each RCSB crystal

Structures.
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2.3.13 Mass Spectrometry

MALDI samples were prepared by combining one part of the protein, one part of 2'4',-
dihydroxyacetophenone (DHAP, 15 mg/mL in ammonium citrate buffer) solution, and one part of
2% Trifluoroacetic acid (TFA). The resulting solution was mixed thoroughly. Once crystallization
started, 1pL of the solution was spotted onto a stainless steel MALDI plate then dried before
loading the plate into the Bruker Autoflex maX LRF MALDI-TOF mass spectrometer (Bruker
Daltonics, Billerica MA). MALDI data were acquired using the linear-positive ion mode with the
following acquisition parameters: an IS1 voltage of 19.5 kV, an IS2 voltage of 18.3 kV, a lens

voltage of 7 kV, and a delay time of 350 nsec.
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2.4 Results

2.4.1 Structural properties of HaDHR

Crystallographic data and crystal properties are described in Table 2-3. HaDHR crystallized as a
non-crystallographic dimer with monomers bound in an antiparallel conformation with long (~20
residue) C-terminal loops packed together on the same interface bringing the C-terminal proline
residues to within 17 A of each other (Figure 2-2A). Using the TM-align program (35), alignment
of HaDHR revealed an RMSD and TM align scores of 1.10 A and 0.98 for HaDHN (Figure 2-2B)
and 1.70 A and 0.97 for TMADH. Significant structural differences among the three enzymes do
occur and are mainly located in loop segments (Figure 2-3). While no structure has been reported

for DMADH, we expect similar structural variations to occur.

The isoalloxazine ring of the FMN of HaDHR is covalently attached to Cys30 within the catalytic
pocket. This cofactor has essentially the same bend about the N5-N10 axis of the flavin ring (~16°)
as that found in HaDHN (~15°), which are both significantly less extreme than that observed in
TMADH (~25°) (Figure 2-2C). In the FMN binding site (Figure 2-2D) of both HaDHN and
TMADH structures there is a Tyr-His-Asp triad that has been identified as important for both FMN
binding and substrate inhibition (5,10,36). This triad is comprised of Tyr 176, His 179, and Asp270
in HaDHN, and Tyr169, His172, and Asp267 in TMADH close to the pyrimidine moiety of the
isoalloxazine ring of the FMN. A homologous triad is present in HaDHR though differing in that
Cys266 replaces the Asp residue observed in HaDHN and TMADH. In both HaDHR and HaDHN,
modelling suggests substrate binding to GIn60/65, Trp263/267 and Asp354/358 whereas, in
TMADH the substrate binds to Tyr60, Trp264 and Trp355 forming the previously proposed

“aromatic bowl” (5,37).
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Figure 2-2 Structure of the HaDHR homodimer (RCSB: 6DEG6) and its alignment to the
closest structural homolog in the PDB, HaDHN (RCSB:3K30) and TMADH (RCSB:1DJN)
A) HaDHR crystal structure (RCSB:6DE6) has two subunits that are arranged antiparallel to one
another. The positions of the covalently bound FMN and FesS4 cofactors are indicated with arrows.
B) Backbone atom TM alignment of HaDHR and HaDHN (RCSB:3K30). The HaDHR backbone
is shown in blue, and the HaDHN backbone is shown in red. The FMN is shown in cyan and the
Fes4S4 is shown in yellow spheres. C) Superimposed stereo view of the FMN binding site for
HaDHR (green), HaDHN (pink) and TMADH (yellow). D) Comparison of the bend in the N5-
N10 axis of the flavin ring in HaDHR (green), HaDHN (pink) and TMADH (yellow).
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Figure 2-3 Crystallographic alignment of HaDHR with other family members
Superposition of backbone atoms of HaDHR with (A) TMADH and (B) HaDHN. Major variations
from backbone RMSD values are mostly in loop sections as indicated by numbering.
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Table 2-3: Crystallographic data statistics for Histamine dehydrogenase from Rhizobium sp.

Histamine dehydrogenase (PDB code 6DE6)

Data Collection
Unit-cell parameters (A, ©)

Space group
Resolution (A)!
Wavelength (A)
Temperature (K)
Observed reflections
Unique reflections
<I/o(I)>'!
Completeness (%)!
Multiplicity'
Rumerge (%)"2
Rueas (%0)"+*
Rpim (%)1’ 4

CCiph?

Refinement
Resolution (A)
Reflections (working/test)
Riactor / Riree (%0)°

No. of atoms (protein/water/6-S-Cys-FMN
/4Fe-4S/ADP/POy)

Model Quality
R.m.s deviations
Bond lengths (A)
Bond angles (°)
Average B factor (A?)
All Atoms

Protein

a=103.22, b=105.31, c=140.04

P212:12
48.43-2.14 (2.14-2.10)
1.0000
100
586,744
89,613
12.7 (1.7)
100 (99.9)
6.5 (6.5)
0.106 (1.222)
0.115 (1.329)
0.045 (0.519)
0.998 (0.640)

48.43-2.10
85,051/4,463
16.4/20.2

10,303/554/62/16/54/5

0.009
0.998

37.1
37.1
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Water
6-S-Cys-FMN
[4Fe-4S]
ADP
PO,

Coordinate error, maximum likelihood (A)

Ramachandran Plot
Most favored (%)
Additionally allowed (%)

37.9
34.0
41.7
32.0
59.7

0.22

96.0
3.5

1)
2)

3)
4)

5)

Values in parenthesis are for the highest resolution shell.

Ruerge = ZnuaZs |L(hKT) - <IChkly>| | S I(hkl), where I((hkl) is the intensity

measured for the ith reflection and </(kkl)> is the average intensity of all reflections with indices hkl.

Riactor = Xt ||Fobs (MKD) | - |Feale (hkD) ||/ X |[Fovs (hkl)|; Rfree is calculated in an

identical manner using 5% of randomly selected reflections that were not included in the refinement.
Rmeas = redundancy-independent (multiplicity-weighted) Ruerge(17,18). Rpim = precision-indicating (multiplicity-

weighted) Ryerge (38);(39)

CCi, is the correlation coefficient of the mean intensities between two random half-sets of data (40);(41)
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2.4.2 Catalytic properties of HaDHR with different electron acceptors

The native electron acceptor for HaDHR is unknown. Based on the previously proposed electron
acceptors for HaDHN (2,6) and other dehydrogenases (42) we tried the following electron
acceptors: cytochrome c, ferredoxin, azurin, phenazine methosulfate/water-soluble tetrazolium
salt-8 dye couple (PMS/WST-8), ferricenium hexafluorophosphate (Fc'PF¢"), and ferricenium
dimethanol (Fc'-DM). Among the protein acceptors, none gave a measurable rate of turnover
(Table 2-4). A significant rate was obtained with two artificial mediators, F¢'PFs", and Fc'-DM.
The rate of histamine oxidation observed with Fc'-DM was similar to that obtained for HaDHN
with F¢"PFs (10). When Fc¢'-DM was used as an electron acceptor, HaDHR exhibited Michaelis
Menten kinetics with respect to histamine oxidation with no observed substrate inhibition. Unlike

HaDHN (2), inhibition by tryptophan was not observed in HaDHR (Figure 2-4).
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Figure 2-4 Tryptophan inhibition study
Tryptophan inhibition study at fixed HaDHR (1 uM), histamine (2 mM) and F¢'DM (2.5 mM) in
absence and presence of tryptophan.
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Table 2-4: Apparent turnover rate (kea) and Ky at saturating histamine concentrations for different

electron acceptors.

Apparent Km

Electron acceptors Apparent Keat (s1) (uM) E’ (V)*
Cytochrome ¢ ND ND 0.248 (43)
Ferredoxin ND ND -0.42 (44)
Azurin ND ND 0.293-0.31 (45)
Fc'PF¢ 108.6 £7.5 532+61.3 0.865 (46)
Fc'DM 1954+43 690 + 48.2 0.245

*E’, (V) is the midpoint formal potential vs Ag/AgCl electrode
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2.4.3 Probing electron transfer pathway from HaDHR to Fc'DM

The electron transfer pathway from HaDHR to Fc™ is unknown. Previous studies on TMADH
implicate certain residues as important to the process of shuttling electrons from the FesS4 cluster
to Fc' ions in solution (31). Comparison of the HaDHR and HaDHN crystal structures revealed
the presence of identical residues in structurally homologous positions (highlighted in Figure 2-
5). Reed et al. proposed that in HaDHN, electrons transfer from the Fe4S4 cluster occurs via
Cys348 to Glu347 and exits through Arg444 for natural electron acceptors, whereas for Fc',

electrons transfer via Cys348 to Ala441 (5).

Based on Reed’s observations (5), we investigated the electron transfer pathway of HaDHR to
Fc'-DM in solution. The formal potential in aqueous medium for Fc¢"is 0.255V (47) and 0.245V
for F¢'-DM (Figure 2-6). Mutations (E343A, A437V, A437G and R440Y) were made in HaDHR
at positions spatially homologous to residues in HaDHN that were proposed important by Reed et
al. for electron acceptor reduction (5). Histamine dependent-steady state kinetic analyses revealed
a ~51% reduction in ke, for the E343A mutant, a ~59% reduction for the A437V mutant, and a
~96% reduction for the A437G mutant (Table 2-5). By contrast, the R440Y mutant did not show
any significant change in turnover, suggesting that this residue is not involved in the electron
transfer pathway. The modest change in kinetics observed for the E343 A and A437V mutants, and
the significant change observed for the A437G mutant suggests involvement of Ala437 in the

transfer of electrons from the Fes4S4 cluster to the Fc™-DM artificial mediator in solution.
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€ " Glu343/347

Figure 2-5 Residues proposed for electron transfer pathway in HaDHR based on HaDHN
structure

Overlayed structure of HaDHR (green) and HaDHN (pink) showing the putative residues involved
in electron transfer pathway. Based on TMADH and HaDHN studies, two electron transfer
pathways have been proposed for HaDHR as indicated by arrows. (1) FMN = FesS4 2 Cys344
—->Glu343 > Arg440 for natural electron acceptors, (2) FMN > FesS4 > Cys344 - Ala437 for
artificial mediators (Fc")
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Figure 2-6 Cyclic voltammetry for Fc"'DM

Cyclic voltammetry for Fc'DM (0.2 mM) in 100 mM potassium phosphate buffer, pH=7.4 at a
scan rate of 100 mV/s. The midpoint formal potential for Fc* was calculated to be 0.245V vs the
Ag/AgCl reference electrode.
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Table 2-5: Spectroscopically determined histamine-dependent steady state kinetic parameters of
HaDHR and single point mutant variants putatively involved in the electron transfer pathway to
Fc'DM. Standard errors from non-linear regression to the Michaelis-Menten equation are reported.

Reduction in Kcat Reduction in Km
Protein Construct! Keat (s1) Ky, pM
(wt-mut) (s (wt-mut) pM
wt-HaDHR 99.1+5.9 - 695 +£94.7 -
HaDHR E343A 484+ 3.2 50.7 (~51%) 627+ 984 68 (~10%)
HaDHR R440Y | 86.5+8.5 12.6 (~13%) 662 + 1553 33 (~5%)
HaDHR A437V | 40.6+23 58.5 (~59%) 564 + 94.6 131 (~19%)
HaDHR A437G 44+05 94.7 (~96%) 332+ 112.1 363 (~52%)
HaDHR S436C- o o
Co01S 90.7+2.6 8.4 (~8.5%) 646 +71.1 49 (~7.1%)

HaDHR S436C-

C601S with tethered | 120.7+5.1 | -21.6 (~17.9%) | 632+63.2 63 (~9.1%)

Fc?

'Protein concentration = 0.25 uM, Fc*-DM concentration= 2.5 mM
2HaDHR S436C-C6018S with tethered Fc is the product of the reaction of HaDHR S436C-C601S
conjugated with Fc-maleimide
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2.4.4 Electrochemical measurements with Fc*DM in solution

Based on our electron transfer pathway studies with Fc'-DM, we hypothesized that attachment of
a Fc-moiety at position 436 (highlighted in orange in Figure 2-7) would be sufficient to support
electron transfer without involvement of any other electron acceptor free in solution. We mutated
this residue to cysteine to facilitate attachment of ferrocene through standard maleimide chemistry
(Figure 2-8,(33)). While HaDHR has a total of ten cysteines, only Cys601 is solvent exposed
(Figure 2-7), and this residue was mutated to a serine to simplify the maleimide chemistry. The
HaDHR S436C-C601S double mutant was then conjugated with Fc-maleimide, and the
modification was confirmed by mass spectrometry (Figure 2-9, Table 2-6). The difference between
the observed weight and the accurate weight is within the mass accuracy of MALDI-TOF for
larger proteins, i.e., < 500 ppm (48). A 500 ppm error corresponds to a difference 40Da which is
greater than the mass difference observed between the theoretical and the actual mass of Fc-

maleimide observed using MaLDI-TOF.

The electrochemical evaluation of the unconjugated and conjugated enzymes in the presence of
the free Fc'-DM performed under histamine-dependent steady state conditions showed that the
maximum currents were all within 20% of the wildtype values (Table 2-7). The electrochemically
determined Kw of the unmodified and modified enzyme were similar to values obtained from

spectrophotometric steady-state kinetic assays (Table 2-5).
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Figure 2-7 Surface model of HaDHR showing Ser436

Ser436 residue proposed to be the attachment site of Fc-maleimide to HaDHR is highlighted in
orange. The solvent exposed Cys601 residue that was mutated to Ser is indicated by an arrow and
highlighted in yellow. The residues proposed to be involved in electron transfer from the FesS4 are

also highlighted in cyan (Ala437 and Glu343).
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Figure 2-8 Depiction of Fc-maleimide conjugation to HaDHR
The HaDHR S436C-C601S double mutant was conjugated with Fc-maleimide using standard

chemistry to tether an artificial ferrocene electron acceptor proximal to the putative exit point of
electrons resulting from the oxidation of histamine.
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Figure 2-9 Mass Spectrometry and coumarin maleimide study

(A) Mass Spectrometric study of HaDHR S436C-C601S double mutant (blue) and the Fc-
conjugated HaDHR S436C-C601S enzyme (red), (B) coumarin maleimide study showing
successful attachment of Fc-maleimide. Coumarin maleimide and buffer (black), HaDHR S436C-
C601S double mutant (blue) and the Fc-conjugated HaDHR S436C-C601S enzyme (red).

47



Table 2-6: Mass spectrometric analysis

Construct name Molecular weight (Da)
HaDHR S436C-C601S Observed weight = 79720
Fc-conjugated HaDHR S436C- C601S Observed weight = 80031
A=311
N-Ferrocenyl- maleimide Calculated weight = 281.09

Note: The difference between the A molecular weight (311 Da) and the molecular weight of the N-
Ferrocenyl-maleimide is within experimental error of the MALDI-TOF technique used in this study
which is < 500 ppm for larger proteins.
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Table 2-7: Histamine-dependent steady state kinetic analyses in presence of free F¢'-DM in
solution. Standard errors from non-linear regression to the Michaelis-Menten equation are shown.

with tethered Fc?

Protein Construct! Currentmax (nA) Km (M)
wt-HaDHR 701 £47 950 + 145
HaDHR S436C-C601S 575 +£23 682 + 66
HaDHR S436C-C601S 666 + 20.0 714+ 53

'Protein concentration = 0.25 uM, Fc'-DM concentration= 2.5 mM

?HaDHR S436C-C601S with tethered Fc is the product of the reaction of HaDHR S436C-C601S
conjugated with Fc-maleimide
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2.4.5 Electrochemical measurements of HaDHR, HaDHR S436C-C601S and Fc-tethered
HaDHR S436C-C601S

Solution chronoamperometry measurements were performed on the unmodified and modified
enzyme in presence of varying concentrations of histamine in the absence of free F¢'-DM. No
background current was detected when histamine was titrated in the presence of wi~-HaDHR, the
HaDHR S436C-C601S double mutant, or buffer. By contrast, when histamine was titrated in the
presence of Fe-tethered HaDHR S436C-C601S double mutant, a histamine dependent current was
observed (Figure 2-10). The observed currentmax was 5.1 + 0.2 nA, and the apparent Km for this

construct under these conditions was 12.7 + 1.9 uM.
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Figure 2-10 Current vs histamine concentration graph

The current vs histamine concentration graph for buffer, w--HaDHR, HaDHR S436C-C601S and
Fc-tethered HaDHR S436C-C601S in the presence of varying concentrations of histamine. The
assays were performed in 100 mM potassium phosphate buffer, pH 7.4 at 25 °C. The enzyme
concentrations used were 2 uM. No response as a function of histamine concentration was

observed for the buffer alone (e.g., no response observed for histamine), the w-HaDHR, and the
HaDHR S436C-C601S mutant proteins.
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2.5 Discussion

Here we report the crystal structure of HaDHR at a resolution of 2.1 A (Figure 2-2A). Our structure
reveals an enzyme with a covalently attached FMN cofactor and an Fe4S4 cluster consistent with
other members of the family (Figure 2-2B). HaDHR has ~55% amino acid sequence identity with
HaDHN and the overall backbone structure alignment indicated high structural homology between
the two enzymes (RMSD and TM align scores of 1.10 A and 0.98). Interestingly, despite this high
level of structural homology, HaDHR does not exhibit substrate inhibition in contrast to HaDHN
which shows substrate inhibition at concentrations above 200 uM histamine (10). TMADH,
another well characterized member of this flavin dependent amine oxidoreductase enzyme family
(EC:1.5.8), has only ~35% amino acid sequence identity with HaDHR (1) but retains a high level

of structural homology (RMSD and TM align scores of 1.70 A and 0.97).

Our structure reveals that the FMN cofactor of HaDHR is covalently linked to Cys30. Mutation of
this residue to serine abolished all enzymatic activity despite the fact that flavin was bound to the
enzyme, as demonstrated by this mutant’s yellow color after purification. This loss of activity is
presumably due to the improper orientation of the cofactor with respect to other residues necessary

for histamine oxidation. A similar observation was reported for the analogous cysteine in TMADH

(49).

HaDHR crystallized as a homodimer. While chain A was well resolved with the exception of the
N-terminus, chain B is missing modellable electron density corresponding to residues Leu228-
Val242, GIn260-Leu281, Phe299 and Thr300. These missing residues result in the active site
model of chain B being incomplete. This suggests that chain B of HaDHR may be more disordered
than chain A if this disorder is not a crystallographic artefact. Our structure also revealed the

presence of an inorganic phosphate bound to chain B proximal to the loop region in chain A that
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is disordered in chain B (Leu228-Val242). The disorder in chain B may contribute to the lack of a
second observed phosphate. TMADH also shows the presence of a bound phosphate although it is
located in the active site near the FMN binding pocket (49), unlike in HaDHR where it is bound

to the surface of the protein.

Each subunit of HaDHR showed the presence of an ADP molecule consistent with that observed
in HaDHN and TMADH (5,49). In all three structures, a clearly defined cavity for ADP binding is
observed. The addition of ATP or ADP up to 10 mM did not affect Michaelis-Menten kinetics. The
importance of this site and its role in mediating the in vivo function of the enzyme remains
unknown. We speculate that this ADP binding site may be a vestigial pocket derived from an
ancestorial FAD binding protein or the site is used to help modulate ATP/ADP levels to maintain

cellular energetic homeostasis via ADP allosteric regulation.

The active sites of HaDHR and HaDHN are very similar (Figure 2-2C). One major difference is
the presence of an active site cysteine (Cys266) in HaDHR that is an aspartate (Asp270) in
HaDHN. This aspartate residue has been proposed earlier to be involved in substrate inhibition
aspect of HaDHN (10). Modeling studies performed on HaDHN have suggested that GIn60,
Trp263 and Asp354 are involved in binding the substrate; identical residues at the homologous
positions are observed in the HaDHR crystal structure (Gln65, Trp267, and Asp358). Similar
modeling studies performed on TMADH suggest that the substrate binds to Tyr60, Trp264 and

Trp355, forming the previously proposed “aromatic bowl” (5,37).

The natural electron acceptors for HaDHR and HaDHN are unknown, and the only identified
natural electron acceptor for TMADH is electron transfer flavoprotein-ubiquinone oxidoreductase
(ETFDH, UniProtID: P55931) (8). We surveyed several natural and artificial electron mediators

and demonstrated that ferricenium hexafluorophosphate and Fc"™-DM can function in this capacity.
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Cytochrome ¢ (equine heart), ferredoxin (spinach) and azurin (Pseudomonas aeruginosa), three
naturally occurring acceptors for dehydrogenases, failed to accept electrons from HaDHR. A

source for ETFDH was unavailable for testing.

An advantage of F¢'-DM is its water solubility in both the oxidized and reduced forms, the former
being readily generated from the latter by the action of bilirubin oxidase. Ferricenium
hexafluorophosphate, used as an artificial mediator for studies on other members of the family, is
insoluble in buffer at pH=7.4 when reduced and at concentrations above 1 mM, thereby making
long term optical measurements or determinations of kca at higher substrate concentrations
difficult. Ferricenium hexafluorophosphate also slowly precipitates in buffer as the
hexafluorophosphate counterions slowly hydrolyze. For all these reasons ferricenium
hexafluorophosphate proved to be a poor choice as an acceptor for in vitro kinetic analysis. The
rate observed for the Fc'-DM/HaDHR couple is comparable to that reported for the ferricenium
hexafluorophosphate/HaDHN couple, although the apparent Km of the former under saturating
histamine concentrations is ~10-fold higher (2,5,10). The apparent Km’s were different in two
enzymes for Fc most probably due to the insolubility of the ferricenium hexafluorophosphate in
physiological buffer which might have made the measurements at high substrate concentartions

difficult.

Computational and experimental studies on flavoproteins have suggested that the geometry of the
flavin, and in particular the bend about the N5-N10 axis, modulates the formal potential of the
cofactor (49-52). A higher bend angle, sometimes referred to as the butterfly angle, has been
experimentally associated with an increase in the formal potential of the flavin, meaning more
facile thermodynamic reduction (52-54). Free flavin cofactors in solution have a planar

i1soalloxazine ring system, whereas the reduced cofactors have a significant bend about the N5-
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N10 axis (52). Multiple flavin-dependent oxidoreductase enzymes have been observed to induce
bending about this axis, conformationally moving the oxidized cofactor along the reaction
coordinate towards the reduced state and greatly increasing the formal potential of the flavin. In

this way, these enzymes modulate the reactivity of their cofactors for substrate oxidation (52,55).

A structural comparison between HaDHR, HaDHN and TMADH showed that FMN in the HaDHR
structure (Figure 2-2D) has a butterfly bend about the N5-N10 axis of ~16°, which is closer to the
~15° reported for HaDHN as compared to the ~25° reported for TMADH (5,49). In principle there
are several ways that the butterfly bend can be determined and to our knowledge there is no
universally accepted approach to perform this calculation. A variety of atoms about the N5-N10
axis can be used to define the two planes that in turn define the bend angle. This bend angle is
more properly referred to as the dihedral angle about the N5-N10 axis. The quality of the model
about the cofactor also plays a major role in determining the actual observed bend. We chose to
average four key dihedral angles about the N5-N10 axis to determine the bend angle, and this

approach should be universal for all flavin cofactors.

For all subsequent analysis related to flavin geometry and flavin related studies only chain A in
the HaDHR structure was analyzed, because chain B is incomplete and disordered. Thus, we
expect an incomplete picture from the analysis of chain B and the associated flavin. We expect
that if a complete, fully formed structure of chain B and the flavin were available, results similar

to those from chain A would be observed.

The formal potentials for HaDHN and TMADH for the fully oxidized from to the one electron-
reduced form of the flavin moiety have been determined to be +34 mV and +44 mV vs. a Standard
Hydrogen Electrode (SHE) respectively. For the one electron-reduced form to the fully reduced

form it has been reported to be +30 mV and +36 mV respectively (56-58). Experimental (53,59-
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62) and theoretical (50,60,63) studies on flavoproteins have suggested that a higher bend angle of
the isoalloxazine ring is often associated with more facile substrate oxidation. While most studies
do not relate changes in the bend angle to a formal potential, multiple reports state that flavoprotein
catalysis is generally controlled by the potential of the flavin, which in turn, is controlled by the
bend angle of the isoalloxazine ring (60,61,64). A higher bend angle increases the relative stability
of the fully reduced state with respect to the semiquinone state (50,65,66), a phenomenon that is
discussed by Tsutsumi et al. during their studies of HaDHN (11). The spectroelectrochemistry of
HaDHR was outside the scope of this current study. However, based on the butterfly bend observed
for the FMN in HaDHR, we would predict that the formal potential for the fully oxidized form to
the one electron-reduced form should be ~+35 mV, and the subsequent reduction to the fully

reduced form should occur at ~+30 mV(5,56,57).

For this family of enzymes, electron transfer from the Fe4S4 cluster to the surface of the protein is
seemingly dependent upon the nature of the acceptor (31,67). Basran et al. proposed that in
TMADH, the natural acceptor ETFDH accepts electrons from the Fe4S4 cluster via the pathway
Cys345>Glu439->Tyr442. By contrast, for the artificial acceptor Fc', a shorter pathway was
proposed involving Cys345->Val344 (5,31). No studies on the electron transfer pathway in
HaDHN have been reported, as the pathway was assumed to be conserved within the family (5).
If these pathways are correct, the analogous pathways in HaDHR would involve
Cys344->Glu343-> Arg440 for a natural acceptor, and Cys344->Ala437 for artificial acceptors

based on structural homology with TMADH.

Our site-directed mutagenesis/kinetic studies on mutations at Glu343, and Ala437 suggest the

importance of these residues in mediating electron transfer to Fc', and that Arg440 is not likely
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involved in transferring electrons for the artificial mediator. These studies also suggest that the

electron transfer pathway for Fc" may be from FesS4 to Cys344 to Ala437 via Glu343.

The distance between the closest atom of the flavin ring system (C8) and FesS4 (Fez)is 5.6 A and
the distance between FesS4 and the residues that are involved in transferring electrons to Fc' is ~5
A for (Fe4S4 > Cys344 > Ala437) to ~8 A (Fe4S4 - Cys344 - Glu343 > Ala 437) (Figure 2-
5). Consistent with the model proposed for TMADH, a significant decrease in the catalytic rate
was observed for the A437G surface mutation, thereby suggesting that electrons exit the protein

from this residue to be accepted by F¢'-DM in solution.

We leveraged the identification of Ala437 as the exit point for electrons from the protein to tether
an artificial F¢" mediator proximal to this site. We hypothesized that Ser436, which is adjacent to
Ala437, could be used to tether a ferrocene molecule to the protein. Ser436 was mutated to a
cystine to accept ferrocene maleimide, a commercially available reagent that readily reacts with
thiols. Cys601, the only solvent exposed cystine on the surface of the protein, was simultaneously
mutated to a serine to prevent any unwanted ferrocene attachment. A coumarin maleimide
fluorescence study was performed to confirm the attachment of ferrocene moiety. Coumarin
maleimide shows very little fluorescence in solution, but strongly fluoresces upon reaction with a
thiol group. Prior to conjugation, the S436C-C601S double mutant strongly fluoresced in the
presence of coumarin, and no fluorescence was observed after conjugation with ferrocene
maleimide. A MALDI mass spectrum of the ferrocene maleimide conjugate showed a molecular
ion corresponding to the mass of a single tethered ferrocene maleimide, and no molecular ions

corresponding to multiple conjugations was observed (Figure 2-9, Table 2-6).

To verify the spectroscopic studies presented in Table 2-5, a corresponding electrochemical study

in presence of Fc'-DM in solution was performed. The goal was to determine if the tethered Fc
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construct is electrochemically active in the presence of an artificial mediator in solution.
Comparing the currents of the w-HaDHR with the tethered Fc constructs, similar activities were
observed (Table 2-7). These results suggested that the constructs were electrochemically active,
and further suggested that tethered Fc is not restricting the flow of electrons to the free mediator.
The current observed for HaDHR-S436C-C601S double mutant is slightly lower than the tethered
Fc construct, thereby further suggesting that the presence of Fc is somehow enhancing the electron

transfer process and is not inhibitory.

Rotating disc electrochemical studies on the tethered Fc-enzyme system in presence of F¢'-DM
showed higher currents compared to wt-HaDHR and the unmodified double mutant (Table 2-7).
This demonstrated that the tethered Fc-enzyme system was active and further confirmed the
attachment of the ferrocene maleimide to the enzyme surface. Given the observed currents, most
of the contribution of the tethered Fc- enzyme system is presumably from the reduction of the
soluble (untethered) Fc'-DM in solution. Comapring the Kca values for wi-HaDHR, HaDHR-
S436C-C601S, and HaDHR-S436C-C601S with tethered Fc (Table 2-5), it appears that the
tethered Fc is actually enhancing the overall catalytic rate with F¢"-DM in solution. Regardless for
this explanation for this observation, these data show that the tethered Fc does not materially
interfere with the overall enzyme kinetics. A possible explanation for the observed enhancement

of catalysis could be the high local concentration of Fc due to the tether.

The observed increase in Keat for the tethered-Fc HaDHR S436C-C601S compared to wt-haDHR
in solution with Fc*-DM, might be explained in two ways (Table 2-5). First, the surface mutations
might result in an internal electron transfer pathway that bypasses the Fe4S4 cluster. Alternatively,
the presence of the tethered-Fc HaDHR S436C-C601S might facilitate better electron transfer to

the Fc*-DM in solution either by removing steric occlusions that might slow down the process or
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by protecting the electrons to be transferred to the F¢'-DM in the tethered Fc. The contribution of
the current from the tethered Fc is negligible in this experiment, suggesting that the tethered Fc
may enhance the interaction of Ala437 with free Fc-DM in solution. This is suggested by the
increase in current from the mutant to the tethered mutant which cannot be explained by the

contribution to the total current due to the tethered Fc (Table 2-7).

Solution chronoamperometry studies showed that the tethered Fc-enzyme system was able to
transfer electrons to an electrode surface in the absence of any other mediator in a histamine dose-
dependent manner (Figure 2-10). The currents obtained in this modality were low, presumably
due to slow diffusion of the tethered system in solution. Nonetheless, we conclude that the tethered
system is capable of undergoing electron transfer in the absence of any other mediator. We
hypothesized that the HaDHR enzyme, if properly oriented on the surface of the electrode, might
be capable of undergoing direct electron transfer as part of the construction of a Gen 2.5 or Gen 3

biosensor (see Chapter 4 of this dissertation). These studies are currently underway.

In conclusion, the crystal structure of HaDHR solved at 2.1 A resolution allowed for the structural
comparison with other members of its family. The combined structural and solution
electrochemical studies presented here offer new insights into engineering this enzyme for use in
a histamine biosensor for in vivo biosensing applications. A distinguishing feature of HaDHR,
unlike other histamine dehydrogenases, is the normal Michaelis-Menten kinetics, and its
performance is not compromised by substrate inhibition. The natural electron acceptor has yet to
be identified for HaDHR, and evaluation of several common natural electron acceptors for other
dehydrogenases failed for this enzyme. Artificial ferrocene-based acceptors were shown to be
capable of a high rate of histamine oxidation, which was verified by standard optically based

Michaelis-Menten kinetics and by electrochemical chronoamperometry measurements. Kinetic
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analysis of a series of structure guided mutations involved in the HaDHR electron transfer pathway
showed it to be similar to that proposed for TMADH. Based upon this analysis, the exit point of
electrons from the FesS4 cluster to the surface of the protein was identified, which in turn facilitated
the reengineering of the enzyme to harness its electron transfer properties. The enzyme proved
capable of delivering electrons to ferrocenes both in solution and tethered to the protein, the latter
being a necessary first step in using HaDHR as the biorecognition element in a Gen 2.5 or Gen 3

biosensor.
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Chapter 3. Active Site Residues Critical to Substrate Inhibition of Bacterial Histamine

Dehydrogenase

3.1 Abstract

Histamine dehydrogenase from the gram-negative bacterium Rhizobium sp. 4-9 (HaDHR) is a
member of a small family of dehydrogenases containing a covalently attached FMN, and the only
member so far identified that does not exhibit substrate inhibition. In this study, the structure of
HaDHR solved to a resolution of 2.1 A in Chapter 2, was compared to that of the closely related
(~55% identity) histamine dehydrogenase from Nocardioides simplex (HaDHN). The backbone
structures aligned well with an overall RMSD of 1.10 A. Comparison of the active sites suggested
that substrate inhibition of HaDHN can be explained by the difference in orientation of a single
aromatic residue (Phel76 in HaDHR; Tyr181 in HaDHN). The hydroxyl of Tyr181 (HaDHN)
forms a hydrogen bond with a proximal Asp136, promoting a n-stacking interaction between the
tyrosine aromatic ring and the imidazole ring of histamine modeled into the active site. Both
positions in HaDHR are occupied by Phe residues, precluding the hydrogen bonding interaction
and allowing Phel76 (HaDHR) to adopt a conformation that is more favorable for catalysis. A
double mutant of HaDHR, F176Y/F131D, designed to mimic the HaDHN active site, resulted in
~50% reduction in kcat. Based upon our analysis of the docking studies, HaDHR is found to be
better poised to support hydride transfer from the histamine substrate, but the overall rate of
electron transfer is better optimized in HaDHN. Note that hydride trasnfer and electron transfer
are bothe elements of the catalytic process, and that neither are fully optimized. Short molecular
dynamic simulations of the two wildtype enzymes and the HaDHR double mutant suggested that
forming the hydrogen bond between the Tyr and Asp residues promotes ring stacking with

substrate and results in an inhibited conformational state of the bound substrate.
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3.2 Introduction

The Rhizobium sp.4-9 histamine dehydrogenase (HaDHR, UniProtKB: Q60159 9RHIZ, RCSB:
6DE6) is a member of a small family of oxidoreductases (Figure 3-1) that are responsible for the
catabolism of low molecular weight amines. The enzymes are typically homodimeric, contain a
covalently attached 6-S cysteinyl flavin mononucleotide (FMN), an Fe4S4 cluster, and with the
exception of HaDHR, exhibit substrate inhibition (1). Other family members include a related
histamine dehydrogenase enzyme from Nocardioides simplex (HaDHN, UniProtKB:
Q6IWJ5 NOCSI, RCSB:3K30), trimethylamine dehydrogenase (TAMDH, UniProtKB:
P16099 METME, RCSB:1DJN) from Methylophilus methylotrophus and dimethylamine
dehydrogenase from Hyphomicrobium sp. (strain x) (DMADH, UniProtKB: Q48303 HYPSX)
(2-6). Members of this family continue to be of interest as model systems for biological electron
transfer (7) due to the presence of multiple redox-active sites, i.e., covalently bound flavin, and
the FesS4 cluster (8-10). The redox properties of these enzymes are also of interest for use as the
biological recognition element in the construction of an amperometric biosensor, wherein the

enzyme may support the direct electron transfer to the biosensor’s transduction element (11-14).

The substrate inhibition observed for HaDHN, TMADH and DMADH has limited their use for
non-biological applications (11,13-15). The mechanism of substrate inhibition for HaDHN and
TMADH has been examined in detail (16,17). Even though loss of substrate inhibition for both
enzymes was observed by mutating active site residues to be similar to HaDHR, no consensus
structural basis for substrate inhibition has emerged (16,17). HaDHR has ~55% sequence
homology with HaDHN, and ~38% sequence homology with TMADH and DMADH which is
relatively low given the overall functional homology of the family. Until now, the lack of a high-

resolution X-ray structure of HaDHR has precluded a detailed comparison with other family
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members, most especially HaDHN, which is its closest homolog (18-20). We discussed the crystal
structure of HaDHR in Chapter 2, where we identified the key residues involved in electron
transfer to artificial mediators. A detailed analysis of the crystal structure of HaDHR and HaDHN
has allowed us to investigate the structural basis for the lack of substrate inhibition in HaDHR and

further refine the structural model of substrate inhibition in other family members.
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HaDHR 30TFT '"°LGAHGEGIFQHF 22TIEDESGPSRE
HaDHN 135PDT 175VY|GAHGYSGVHHF 266SWEGDSVTSRF
TMADH !30FET !6®VNMGAHSYLPLQ-F 2¢EWGEDAGPSRF
DMADH 130FAT 175VMGAHAYGPMQ-W 27°ENGEDAGP SRF

Figure 3-1 Key sequence alignments for enzyme family members.

Alignment of partial sequences from histamine dehydrogenases from Rhizobium sp.4-9 (HaDHR),
Nocardiodes simplex (HaDHN) and trimethylamine (TMADH) and dimethylamine (DMADH)
dehydrogenases from Methylophilus methylotrophus and Hyphomicrobium sp. respectively.
Residues considered important for substrate inhibition are highlighted in cyan (9). Residues
proposed to be involved in a putative catalytic triad are boxed. Conserved tryptophan that forms
part of the substrate-binding hydrophobic bowl is shown in green. The residue proposed to be
forming a hydrogen bond to Tyr181 in HaDHN and likely responsible for the presence of substrate
inhibition in HaDHN is highlighted in yellow along with the aligned residues in other enzymes.
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The kinetic properties of HaDHR are similar to those of HaDHN even though the Nocardioides
enzyme is inhibited by histamine with an apparent K; of ~580 pM. Based on sequence alignments
and homology modeling, Tsutsumi et al. (17), identified three important differences between
HaDHN and HaDHR within an otherwise highly conserved region near the substrate binding site
previously identified in the homologous TMADH structure (Figure 3-1). Tsutsumi reasoned that
one or more of these residues were likely responsible for conferring substrate inhibition. Mutant
forms of the HaDHN were prepared to test this hypothesis by substituting the three residues for
their spatial homologs from HaDHR; Y181F, the double mutant G269D/D270C, and the triple
mutant, Y181F/G269D/D270C (positions 176, 265 and 266 respectively in HaDHR). The single
Y 181F mutation significantly reduced substrate inhibition, increasing the apparent K; for histamine
from 5.8x10? uM to 8.3x10%> uM. By contrast, the triple mutant completely abolished substrate
inhibition, but resulted in an enzyme with a 40% lower Vmax and a 5-fold higher apparent Km (17).

A single Y169F mutation in TMADH essentially eliminated substrate inhibition (21).

The subsequent solution of the three-dimensional structure of HaDHN at 2.7 A resolution, together
with substrate docking studies, suggested that Tyr181 is directly involved in substrate binding by
engaging in a m-stacking interaction with the imidazole ring of histamine (19). The structure
analysis of HaDHN did not provide insights into the role of Gly269 and Asp270 in substrate
inhibition. The side chains of these residues do not contact the substrate directly and are located
within a short helical element proximal to the FMN moiety. Based on the structure, Asp270 seems

to interact with the phosphoribosyl moiety of FMN.

A distinguishing feature of this family of enzymes is the covalently attached FMN cofactor that is

involved in catalyzing the oxidation chemistry of the bound substrate. For HaDHR and HaDHN,
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the substrate is histamine. The geometry of the isoalloxazine ring, the part of the cofactor involved

in electron transfer, has a bearing on the rate of oxidation of histamine.

The structure of FMN consists of three main parts, the isoalloxazine ring, the ribitol group and a
phosphate as shown in Figure 3-2. The isoalloxazine ring of FMN has three different states: a
hydroquinone state where the flavin is reduced directly to its two-electron reduced form, or the
semiquinone state where the flavin is reduced by one electron, and an oxidized state (Figure 3-2).
In oxidized form the flavin ring is usually in a planar form whereas in the reduced state the
geometry of the flavin ring is typically bent (22). Studies have suggested that bending of the
isoalloxazine ring favors reduction to the fully reduced form. Thus, the bend of the isoalloxazine
ring dominates the chemistry of the cofactor. In Chapter 2 of this dissertation, we discussed our
structural analysis of the isoalloxazine rings in HaDHR and HaDHN. In both crystal structures,
the isoalloxazine ring is bent, with HaDHR displaying only ~1° more bending than that observed

in HaDHN.

The geometry of the isoalloxazine ring has a bearing on substrate binding and substrate inhibition,
but the changes in geometry of the cofactor are only part of a more complex set of interactions that
control substrate interactions in the active site. For example, studies on cholesterol oxidase
showed that in the substrate bound crystal structure, the flavin geometry is distorted upon substrate
binding, thereby affecting the catalysis (23). This study also showed that the aromatic residues
around the flavin also affect the geometry of the cofactor and play a role in controlling the
oxidation-reduction state of flavin. Overall, the way substrate binds and interacts at the active site,
and the aromatic residues surrounding the flavin all contribute to regulating the oxidation state of
the flavin. In turn, these interactions all play a role in regulating any substrate concentration

dependent inhibition mechanisms.
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Studies designed to characterize the isoalloxazine ring redox chemistry can be difficult to perform
and require advanced techniques such as electron paramagnetic resonance spectroscopy (EPR),
stopped-flow kinetic analyses, changes in geometry as revealed by crystallography, Raman
spectroscopy and UV-vis spectroscopy. Many of these techniques have been used to probe the
active sites of the HaDHR enzyme family. In this Chapter, we have relied heavily on UV-vis
spectroscopy and the associated spectral signatures of the different oxidation states of FMN. We
were able to leverage the previous studies on the relationship between the spectroscopic signatures
and the observed catalysis to allow us to develop a model for the comparison of the geometry of

the isoalloxazine ring and the lack of substrate inhibition in HaDHR with HaDHN.

For the purpose of this Dissertation Chapter, we will use the current [IUPAC nomenclature for the

individual atoms in histamine as shown in Figure 3-3 (24).
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Figure 3-2 The structure of FMN and different states

The isoalloxazine ring of FMN has three different states: a hydroquinone (hq) state where the
flavin is reduced to its two-electron reduced form, or the semiquinone (sq) state where the flavin
is reduced to its one-electron reduced state, and the oxidized (ox) state. The “R” group is as shown
in the diagram on the left.
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Figure 3-3 IUPAC labelling of histamine backbone.
Oxidative deamination pathway of histamine catalyzed by histamine dehydrogenases
(HaDHR/HaDHN). Atom labels of histamine, as shown, conform to the latest I[UPAC
recommendations (24). Histamine gets converted to imidazole acetaldehyde, ammonia with a
release of two electrons.
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The work reported in this Chapter provides new insights as to why HaDHR lacks substrate
inhibition in contrast to other family members, especially HaDHN. The lack of substrate inhibition
in HaDHR makes this enzyme an unique member of its family and makes it suitable for use in
histamine biosensing applications. Alignment and comparison of the crystal structures of HaDHR
and HaDHN revealed several differences in the active sites (Figures 3-4 and 3-5). Among the key
differences, is the availability of an active site aromatic residue in HaDHN, Tyr181 which forms a

hydrogen bond with Asp136.

The presence of Tyr181-Asp136 hydrogen bond in HaDHN, resulted in a marked difference in the
orientation of the lowest energy docked histamine structure. By contrast, the homologous residue
in HaDHR (Phe176) is not able to form a hydrogen bond. While Tsutsumi et al. observed that it is
possible to reduce or remove substrate inhibition in HaDHN and TMADH with simple mutations
that are “HaDHR-like” (17), we were unable to introduce substrate inhibtion in HaDHR by
introducing “HaDHN-like” mutations (Table 3-1). These insights, built upon the work of Tsutsumi
et al, provide a better understanding of why these two enzymes behave differently even though
their backbone structures align closely with one another (Tm align score= 0.98, RMSD=1.10 A)

(25).
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3.3 Experimental procedures

3.3.1 Materials

Histamine, carbenicillin, chloramphenicol, Sephadex G-50 resin, and bilirubin oxidase were
purchased from Sigma Aldrich. Ferrocenedimethanol was purchased from Santa Cruz
Biotechnology, and Ni-NTA resin was purchased from Qiagen. DNasel was purchased from

Roche. The primers used in this study were obtained from Integrated DNA Technologies.

3.3.2 Gene constructs and mutagenesis

DNA encoding the full-length histamine dehydrogenase enzyme from Rhizobium sp. 4-9
(protein_id="BAD54700.1”") were obtained from Integrated DNA technologies. The genes were
cloned into the pMCSG?7 vector (26), which incorporated a Hises tag on the N-terminus of the
protein followed by a tobacco etch virus (TEV) cleavage site, using a ligation independent cloning
method (27). The resulting plasmid was transformed into competent E.coli XL10 Gold cells

(Agilent Technologies) and the sequence was confirmed by Sanger sequencing (ACGT Inc.).

DNA encoding the F176Y mutant enzyme was generated by introducing the mutation in the wt-
HaDHR expression plasmid ORF by using the Quick-change site directed mutagenesis kit (Agilent
Technologies). The F176Y/F131D double mutant and the F176Y/D256G/C266D triple mutant
were prepared by using F176Y mutant plasmid DNA as a template using the Quick-change
method. The T130P/F176Y/F131D triple mutant was prepared in the similar manner by using
F176Y/F131D plasmid DNA as the template. Plasmid DNA was purified from transformant

colonies, and the mutations were validated by Sanger sequencing (ACGT Inc.).

76



3.3.3 Protein expression and purification

The plasmid was transformed into the expression host E. coli BL21 (DE3)/pLysS and an isolated
colony was inoculated in a 10 mL Luria Bertoni (LB) starter culture supplemented with
carbenicillin (100 pg/mL) and chloramphenicol (34 pg/mL). The culture was then incubated
overnight in a shaker incubator (37 °C/250 rpm). Large scale expression was performed by
inoculating the overnight 10 mL culture into 1L LB supplemented with carbenicillin (100 pg/mL).
Cultures were grown in a shaker incubator (37 °C/250 rpm) until the ODgoo reached ~0.6-0.8. The
enzyme expression was induced with the addition of isopropylthiogalactoside to 0.1 mM and the
incubator temperature was reduced to 15 °C. Expression was allowed to proceed overnight for ~22
h. Cell pellets were harvested by centrifugation at 5,000 x g for 10 min, resuspended in 80 mL of
lysis buffer (50 mM potassium phosphate, pH 7.4, 5 mM imidazole) and frozen at -80 °C
overnight. The cell suspension was thawed, 5 U/mL of DNasel was added, and the suspension
sonicated for 2 min in an ice water bath using an alternating 8 sec on/8 sec off duty cycle in using
a Branson 400-Watt sonicator. Insoluble material was removed by centrifugation at 20,000 x g for
60 min at 4 °C. The soluble cell fraction was applied to a 3 mL NiNTA column equilibrated with
binding buffer (50 mM potassium phosphate, pH 7.4, 0.15 M NaCl and 5 mM imidazole). The
column was washed with 20 column volumes of binding buffer supplemented with 15 mM
imidazole and the protein was eluted with binding buffer supplemented with 245 mM imidazole.
Glycerol was added to 20% (v/v) and the protein was snap-frozen and stored at -80 °C. Gel
electrophoresis was performed on pre-cast NuPage® 12% acrylamide gels (Invitrogen) under
reducing conditions. At this stage the enzyme was estimated to be >95% pure as judged by SDS-

polyacrylamide gel electrophoresis.
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3.3.4 Steady-state kinetic assays

The rate of reduction of ferriceniumdimethanol (F¢'-DM) was followed. Ferrocenedimethanol was
oxidized to (Fc'-DM) before use by treatment with bilirubin oxidase as follows: 100 pL of
bilirubin oxidase (I mg/mL) were added to 5 mM of Fc-DM in 0.2 M air saturated potassium
phosphate buffer, pH 5.8 and formation of Fc'-DM was followed as an increase in absorption at
640 nm (28). The reaction was continued until the reduction was complete as indicated by the
change in color of the ferrocene solution from yellow to blue. The pH of the solution was reduced
to 2.5 by addition of HCI to denature and inactivate the bilirubin oxidase then returned to pH 7.4

by adding 1M NaOH.

Steady state kinetic assays were performed in a 1 mL reaction volume comprised of 100 mM
potassium phosphate buffer, pH 7.4, HaDHR (0.25 uM), varying histamine concentrations (1 pM-
2mM) and F¢'DM (2.5 mM). F¢'DM reduction was followed in a Cary-50 UV Spectrophotometer
at 640 nm at 25 °C. The initial optical velocities of the assays was determined by linear regression
fit to the kinetics data. The chemical velocities of the reactions were calculated by dividing the
optical velocities by the extinction coefficient of Fc'-DM (AAgs = 241 M cm™). The
unimolecular rate of turnover (kobs s™!) at each histamine concentration was determined by dividing
the total enzyme concentration. The kinetic data were fit by a non-linear regression to the
Michaelis-Menten equation. kear and Km are reported in Table 3-1. Protein concentrations were

determined using the average of three Bradford assays (29).

3.3.5 UV-vis spectroscopy
Measurements were performed with UV-plastic cuvettes of a Icm light path at a final volume of 1
mL at room temperature. UV-vis spectra were obtained on a Cary 50 UV-vis spectrophotometer

(Agilent Technologies, Varian Inc.). The scan was performed from 200 nm-800 nm. wt-HaDHR
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and the mutant solutions were prepared at a concentration of 5 uM in 100 mM potassium
phosphate buffer, pH 7.4. The spectra of the reduced forms were taken by adding 100 pM of

histamine to each sample.

3.3.6 Histamine docking

Substrate docking was performed using the Molecular Operating Environment (MOE) software
from the Chemical Computing Group (30). The crystal structures of HaDHR (RCSB: 6DE6) and
HaDHN (RCSB: 3K30) were used as the starting scaffolds for ligand docking. The structures of
the unprotonated form and the a-N protonated form of histamine were created in silico using MOE
and optimized in vacuo using the Merck force field (30). Both forms of histamine were docked
into the active site of HaDHR, whereas only the protonated form of histamine was docked into the
HaDHN active site. Reed et al. had previously shown that the unprotonated form of histamine
bound with a higher overall energy in HaDHN compared to the protonated form of the ligand (19)

and was not examined in this study.

Substrate docking by MOE was initiated by manually placing the histamine form to be examined
into the active site proximal to the oxidized form of the isoalloxazine ring of the FMN cofactor. A
spherical search grid, centered at the manually placed substrate, was defined by selecting enzyme
atoms within 4.5 A of the substrate and the selection was expanded to include the whole residue
side chains. A wall potential was applied to the search grid to bias the docking routine towards
poses where the substrate is proximal to the isoalloxazine ring of the FMN cofactor (30). Atomic

charges were assigned using the Merck force field implemented by MOE.

The docking algorithm randomly generated multiple substrate poses which were scored using the
affinity AG scoring function in MOE. The resulting conformations were then categorized from the

best fit (lowest binding energy) to poorest fit (highest binding energy). The structures of the ten
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lowest energy substrate-enzyme complexes were then minimized using the Merck force field. A
single conformation emerged that had the lowest energy and where the substrate was in a
catalytically competent conformation so that the hydride could be transferred from histamine

(Figure 3-3) to the proximal N5 of the isoalloxazine ring of the FMN cofactor (Figure 3-2).

3.3.7 Molecular dynamic simulations

Simulations were performed using the NAMD 2.12 package (31) and CHARMM36 force field
(32) for the proteins, water, and ions, and with the CHARMM general force field (33) for the
histamine substrates. The FMN was simulated using the parameters described by Freddolino et al
(34). All simulations were performed using periodic boundary conditions. The Van der Waals and
the short-range electrostatics were employed with a smooth cutoff of 12 A using a switching
function starting at 10 A. Long-range electrostatic interactions were calculated by the Particle
mesh Ewald (PME) method with a grid point density of 1 per A. Constant temperature (300 K)
was enforced using Langevin dynamics with a coupling factor of 1 ps. Constant pressure was
obtained using the Nosé-Hoover Langevin piston method. The TIP3P (transferable intermolecular
potential with 3 points) explicit water model was used with a box size resulting in a protein box-
edge distance of at least 10 A. This resulted in an NPT ensemble, wherein the number of particles,

pressure, and temperature were all constant.

Each system was first minimized by constraining the protein and relaxing the solvent for 5,000
steps. This was followed by removal of all restraints, except for the FesS4 cluster, the C6 of the
FMN and the sulfur atom on Cys35 in HaDHN and Cys30 in HaDHR, for an additional 10,000
steps. Each system was then equilibrated for 2 ns, followed by a 10 ns production run with a

harmonic distance restraint on the C6 carbon of FMN (Figure 3-2) and the Sy atom of Cys35 in
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HaDHN and Cys30 in HaDHR. The Fe4S4 cluster was treated as an unbound neutral complex with

the appropriate metal Van der Waals radii.
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3.4 Results

3.4.1 Active site residues involved in substrate inhibition

The organization of residues within the catalytic pocket of HaDHR is similar to that of HaDHN,
and the differences are important in understanding the lack of substrate inhibition in HaDHR. The
relative positions of the residues identified by Tsutsumi et al. (17) that contribute to substrate

inhibition in HaDHN are highlighted in Figure 3-1 and shown in Figures 3-4 and 3-5.

Each member of this enzyme family has a “hydrophobic bowl” that forms part of the substrate
binding pocket that is proximal to the isoalloxazine ring of the FMN cofactor. The hydrophobic
bowl is anchored by a tryptophan residue that is conserved across the family (Figure 3-1). The
importance of some other hydrophobic bowl residues was first identified in TMADH as important
for substrate binding (35), which were subsequently thought to be distinct from the hydrophobic
bowl residues important for substrate inhibition (17). This latter set of residues is highlighted in

Figure 3-1 and shown in Figures 3-4 and 3-5 for HaDHR and HaDHN.

In HaDHR, the hydrophobic bowl has two phenylalanine residues that do not undergo any
hydrogen bonding interactions, in contrast to TMADH and HaDHN. In HaDHN, Tyr181 (which
corresponds to Phel76 in HaDHR), forms a hydrogen bond with Asp136 (which corresponds to
Phel31 in HaDHR). This results in a very different side-chain orientation as compared to Phel76
and Phel31 in HaDHR (Figure 3-4). Compared to the orientation of Phel76, the sidechain of
Tyr181 is different in two key aspects: first, Tyr181 shows an angular rotation of ~77° around the
B carbon of the aromatic ring, and second, the positioning of the aromatic ring of Phel76 is
translated by 0.8 A relative to the aromatic ring of Tyr181. Together, these side-chain interactions

and orientational differences likely contribute to the lack of substrate inhibition in HaDHR.
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Figure 3-4 Active site residues in HaDHN and HaDHR involved in substrate inhibition.

(A) In HaDHN (pink), Tyr181 forms a hydrogen bond with Asp136 relative to the isoalloxazine
ring of the covalently attached FMN. The equivalent residues in HaDHR (green), Phel31 and
Phel76, are more distant and do not interact in any meaningful manner. (B) In
HaDHR(green)/HaDHN (pink) residues at positions 131/136 and 176/181 are both located on
flexible loop segments. The hydrogen bond between Aspl136-Tyrl81 in HaDHN stabilizes the
sidechains, whereas the corresponding sidechains in HaDHR (Phe176/Phel131) are more flexible.
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Figure 3-5 shows another view of the location and side-chain orientation of all residues considered
to be important for substrate inhibition in HaDHN and the relationship of the corresponding
residues in HaDHR (17). The conserved Trp263 in the active site is also shown in these two panels.
Figure 3-5A shows the overlayed structure of the two enzymes at the active site, and Figure 3-5B
shows a 90° rotated view, where the conserved Trp 263/267 is shown to be right above the FMN
and the surrounding residues. Both enzymes feature a short four-residue helical element of similar
conformation that interacts with the phosphoribosyl moiety of the flavin. The residues that interact

with the FMN cofactor are quite distinct for HaDHR compared to other family members.

The orientation of Asp265 in HaDHR was unexpected, as sequence alignment suggested an
equivalent role as for Asp270 in HaDHN (Figures 3-5C and 3-5D, respectively). Prior to this work,
these Asp residues were thought to be structurally conserved among the members of this family
(17). Cys266 (HaDHR) occupies the same position as Asp270 in HaDHN, the latter forming a
hydrogen bond to the hydroxyl group on the C13’ position of the phosphoribosyl moiety of FMN
(Figure 3-2). This aspartate in TMADH was proposed to form part of the putative “catalytic triad”
composed of Tyr169-His172-Asp267 (6,21) that was thought to stabilize the semiquinone form of
6-S-Cys-FMN and the reduced [4Fe-4S]" in TMADH (21). In HaDHR, the catalytic triad is
Tyr171-His174-Cys266, which influences the geometry of the flavin and its spectral characteristics

(vide infra).
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Figure 3-5 Overlay of key active site residues in HaDHR and HaDHN.

Overlayed structure of (A) HaDHR (green) and HaDHN (pink) at the active site showing all the residues
involved in substrate inhibition, (B) 90° rotated view. Comparison of (C) residues Asp265 and Cys266 in
HaDHR and (D) Gly269 and Asp270 in HaDHN. These residues are part of a short loop segment
connecting the conserved Trp at position 263 and 267, respectively to the phosphoribosyl component of the
FMN. In HaDHR the sulthydryl moiety of Cys266 forms a hydrogen bond with His174 which also
hydrogen bonds to Tyr171. In HaDHN, Asp270 forms a direct hydrogen bond to the C13” hydroxyl group
of FMN.
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3.4.2 The influence of HaDHN-like mutations on HaDHR Kinetics

Comparison of the HaDHR and HaDHN active sites suggested that the Asp136-Tyr181 hydrogen
bonding interaction in HaDHN likely plays a major role in substrate inhibition. To further probe
this hypothesis, Phel176 and Phel31 in HaDHR were mutated to the corresponding Tyr and Asp
residues in HaADHN. Three mutant versions of wt-HaDHR were made —a F176Y single mutant, a

F176Y/F131D double mutant and a F176Y/D265G/C266D triple mutant.

The F176Y mutant was examined first to assess if just mutation to a tyrosine would be sufficient
to cause substrate inhibition, presumably by causing a rotation of the tyrosine sidechain in a
manner similar to that observed in HaDHN. The F131D mutant was not examined because we
believed that this mutation was less important, and in the absence of a formal hydrogen bonding

partner, e.g., Y176, this mutation would not be informative.

The triple mutant was designed to induce substrate inhibition to wt-HaDHR by making all the key
changes suggested by Tsutsumi et al. (17). Indeed, this mutational study is similar to that
performed by Tsutsumi ef al. (17) that was discussed in the introduction to this Chapter. Tsutsumi
et al. (17) showed that 50-80% of substrate inhibition could be overcome by converting Tyr181
into a phenylalanine. This mutation is reasonably expected to eliminate the key Tyr181-Asp136

hydrogen bond identified earlier (vide supra).

The results of the mutational analysis and the effects of each set of mutations on Km (more properly
referred to as Kso values in this study) and kobs are summarized in Table 3-1 and Figure 3-6. None
of the mutants showed any influence on substrate inhibition out to a histamine concentration of 2
mM. The kobs of the F176Y single mutant decreased relative to that of the wt-HaDHR by ~41%,
and the F176Y/F131D double mutant showed a similar decrease in kops of ~54% (Table 3-1). The

apparent Ky values of the mutants increased suggesting a decreased affinity for substrate, with the
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double mutant yielding a ~4-fold increase in Km compared to wr-HaDHR. By contrast, the
F176Y/D265G/C266D triple mutant showed a significant decrease in kobs, although the apparent
Kwm values were not significantly changed compared to w~-HaDHR The mutants were also

insensitive to addition of tryptophan to a final concentration of 4 mM.
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Table 3-1: F¢'DM reduction by HaDHR mutants.

HaDHR K50 (uM) kobs (s)

wt 695+94.7 99.1+5.9

F176Y 961 + 56.9 585+ 1.6
F176Y/F131D 2938 +710.0 459+7.5
F176Y/D265G/C266D 622 £ 166.9 0.34 +£0.04

!Substrate concentration giving half maximum velocity measured at 25 °C in a 100 mM potassium
phosphate bufter, pH 7.4.
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Figure 3-6 Michaelis-Menten Kinetics curves for wi-HaDHR and mutants from Table 3-1.
(A) wt-HaDHR, (B) HaDHR F176Y, (C) HaDHR FI176Y/FI131D and (D) HaDHR
F176Y/D265G/C266D.
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3.4.3 The effects of HaDHN-like mutations on HaDHR UV-vis spectra

The UV-vis spectra of these FMN containing enzymes can be generally recorded under oxidized
conditions. FMN shows a distinct peak at 450 nm. Under substrate-reduced conditions the FMN
in the semiquinone form shows a distinct peak at 365 nm. The hydroquinone form shows a more
flattening peak at 365 nm (Figure 3-7). The ensuing discussion will employ the following
shorthand: FMNsq and FMNR refer to the semiquinone and reduced states of FMN, respectively,
as shown in Figure 3-2. FeSr and FeSo refer to the reduced and oxidized states of FesS4 cluster,

respectively.

Tsutsumi et al. detailed how flavin oxidation state affected the corresponding UV-vis spectra of
substrate-reduced wr-HaDHN and its mutants with respect to histamine concentration (17).
Tsutsumi et al. concluded that the spectral features at 365 nm are indicative of the existence of
substrate inhibition, providing what is seemingly a simple and straightforward method to assess

the role of flavin oxidation state on catalysis.

We similarly performed UV-vis studies on the wt-HaDHR and wt-HaDHN. The UV-Vis spectra of
the substrate-reduced forms of wi-HaDHR and w-HaDHN are different, whereas the spectra of
the oxidized forms of the two enzymes were essentially equivalent (Figure 3-7). For w-HaDHR,
the peak at 365 nm is replaced by a “ledge” in the spectrum, where this flattening of the spectrum
corresponds to a decrease of the semiquinone form of the FMN, which in turn is representative of
the reaction coordinate becoming more “product” like (Figures 3-7A and 3-7B). The UV-vis
spectrum for the w-HaDHR was similar to that observed by Tsutsumi et al. for the HaDHN triple
mutant, which does not show substrate inhibition, and has a flattened spectrum at 365 nm. For wt-
HaDHN, we observed a similar distinct peak at 365 nm corresponding to an increase of the

semiquinone form of the FMN (Figures 3-7C and 3-7D) as observed by Tsutsumi et al. (17).
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A similar UV-vis spectral analysis was performed on the mutations presented in Table 3-1 (Figure
3-8). We had hypothesized that our single or double mutant UV-vis spectra would show an
increase in the semiquinone formation by the presence of a distinctive peak at 365 nm.
Interestingly, our single mutant (Figure 3-8A) showed similar peak like the w-HaDHR in the
substrate-reduced form, whereas we observed a further flattening of the 365 nm peak for our
double mutant (Figure 3-8B). Similarly, we expected that the spectral signature for the
F176Y/D265G/C266D triple mutant (Figure 3-8C) would correspond to the pure semiquinone
state of the reduced flavin, as this is the prevalent species in w-HaDHN and mutants that exhibit
substrate inhibition. Interestingly, neither the semiquinone peak, a distinct feature at 365 nm, nor
substrate inhibition, was observed for this mutant. The UV-vis spectra for all of the mutants in the

oxidized form were similar to those observed for wi-HaDHR.
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Figure 3-7 UV-vis spectra of w-HaDHR and w-HaDHN in absence and presence of
histamine.

Peak at 450 nm corresponds to oxidized form of FMN and peak at 365 nm corresponds to
semiquinone form of FMN. (A) and (B) wt-HaDHR and wt-HaDHR w/histamine, (C) and (D) wt-
HaDHN and wt-HaDHN w/histamine, (E) and (F) Overlayed spectra for HaDHR (black) and
HaDHN (red). Spectra of oxidized-form (indicated by a solid line) and the substrate-reduced form
(indicated by a dotted line) in a 100 mM potassium phosphate buffer, pH=7.4, respectively. Figure
3-7F is an expansion of Figure 3-7E, allowing for a different view of the features at 365 nm.
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Figure 3-8 UV-vis spectra of HaDHR mutants from Table 3-1.

(A) HaDHR F176Y, (B) HaDHR F176Y/F131D and (C) HaDHR F176Y/D265G/C266D. Spectra
of oxidized-form (indicated by a solid line) and the substrate-reduced form (indicated by a dotted
line) in a 100 mM potassium phosphate buffer, pH=7.4, respectively.
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3.4.4 Surface substrate entry channels for HaDHR and HaDHN

We further compared the surface models of the HaDHR and HaDHN (Figure 3-9) and this
comparison suggested that the substrate entry channel is wider and less restricted in HaDHR
(Figure 3-9A) as compared to HaDHN (Figure 3-9B). Prol135 and Asp136 in HaDHN (Thr130
and Phe131 in HaDHR) are present at the substrate entry site and together could also possibly play
arole in substrate inhibition. These two residues in HaDHN seemingly occlude the channel thereby
restricting the substrate entry and show some steric hindrance. We observed that the Thr130
sidechain, located at the mouth of the active site channel of HaDHR, is pulled out of the channel

via a hydrogen bond to the carbonyl of Phel31.

We hypothesized that the T130P/F176Y/F131D triple mutant might also induce substrate
inhibition in HaDHR. This set of mutations was designed to mimic the occlusion of the substrate
entry channel in HaDHN. This HaDHR triple mutant was essentially inactive, and the UV-vis
spectrum of this mutant did not show any difference between the oxidized and reduced forms of

the flavin (Figure 3-10).
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Figure 3-9 Comparison of surface model of (A) HaDHR and (B) HaDHN.
In HaDHR (green), Thr130 and Phel31 are present at the substrate entry site, whereas Pro135 and
Asp136 are present at the substrate entry site in HaDHN (pink).
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Figure 3-10 UV-vis spectra of T130P/F176Y/F131D HaDHR mutant.
Spectra of oxidized-form (indicated by a solid line) and the spectra of substrate-reduced form
(indicated by a dotted line) in a 0.1M phosphate buffer, pH=7.4.
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3.4.5 Histamine docking

Given that crystal structures of histaminetHaDHR/HaDHN were unavailable, docking and
molecular dynamic simulations were performed to give insights into the orientation of histamine
in the active site of these enzymes. The mode of binding of histamine in the active site and its
influence on substrate inhibition, was studied using the MOE program suite on HaDHR and
HaDHN. In the docked structure of HaDHR, the imidazole ring of histamine was found to be
sandwiched between the sidechain of Trp263 and Phel76 (Figure 3-11A). In this complex, the
hydride to be transferred from the Co atom of histamine was positioned 4.0 A from the N5 hydride
acceptor on the isoalloxazine ring (36-38). Additionally, the imidazole ring of histamine was

positioned within the pocket of the aforementioned hydrophobic bowl (Figure 3-11A).

Compared to HaDHR, the docked structure of HaDHN (Figure 3-11B) revealed a different
orientation for the imidazole ring of histamine substrate. In HaDHN, a single n-stacking interaction
between Tyr181 and the substrate’s imidazole ring was observed, which is consistent with the
results of Reed ef al. (19). A second, potential cation mt-interaction between the protonated nitrogen
attached to Ca and Trp267 may also be present. The distance between the Ca of the bound
histamine (Figure 3-3) and the N5 of the isoalloxazine ring of the FMN cofactor (Figure 3-2) was

observed to be 5.3 A.

In the lowest free energy substrate-enzyme complexes of both proteins (Figures 3-11A and 3-11B),
the substrate was found to be directly adjacent to the FMN. When protonated, the amine moiety
formed favorable electrostatic interactions with the sidechain carboxyl oxygens of Glu74 and
Asp354 in HaDHR, and Glu79 and Asp358 in HaDHN. In both docked structures, a conserved
glutamic acid residue (Glu74 in HaDHR and Glu79 in HaDHN) were found to be positioned to act

as a catalytic base and facilitate substrate deprotonation. This is consistent with mechanistic studies
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on cholesterol oxidase where an acidic sidechain helped deprotonate the substrate during catalysis

(39).
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Phe 131

Phe 176

Figure 3-11 Models of histamine binding to the active sites of (A) HaDHR and (B) HaDHN.
In HaDHR, histamine bound in the most favorable conformation is sandwiched between Trp263
and Phe176 with the Ca of histamine (as shown in Figure 3-4) positioned 4 A from the N5 of the
isoalloxazine ring of FMN. In HaDHN, the imidazole ring of histamine is stacked upon the

aromatic ring of Tyr181 such that the Co of histamine is >5 A from the N5 of the isoalloxazine
ring.
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3.4.6 Molecular dynamic simulations of histamine in the HaDHR and HaDHN active site

The orientation of histamine in the HaDHR active site was further investigated with the aid of
short molecular dynamic simulations of substrate bound wt-HaDHR and of a F176Y/F131D-
HaDHR. Simulations were performed using the NAMD 2.12 package (31) and CHARMM36
force field (32) for the proteins, water, and ions, and with the CHARMM general force field (33)

for the histamine substrates.

The initial orientation of histamine in the active site relative to the FMN cofactor was a docked
structure as shown in Figure 3-11A (or Figure 3-12A). Even in a relatively short time (10 ns)
unconstrained molecular dynamic simulations showed significant changes in the orientation of
several key residues within the catalytic pocket of HaDHR (Figures 3-12B). Surprisingly, during
this period, Phe176 in HaDHR reoriented away from the bound histamine substrate (Figure 3-
12B). Concomitantly, the highly conserved His174 repositioned to form a hydrogen bond between
the n-NH sidechain moiety and the t-nitrogen of the histamine imidazole ring (Figure 3-3). GIn57
reoriented to form an additional hydrogen bond between its backbone carbonyl oxygen and the n-

NH of the histamine imidazole ring as indicated in Figure 3-12B.

The histamine substrate in HaDHR repositioned so that the imidazole ring was stacked upon the
isoalloxazine ring of the FMN. The Ca of histamine moved ~1 A closer to the reactive N5 of the
isoalloxazine ring to within ~3 A (Figure 3-12C). This motion brings the hydride to be transferred
close enough to the N5 to be effectively abstracted by FMN. The protonated a-N hydrogen also
formed a hydrogen bond to the O4’ carbonyl oxygen of FMN, as did a second hydrogen bond
between the sidechain carboxyl oxygen of Glu74 and the a-N of histamine. This latter hydrogen
bond is critical for properly orienting the substrate for hydride transfer. A space-filling model

(Figure 3-12D) shows the tight packing interaction between histamine and the isoalloxazine ring
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of the FMN. The model also shows the location of Cys30 that is covalently attached to the FMN,
and which sterically limits the position of the substrate. In the absence of substrate, the orientation
of the residues within the active site did not undergo significant reorientation during a similar 10

ns simulation.

The simulation for the F176Y/F131D double mutant of HaDHR in the presence of the bound
substrate (Figure 3-14C), resulted in a shorter stable interaction between the Asp131 and Tyr176
compared to that seen for the corresponding HaDHN residues (vide infra). The simulation of the
HaDHR double mutant also showed that the hydrogen bond between the two mutated residues
occasionally broke and reformed during the early stages of the simulations before finally breaking
and leading to a reorientation of the two residues. The simulation results indicated that even though
a hydrogen bond is formed, its lifetime is shorter in duration and subject to breaking and reforming.
This process does not influence substrate inhibition in the HaDHR double mutant. Proper
histamine orientation with respect to the isoalloxazine ring of the FMN is not restricted. These
changes did affect the catalytic efficiency of the enzyme compared to w-HaDHR, as was observed
from our kinetic analysis. Each of the simulations was repeated three times and essentially the

same trajectories were observed in each case.
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Phe 176

hydride to be abstracted

Figure 3-12 Molecular dynamic simulations of HaDHR in the presence of bound histamine.
(A) The structural organization of HaDHR at the beginning of the simulation following docking
of histamine and relaxation as described in the Materials and Methods. (B) The same structure
after 10 ns of MD simulation. (C) The distance between Ca of histamine and N5 of the
isoalloxazine ring after 10 ns MD simulation (D)Space-filling model of histamine bound in the
active site following the MD simulation indicating the positions of Cys30 that is covalently linked
to FMN, the N5 nitrogen of FMN, and the Ca of histamine.
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Figure 3-13 Molecular dynamic simulation of HaDHN in the presence of bound histamine.
(A) The structural organization of the HaDHN active site at the beginning of the simulation with
docked histamine and relaxation as described in the Materials and Methods. (B) The same
structure after 10 ns of MD simulation.
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As discussed earlier, the crystallographically observed hydrogen bond between Asp136-Tyr181 is
an important structural feature of HaDHN that might contribute to substrate inhibition. This
hydrogen bond remained intact during histamine docking into the HaDHN active site.
Interestingly, the molecular dynamic simulations of HaDHN did not reproduce this observed
structural feature. In particular, the disposition of the hydrogen bond between Asp136-Tyr181

changes over the simulation time course.

During the 10 ns simulation of HaDHN with histamine present in the active site, the hydrogen
bond between Tyr181 and Asp136 was broken. This allowed the Tyr181 sidechain to reorient into
a position similar to that observed for Phel76 in HaDHR. The reorientation of Tyr181 allows
His179 to approach the bound histamine (Figure 3-13B) and form a hydrogen bond with the
imidazole ring of histamine. The imidazole ring also repositions to allow for m-stacking
interactions with Trp267. This n-stacking interaction with Trp263 is also observed in the HaDHR
simulations. However, in HaDHN the imidazole ring of histamine could not undergo further -
stacking interactions with the isoalloxazine ring of the FMN, indicating that further “induced fit”
of the substrate in the active site was required. Hydrogen bonds were also formed between the
sidechain carboxyl oxygen of Glu74 and Asp358 and the a-N of histamine. No changes in these

hydrogen bonds were observed after 10 ns, presumably due to the relatively short simulation.

The time dependent trajectories for reorientation of the HaDHN residues at Asp136 and Tyr181 as
a function of the distance between the center of mass of the carboxyl oxygen atoms in the absence
and presence of substrate is illustrated in Figures 3-14A and 3-14B. Without substrate, this
hydrogen bond is rapidly broken within the first few picoseconds of the simulation resulting in a
change in the distance between the Tyr181 hydroxyl and the carboxyl group of Asp136 of ~15 A

(Figure 3-14A). This is presumably due to the ready accessibility of water at this site. By contrast,
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in the presence of the histamine substrate the simulation suggests that the bond is considerably
more stable, taking several ns for it to break with the ensuing movement of Tyr181 toward a more

favorable position for catalysis (Figure 3-14B).

105



s TR | BT

e Tim Time(ns

Figure 3-14 The effect of bound substrate on stabilizing the Tyr-Asp hydrogen bonding
interaction.

Molecular dynamic simulations indicate changes in the distance between the center of mass of
carboxyl oxygen atoms on Asp136 and the hydroxyl oxygen of Tyr181 in HaDHN as a function
of time in ns in the absence (A) and presence (B) of histamine. (C) Trajectory for the equivalent
residues at positions 131 and 176 in the HaDHR F131D/F176Y double mutant in the presence of
histamine. The arrows indicate a sharp transition resulting from rotation of the oxygen atoms of
the Asp residues around the C-Ca bond of the amino acid while maintaining the bonding
interaction with the hydroxyl hydrogen of Tyr181/176. The data indicate a stabilizing effect of
substrate on the hydrogen bonding interaction during the 10 ns simulation.
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3.5 Discussion

HaDHR is the only member of a small family of flavin-dependent oxidoreductases that does not
exhibit substrate inhibition. In Chapter 2 of this dissertation, we disclosed the high-resolution
crystal structure of HaDHR that allowed us to undertake this current study to better characterize

the origin of substrate inhibition in the family.

HaDHN, the closest homolog to HaDHR, shows a pH and concentration dependent substrate
inhibition profile, which can be overcome by “HaDHR-like” mutations to the wildtype HaDHN
enzyme (17). Substrate inhibition in TMADH, another family member, can also be eliminated by
similar strategy (21). An important observation in the current study is that “HaDHN-like”
mutations in HaDHR do not cause substrate inhibition and in some cases render the enzyme
catalytically inactive. The immediate consequence of this observation is that while substrate
inhibition can be eliminated (HaDHN to HaDHR-like mutations), the reverse process (HaDHR to
HaDHN-like mutations) is more complicated and not all changes in structure and function between

the two enzymes are reciprocal.

The origin of substrate inhibition in HaDHN has been proposed by Tsutsumi et al. (40) to be due
to the formation and stabilization of the semiquinone form of the flavin when the second substrate
binds to the enzyme. In addition to the hypothesis put forth by Tsutsumi, we believe that the cause
of substrate inhibition in HaDHN must also consider these additional factors: the presence of a
Tyr181-Asp136 hydrogen bond that restricts the movement of residues near the flavin, and n-
stacking interactions between histamine and aromatic sidechains that stabilize the bound substrate

conformation.

Although these enzymes have very similar backbone structures, there are several key differences

within the catalytic pocket that likely contribute to substrate inhibition. The most conspicuous of
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these is the orientation of the aromatic sidechain of Phel176 of HaDHR. In the crystal structure of
HaDHN, the homologous residue, Tyr181, is positioned to enable a n-stacking interaction with the
histamine imidazole ring which would be expected to stabilize the histamine in its bound
conformation. Docking studies suggested that this is the lowest energy conformation, confirming
similar studies by Reed et al. (19). The orientation of Tyr181 is also stabilized by hydrogen
bonding to Asp136 which would promote this interaction. The importance of the hydrogen bond
between Tyr181 and Asp136 in HaDHN was not previously identified. The crystal structure of
HaDHR (disclosed and discussed in Chapter 2 of this dissertation) confirms that these interactions
are absent in HaDHR as the equivalent residues are both phenylalanine (Phe176 and Phe131). The
lack of a corresponding hydrogen bond in HaDHR to Phe176 in HaDHR helps contribute to the
differences in side-chain orientation at the active site between the two enzymes. We postulate that
this orientational difference and increased sidechain flexibility may likely be contributing to the

lack of substrate inhibition in HaDHR.

We hypothesized that the F176Y single mutant, F176Y/F131D double mutant, and a
F176Y/D265G/C266D triple mutant corresponding to “HaDHN-like” residues might induce
substrate inhibition in HaDHR (Figure 3-1). Interestingly, we did not observe substrate inhibition
in any of these mutants with histamine, although as might be expected, these mutations did
influence catalytic activity. The enzyme kinetic data for the F176Y/F131D double mutant
suggested that introduction of a hydrogen bond in the active site of HaDHR only resulted in
decreased affinity for the substrate but did not restrict substrate orientation to the isoalloxazine
ring of FMN. The kinetic data for the F176Y/D265G/C266D triple mutant also did not show any
substrate inhibition, however the catalytic activity decreased significantly (Table 3-1, Figure 3-6).

Since all other family members show substrate inhibition, we expected this mutant to behave in a
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similar manner. Our result suggests that while it is possible to remove substrate inhibition in
HaDHN by making the enzyme “HaDHR-like”, the reverse mutations in HaDHR do not cause a

“HaDHN-like” substrate inhibition.

Tsutsumi et al. performed a detailed investigation of the flavin oxidation state and the
corresponding UV-vis spectra of HaDHN and its mutants with histamine (17). Their work showed
that the oxidized form of ws~-HaDHN has a distinct peak at 450 nm whereas in the substrate-
reduced form a distinct peak at 365 nm is observed. The peak at 365 nm was suggested to be the
one electron reduced form of flavin, i.e., the semiquinone form (See Figure 3-2 (17)). Tsutsumi et
al. in their UV-vis spectral studies on wt-HaDHN showed that with the increase in histamine
concentration the peak at 365 nm increased thereby suggesting the stabilization of the semiquinone
form (17). In their UV-vis spectra for the substrate-reduced form of single and triple mutations that
showed 50-80% reduction or did not show any substrate inhibition, they observed a flat region at
365 nm. By contrast, a distinct peak at 365 nm similar to w~-HaDHN was observed in their double
mutant that showed substrate inhibition, suggesting that the change in geometry or the oxidation
state of the flavin is playing a role in contributing to substrate inhibition. In subsequent studies
performed using stopped-flow kinetic analyses and EPR studies on wt-HaDHN, they concluded
that this histamine concentration dependent stabilization of the semiquinone form of flavin is

responsible for substrate inhibition in HaDHN (40,41)

To further understand the possible role of semiquinone stabilization in HaDHR, UV-vis
spectroscopic analysis of w-HaDHR, wt-HaDHN and some HaDHR mutants were performed
(Figures 3-7 and 3-8). Interestingly, ws-HaDHR is flat in the rgion of 365 nm in its substrate-
reduced form.The spectral signature at 365 nm for wt-HaDHR 1is similar to that observed by

Tsutsumi et al. in their single and triple mutants of HaDHN that did not show substrate inhibition,
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i.e., a flat region at 365 nm (17). The lack of absorbance at 365 nm signifies only a transient
presence of the semiquinone form of the flavin, as the semiquinone must occur on the pathway to
the fully reduced flavin. Our wt-HaDHN UV-vis spectra showed a distinct peak at 365 nm similar
to that observed by Tsutsumi et al. (17). Interestingly, the UV-vis spectra for our single HaDHR
mutant were similar to that observed for w-HaDHR whereas our double HaDHR mutant showed
a further flattening at 365 nm. The triple HaDHR mutant prepared to mimic HaDHN-like substrate
inhibition also showed a spectral signature at 365 similar to that observed for double HaDHR
mutant. A lower intensity or the complete absence of a peak at 365 nm is indicative of the fully
reduced from of the flavin being thermodynamically favorable. This might suggest that the flavin
in HaDHR is more stable in the reduced form unlike in HaDHN where the semiquinone form is

stabilized as histamine concentration increases.

We further analyzed the surface model of both the enzymes and observed that Thr130 in HaDHR
is present at the substrate entry site, whereas Pro135 in HaDHN is at the same position (Figure 3-
9). We speculated that Pro135 in HaDHN might be functioning as a switch regulating the entry of
the substrate at the active site. If so, we believed that the T130P mutation in the background of
the F176Y/F131D double mutant would induce substrate inhibition. The T130P/F176Y/F131D
triple mutant when analyzed was observed to be catalytically inactive. The UV-vis spectrum for
this triple mutant did not show any difference between the oxidized and the substrate-reduced
forms, further suggesting that the mutant is inactive (Figure 3-10). This lack of activity could be
due to the occlusion of the substrate entry channel thereby restricting the entry of the substrate to
the active site in HaDHR, or complete misalignment of the catalytic site due to the presence of the

proline. This also suggested that Pro135 in HaDHN might be acting as a switch regulating substrate
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entry, thereby causing substrate inhibition in HaDHN at high substrate concentration. Regardless,

this switch is not transferrable to HaDHR.

Overall, the UV-vis studies suggested that the electronic state of flavin in the substrate-reduced
form in HaDHR is somewhere between the semiquinone (FMNgq) and the fully reduced (FMNR)
state. Tsutsumi studies benefitted from EPR experiments, confirming the presence of the
semiquinone state of the FMN. The degree of semiquinone formation in the absence of EPR studies
is difficult to quantitate in HaDHR. Nonetheless, the flavin states in the substrate-reduced form of
the double and triple mutants of HaDHR were more like FMNRg, thereby suggesting that the
electronic state of the flavin in HaDHR is quite different from HaDHN. Said alternatively, the
addition of histamine is sufficient to reduce the oxidized FMN to the fully reduced form if there is
sufficient bending of the flavin ring or other structural modification which result in more favorable

reduction to the fully reduced form. Otherwise, the partial reduction to the semiquinone would

occur, suggesting that the process is driven by thermodynamics.

Thermodynamic stability in a mixed-valence dinuclear complexes are denoted as a combination
of reduced (Red) and oxidized (Ox) sites, which is exhibited as a difference in redox potentials
AE°=E°(Ox-0Ox)/Red-Ox)-E°(Red-Ox/Red-Red). This difference is related to the
comproportionation constant, K¢, defined as K= exp (AE°F/RT). The bending of the flavin
molecule along with other structural modifications around the flavin favors more facile reduction
to FMNR. For a flavin to be fully reduced, it has to undergo a one electron-reduction from a FMNo
to FMNyq, and then the second reduction of FMNsq to FMNR. When the formal potentials for the
first reduction, FMN, to FMNjq, and the reduction from FMNsq to FMNR gets closer to each other,
the comproportionation constant becomes very small. This suggests that at equilibrium only small

amounts of FMNjq exist, thereby thermodynamically favoring the reduction all the way to FMNg.
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Based on our UV-vis studies where the distict peak at 365 nm corresponding to FMNjq is absent
(Figure 3-7A) and a ~1° greater bend in isoalloxazine ring of flavin in HaDHR compared to
HaDHN, we speculate that the comproportionation constant for HaDHR is very small. These
studies suggest that the initial reduction of the flavin in HaDHR is favored towards FMNr and

only transient amounts of FMNjq exists at equilibrium.

Interestingly, substrate inhibition in this family of enzymes is only observed with its own specific
substrate (17,42), whereas with other substrates no substrate inhibition has been observed so far
(43). To gain further insights into this issue and to understand the mode of substrate binding and
its influence on substrate inhibition, histamine docking studies (Figure 3-11) were performed.
Short molecular dynamic simulations on both enzymes were also performed (Figures 3-12 and 3-
13). These studies suggested that the mode of histamine binding in both HaDHR and HaDHN is
very different. In HaDHR, due to the absence of hydrogen bonding, histamine was found to be
better placed for catalysis and was sandwiched between two aromatic residues Trp263 and Phel76.
In HaDHN a stacked histamine-tyrosine complex was observed which was found to be further
stabilized due to the presence of Asp136-Tyr181 hydrogen bonding. This was confirmed from the
short molecular dynamic simulations of HaDHN in the presence of histamine. In the absence of
histamine, the simulations under fully hydrated conditions indicated that the Asp136-Tyr181 bond
in HaDHN is labile to attack by water. When this bond breaks, Tyr181 moves into a position similar
to that of Phel176 in HaDHR. A similar result was observed for the F176Y/F131D double mutant

of HaDHR, although the bond kept breaking initially and was only stable for few nanoseconds.

There are several observations that support the hypothesis that the stacked histamine-tyrosine
complex predicted for HaDHN (19) represents a form of bound substrate that is not catalytically

viable. Most obvious is that the orientation of histamine in this conformation is incompatible with
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a catalytic mechanism that requires a closer approach of the Ca of histamine to the site of catalysis
(NS5 or C4 carbonyl oxygen) on the isoalloxazine ring of the FMN (36-38). The hypothesis is also
supported by the observed reduction in substrate inhibition resulting from Y 181F substitution in
HaDHN (17). Thirdly, the MD simulations indicated that, due to ready access of water to the
active site, this conformation is short-lived whereupon several amino acid sidechains reorient
toward a more compatible conformation for catalysis. Further, simulation of the HaDHR enzyme
predicted that the substrate undergoes an “induced fit” that brings the Ca of the histamine substrate
into direct contact with the N5 of the isoalloxazine ring. The simulation also indicated that the
bulky Cys30 that is covalently attached to the isoalloxazine ring does not interfere with the
interaction between the Ca atom of histamine and the N5 of FMN (Figure 3-12 D), suggesting that
this is the likely site of catalysis rather than the nearby carbonyl oxygen on C4 which has been
suggested as an alternate site (19). Thus, in both HaDHR and HaDHN, an “induced fit” would be
required to bring the histamine into similar catalytically favorable positions, e.g. ~3 A from N5.

The typical distance observed in flavoprotein crystals range between 2.8 and 3.4 A (36).

Classical substrate inhibition is assumed to result from a non-competitive binding of substrate to
a second, usually non-catalytic site in an enzyme. (44,45). The possibility of more than one
substrate molecule binding within an active site is supported, for example, by studies of
acetylcholinesterase (46,47). In TMADH, the best studied member of this family of
dehydrogenases, an alternative model for substrate inhibition was hypothesized (16,42). The
presence of two alternate catalytic cycles was proposed which were dependent upon the
distribution of electrons between the FMN and Fe4S4 cofactors. Based on the number of reducing
equivalents present in the oxidized/reduced enzyme encountered in each cycle, the terms 0/2 or

1/3 cycles were introduced. These terms represent catalytic cycles that predominantly feature
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either the oxidized and two-electron reduced forms of the enzyme (0/2 cycle), or the one-and three-

electron reduced forms of the enzyme (1/3 cycle).

The cycle in which the enzyme operates depends on the fate of the two-equivalent reduced enzyme
formed after the initial reaction of oxidized enzyme with one equivalent of substrate. The two-
equivalnet reduced enzyme species can react either with the electron acceptor to give oxidized
enzyme, or with the substrate to give rise to a spin-interacting state. This unusual circumstance
arises when the substrate can donate two electrons, but the external electron acceptor can only
accept one electron at a time and the full reduction of the enzyme requires three electrons. The
third electron required for full enzyme reduction is derived from a second molecule of substrate.
Therefore, the complete oxidation of three molecules of substrate requires two full redox-cylces

of the enzyme.

Ultimately which cycle predominates under steady-state conditions depends primarily on the
relative concentrations of the substrate and the external electron acceptor. Said alternatively, when
the 0/2 cycle predominates, the substrate reduces FMNo all the way to FMNRr with a very short-
lived or transient FMNgq state, whereas when the 1/3 cycle predominates, the substrate reduces
FMNo to FMNg in the first step and then FMNy, to FMNR in the second step. It has been
demonstrated previously that product release and the binding of the second substrate molecule to
the two-electron reduced enzyme is the rate-limiting step (43). At high substrate concentrations,
the binding of the substrate to the one-electron reduced enzyme form (FMNyq) at steady-state
conditions stabilizes the semiquinone form, thereby slowing the enzymatic turnover in the 1/3
cycle compared to the 0/2 cycle. This binding of the substrate to the stabilized semiquinone form

demonstrates a kinetic effect that is equivalent to substrate inhibition effect (42).

114



At low substrate and/or high acceptor concentration, the 0/2 cycle dominates the internal electron
transfer pathway of TMADH, whereas, the 1/3 cycle dominates at high substrate concentrations
where substrate inhibition is observed (16,42). In both cases, the two electrons from the initial
reduction of the FMN are rapidly distributed between the two cofactors resulting in the FMNgqFeSr
state. In Chapter 2 of this dissertation, we performed preliminary investigations on the electron
transfer pathway from the FMN to FesSs cluster. These current studies are by no means
comprehensive because our focus was understanding the initial electron transfer between the
substrate and the flavin which are part of the initial steps of the catalytic process. These studies
also suggest the internal electron transfer processes are highly tuned and will require further

investigation.

Stopped-flow kinetic analysis with HaDHN (40), in which the reductive half reaction was
examined based on spectral changes related to redox states of the flavin, identified three rate
constants representing three sequential first order reactions (40) similar to those identified for
TMADH (42). An initial fast phase was assigned to the two-electron reduction of FMN, a second
moderate phase was assigned to the intramolecular transfer of an electron from FMN to the FesS4
center producing the semiquinone form of the flavin and reduced iron sulfur center, FMNgFeSr.
A third, slow phase, occurred in the presence of excess substrate and was attributed to the
inhibitory binding of substrate (40). Interestingly, adding a large excess of histamine to HaDHN
in the absence of an electron acceptor resulted in stabilization of the FMN;FeSr state as
determined spectrophotometrically (17). Significantly, mutation of Y181F in HaDHN blocked
formation of the FMNqFeSr state, instead favoring the FMNRrFeSo state under either low or high
substrate concentrations (17). The investigations on HaDHN did not consider the 0/2 or 1/3 cycles,

although it is expected that the 1/3 cycle would also predominate at high substrate concentration.
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The Michaelis-Menten kinetics and UV-vis spectra of HaDHR and the mutants examined in this
dissertation are consistent with the model that only the FMNrFeSo state is present in HaDHR or
perhaps FMNsq has a very transient existence which is therefore not observed spectrally at both
low and high substrate concentration, suggesting only the 0/2 cycle is relevant. This is also
consistent with the result that in TAMDH, when a non-inhibiting substrate is used, only the 0/2
cycle is observed (16). These observations would also suggest that the hydrogen bond between
Asp136-Tyr181 in HaDHN may be a requirement for stabilizing the FMN;qFeSr state at high
substrate concentration. This speculation is consistent with Tsutsumi et al.’s observation with the
single Y181F mutant in HaDHN, that 50-80% of substrate inhibition was overcome (17). However,
the F176Y/F131D double mutant of HaDHR, designed to mimic the hydrogen-bonded pair at the
same position in HaDHN, and the F176Y/D265G/C266D triple mutant designed to mimic
“HaDHN-like” mutations, did not induce formation of the FMN.FeSr state at high substrate
concentration, indicating that FMNRrFeSo is the favored equilibrium state in HaDHR in the two-

electron reduced enzyme, even though the electrons are transferred one at a time.

Our surface model analysis and the T130P/F176Y/F131D triple mutant in HaDHR suggested that
Pro135 in HaDHN might be acting as a switch in controlling the concentration of substrate entering
the active site. Overcoming of substrate inhibition in Y181F mutation in HaDHN observed by
Tsutsumi et al. (17) might also be due to the regulation of the binding of the substrate at the active
site by Pro135. These studies suggested that even though the two structures are quite similar, just
a few key residues in the active site controls the environment around the FMN and the wider
substrate entry channel in HaDHR. These modest changes abolish substrate inhibition, which is
further confirmed by making “HaDHR-like” mutations to remove substrate inhibition in HaDHN.

The reciprocal process of inducing substrate inhibition in HaDHR is difficult.
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The structural comparison of HaDHR and HaDHN coupled with docking and simulation studies
supports the idea that the substrate can bind to the enzyme forming a substrate-enzyme complex
that is maximally catalytically productive (SP), but that the substrate can also bind to the enzyme
forming an unproductive complex (S"). The existence of these two states can be readily reconciled
with the two-cycle model of TMADH and the FMNgFeSr/FMNRrFeSo model of HaDHN substrate
inhibition. In reality, these two models are effectively the same, as both relate the degree of

substrate inhibition to the flow of electrons from the active site to the surface of the enzyme.

If the productive site has a higher affinity for substrate than the unproductive site and principally
operates at low substrate concentration via the 0/2 cycle (TMADH) or FMNrFeSo (HaDHN) then
at higher substrate concentration the unproductive site becomes occupied to a greater extent,
directing the enzyme through the 1/3 cycle (TMADH) or FMNyFeSg (HaDHN). Substrate
binding in the unproductive conformation stabilizes the flavin in the semiquinone form so that the
intramolecular electron transfer between the FMN;q and FeSo, becomes rate-limiting, reducing the
kcat. Tsutsumi et al. (17,40) also proposed the existence of two binding sites for histamine or that
the second histamine binds to a substrate-reduced enzyme in which the FMNjg, is the stabilized
state and that the intramolecular electron transfer from the FMNgq to FeSo at high substrate
concentration is unfavorable and rate-limiting. Assuming this is the case, the conversion of FMNjq
to FMNRr must be accompanied by a conformational change within the active site that destabilizes
the unproductive state (S") enabling the substrate to assume the productive state (SP) leading to

product formation.

Our observations from the short molecular simulations strongly suggest that this conformational
change results from breaking the Asp136-Tyr181 hydrogen bond accompanied by repositioning of

histamine in the active site to adopt a similar position to that found in the “induced fit” structure
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of HaDHR. We speculate that with w~-HaDHR and its double and triple mutants, the
intramolecular electron transfer from FMNR to FeSo is instead the rate limiting step at both low
and high substrate concentrations due to differences in the formal potentials of the cofactors of the
two enzymes. How wt-HaDHR and its double and triple mutants are involved in modifying the
formal potentials of the FMN and FeS cofactors is the subject of ongoing mutational and structural

analysis.

In conclusion, side-by side comparison of the active site residues in two closely related flavin-
dependent histamine dehydrogenases has provided, a high-resolution structural basis for
understanding the absence of substrate inhibition in HaDHR and presence of substrate inhibition
in HaDHN simultaneously. Molecular dynamic simulations have indicated that histamine and
HaDHR undergo an “induced fit” as histamine binds within the active site of HaDHR, thereby
providing novel mechanistic insight into how both the enzyme and substrate conform for optimal
catalytic turnover. This is not evident by simply examining the crystal structure. Our observations
also support the two-cycle model of substrate inhibition put forward by Roberts e al. (16) by
providing structural evidence for how substrate can induce the switch between the two cycles in a
concentration-dependent manner. Lastly, the unusually high specificity of HaDHR for histamine,
the fact that it is not inhibited by tryptophan, its robust turnover and Kso that matches physiological
concentrations of histamine in biological fluids (48,49) and spoiled foods (50,51) demonstrate
essential properties of the biological recognition element for a biosensor. An important remaining
issue is creating highly efficient direct electron transfer (DET) between the enzyme and the

electrod that we and others (11,50,51) are actively pursuing.
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Chapter 4. Engineering the HaDHR enzyme with gold and platinum metal affinity peptides

for controlled orientation to develop a working amperometric biosensor

4.1 Abstract

Development of a working amperometric biosensor requires that the biorecognition element, i.e.
the enzyme, be immobilized on the transduction element in a stable configuration and orientation.
Genetically engineered metal affinity peptides have been described to orient an enzyme to a
transduction element. Compared to traditional chemical methods, a single step bio-assembly
process should show comparable binding affinity with improved orientational control. In this
study, we engineered HaDHR with noble metal affinity peptides directed to gold or platinum to
orient and immobilize the enzyme on the electrode surface. A six amino acid linker was used for
gold binding peptide and a four amino acid linker was used for the platinum binding peptides. The
engineered enzyme was characterized using multiple techniques, including surface plasmon
resonance (SPR), atomic force microscopy (AFM), dynamic light scattering (DLS), and quartz
crystal microbalance (QCM). Initial binding studies for the gold binding peptides were performed
using SPR. The studies suggested that the ionic strength, e.g., the concentration of salts may play
an important role in binding of the cAuBP peptides to the gold surface. The AFM studies showed
more aggregates for the HaDHR-cAuBP-CT constructs, further emphasizing the importance of
electrostatic interactions of the metal binding peptides with the surface when tethered to an
enzyme. Preliminary studies with platinum binding peptides were performed using DLS and
QCM. Both studies showed interaction of the platinum binding peptides to a platinum surface. In
addition, QCM studies with the HaDHR-cAuBP-CT were also performed. The buffer conditions
used in the QCM measurements were guided by our SPR studies. The HaDHR-cAuBP-CT

construct showed significant binding to a gold surface as compared to the unmodified HaDHR,
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consistent with the SPR binding isotherms. The HaDHR-PtBP-CT construct also showed binding
to a platinum surface, however, over time delamination was observed. The importance of linker
sequence in controlling the orientation, presentation, and direction of the enzyme tethered metal

binding peptides to a surface was also highlighted in these studies.
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4.2 Introduction

Enzyme based amperometric biosensors, that are often used in medical care, are divided into three
broad classes or generations that reflect how electrons are delivered to the transduction element of
the biosensor. The Generation 1/Gen 1 biosensor uses an oxidase enzyme, with ambient oxygen
acting as the electron acceptor from the enzyme to generate hydrogen peroxide. The hydrogen
peroxide is typically measured electrochemically at a noble metal surface where electrons are
transferred from the peroxide to the transduction element generating a current and regenerating
oxygen (1). Other measurement modalities not involving noble metal transduction elements have
also been described (2-5). This process is stoichiometric with respect to substrate, where one
molecule of substrate will generate one molecule of peroxide which will generate a current based
upon the two-electron oxidation of the peroxide back to oxygen. This process has proven
reproducible and has led to the development of commercial biosensors for a variety of substrates

including glucose, lactate, ethanol, and glutamate (6,7).

Gen 1 biosensors are dependent on dissolved oxygen concentration in solution which is 18-20%,
but in tissue it reduces to 5% or less (1,8). Also, the peroxide generated in this process is a reactive
species and can degrade or react with other species. To overcome these problems, a Generation
2/Gen 2 biosensor was introduced that uses artificial mediators such as ferrocenes, osmium salts,
organic dyes, quinones, and a variety of ferri/ferrocyanides to accept electrons. Thus, the mediator
takes the place of oxygen in a Gen 1 biosensor (9-14). A significant advantage of using a Gen 2
biosensor is that the mediators are not dependent on oxygen concentration and by selecting a
proper mediator, the working potential of the electrodes can be fine-tuned to remove any
electrochemical interference from any unwanted species (12,15). One can also make the electrode

pH insensitive by choosing a mediator with a low overpotential for regeneration. In some cases,
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mediators can be more reactive and more stable than oxygen. While both artificial mediators and
oxygen must first react with the enzyme before diffusion to the electrode, an artificial mediator
may enjoy greater stability, result in more mediator at the electrode surface, which in turn results

in a higher electrochemical signal (16-18).

A Generation 2.5/Gen 2.5 biosensor has been introduced wherein a dehydrogenase enzyme has a
mediator directly tethered to the enzyme to support quasi-direct electron transfer (quasi-DET) to
the electrode surface (19). This type of mediated modified enzyme was introduced in Chapter 2 of
this dissertation (see Figure 2-10) where HaDHR was modified with Fc-maleimide to produce a
construct that was capable of quasi-direct electron transfer in the absence of any other mediator.
This type of modified enzyme can be free in solution or as disclosed in this Chapter potentially
tethered directly to the electrode surface. As shown in Chapter 2 of this dissertation if the mediator
modified enzyme is free in solution because diffusion to the electrode is required, which in turn is
dependent upon the size of the enzyme. Larger enzymes will diffuse more slowly and give rise to

a smaller signal.

A Generation 3/Gen 3 biosensor uses a dehydrogenase enzyme to directly transfer electrons from
the enzyme to the electrode surface without the need for mediators or oxygen (20). A schematic

representation of different generations of biosensors is shown in Figure 4-1.

The Gen 3 principle, employing dehydrogenase enzymes that can undergo direct electron transfer
(DET), is the most elegant and ideal approach for use in an enzyme-based amperometric
biosensors. This process must be optimized to properly orient the enzyme with respect to the
electrode surface. Knowledge of the electron transfer pathway from the active site to the surface
of the protein should be taken into consideration so that DET is facilitated. This is an area of active

research, and several different strategies are being investigated.
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Dehydrogenase enzymes have a redox cofactor (FAD or FMN) and an electron transfer subunit
(an FeS cluster or heme group), that makes them capable of DET. There are several glucose
dehydrogenase enzymes that exhibit this behavior (21-24). One of the most prominent and
extensively studied glucose dehydrogenase enzyme that has shown a DET mechanism is the
bacteria-derived flavin adenine dinucleotide dependent glucose dehydrogenase (bFADGDH)
(21,23-25). Remarkable progress has been done in understanding the structure and functional
relationship of bFADGDH by Sode ef al. (26,27), who harnessed this enzyme system to construct

a Gen 2.5 sensor (19).

The crystal structure of bFADGDH revealed three distinct subunits: a catalytic subunit (o) that
consists of the FAD and 3Fe-4S cluster located at the surface, the electron-transfer subunit ()
which consists of three heme ¢ cytochrome-like protein, and a small subunit (y) respectively (28).
The B-subunit showed the presence of three hemes and the a-subunit showed the presence of an
3Fe-4S cluster on the surface of bFADGDH in addition to an active site bound molecule of FAD.
Sode et al. focused his studies on understanding the role of the y-subunit and identified that co-
expression of the y-subunit is required for the functional expression of the a-subunit, thereby
serving as a hitchhiker protein of the a-subunit (29). Based on these structural and functional
analysis, several engineering strategies have been applied to understand the electron transfer
pathway in bFADGDH to create an ideal enzyme for glucose sensing either using artificial electron

mediators or to the electrode directly (30-33).
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Substrate Product Substrate Product Substrate Product Substrate Product

Electrode Surface Electrode Surface Electrode Surface Electrode Surface
Gen1l Gen 2 Gen 2.5 Gen3

Figure 4-1 The evolution of amperometric biosensors

A Generation 1/Gen 1 biosensor uses an oxidase enzyme as a biorecognition element where
oxygen acts as the electron acceptor. A Generation 2 /Gen 2 biosensor uses an oxidase or
dehydrogenase enzyme coupled with an artificial mediator that serves as the electron acceptor.
The artificial mediator can be either free in solution or immobilized on the electrode surface. A
Generation 2.5/Gen 2.5 biosensor uses a dehydrogenase enzyme where the artificial mediator is
covalently attached to the enzyme and displays quasi-DET. A Generation 3/Gen 3 biosensor uses
a dehydrogenase enzyme and does not use an artificial mediator, but instead relies solely on DET
to the electrode surface.
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For an enzyme to be sensitive and responsive enough for DET biosensing applications, the
orientation and immobilization of the biorecognition element to the electrode surface is an
important design element. In addition, for long term in vivo biosensing applications, the enzyme
should not desorb or diffuse away from the electrode surface and must achieve stable
configuration. Studies with bFADGDH enzymes have shown that the electron transfer rate is
highly dependent on the distance of the electron transfer between the redox site of the enzyme and
the electrode (32). Current approaches fail to effectively address this problem, as enzyme

inactivation or denaturation is often observed (34).

Traditional enzyme-immobilization methods utilize covalent attachment using chemical
crosslinkers, such as glutaraldehyde, to attach the enzyme to the electrode surface. Chemical
coupling methods using self-assembled monolayers (SAMs) of silanes and thiols which provide
functional groups on the distal end of the reagent (e.g., carboxyl or amine groups) for protein
binding have also been used (35,36). This method provides a strong anchor of an enzyme to the
surface. However, this approach inevitably results in reduced enzyme activity. These approaches
can result in loss of activity upto 90% (34,37,38). The chemical coupling method using SAMs rely
on the availability and location of the surface groups on the protein for attachment. This often
causes difficulty to control the protein orientation on the electrode surface due to heterogenous
binding of the silane or thiol-functional group to the surface of the protein. This variation results
in a mixture of active, inactive and partially active proteins on the surface and may often results

in multilayer coverage depending on the protein used (39).

Over the last decade, the use of inorganic surface-recognition peptides has been introduced as an
alternative to the more conventional chemical methods (40-44). The peptides are selected using

combinatorial biology-based peptide phage or cell surface display libraries. The ease of genetic
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fusion of these short peptide sequences into any permissive site, or to the C- or N-termini of an
enzyme, offers an alternative and attractive approach for controlled enzyme orientation to support
DET (40,41,44-47). In principle, this approach could provide much greater control over the
assembly and the orientation process in a self-directed manner with a dissociation constant value

ranging from nM to pM and has already achieved some success (40,41,44,47).

Despite considerable research, those surface-related parameters that control and define the binding
of these peptides to a metal surface are still not completely understood (48-51). Studies to date are
mostly related to structural or physico-chemical interactions (49,50,52-54). Ideally a set of metal
binding peptides with the associated linkers would eventually be available for routine modification
of enzymes for DET applications. Modification of an enzyme still requires considerable
development, including optimization of the linker between the peptide and the enzyme to which

the peptide is fused.

At this time, there is still no general approach to metal binding peptide modification of the enzyme
that can be used in a “plug and play” fashion. This is due, in part, because a comprehensive
understanding of the structure and physico-chemical contributions to metal peptide orientational
control is still in its infancy. Parameters such as surface charge, buffer composition, linker
sequence, and N vs C attachment of the peptide all contribute to the binding kinetics and
thermodynamics of a modified enzyme. The most important contributing factor in binding of a
peptide to a solid metal surface is currently believed to be electrostatic interactions (55-57). The
overall contribution of these interactions to the binding of a peptides to a solid metal surface has

yet to be fully investigated.

In this Chapter, we describe the engineering of HaDHR enzyme by genetic fusion to the gold (Au)

or platinum (Pt) binding metal affinity peptides that have been described for other dehydrogenase
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and oxidase enzymes (Table 4-1) (40,41,47,58). This study sought to leverage previously
successful metal affinity peptide mediated orientational control to orient HaDHR on electrode
surface for DET. The crystal structure reported in Chapter 2 of this dissertation was a necessary

pre-requisite of this protein engineering effort.

HaDHR forms a homodimer with a covalently attached flavin mononucleotide (FMN) and an
Fe4S4 cluster as two redox cofactors. The crystal structure of HaDHR, discussed in Chapter 2 of
this dissertation, revealed that the homodimers are arranged in an asymmetric unit that are related
by 2-fold symmetry making the C-terminals parallel to each other whereas the N-terminals are
facing in opposite direction (Figure 4-2A). Based on this structural information, we engineered a
fusion protein consisting of HaDHR and a C-terminal cyclic gold binding peptide (cAuBP) and a
C-terminal linear three and/or five repeat platinum binding peptide (3xPtBP and/or 5xPtBP)
(Figure 4-2B) (58,59). After successful engineering of these peptides with HaDHR, a variety of
techniques were used to analyze the binding interactions of these fusion constructs on a metal
surface. The fusion constructs were analyzed using surface plasmon resonance (SPR), atomic force

microscopy (AFM), quartz crystal microbalance (QCM) and dynamic light scattering (DLS).
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Table 4-1: Enzymes immobilized using metal affinity peptides

(this study)

Protein Name Peptide Sequence Ka
Lactate dehydrogenase from NT-CGPWALRRSIRRQSYGPC-
65 mM
Bacillus stearothermophilus (41) GGGS-bsLDH-CT
Formate dehydrogenase from NT-CGPWALRRSIRRQSYGPC-
64 mM
Candida methylica (40) GGGS-cmFDH-CT
NT-Putox-PGGG-
Putrescine oxidase (47) 20 nM
CPGWALRRSIRRQSYGPC-CT
MBP-Lactate Oxidase NT-SPTSTGQAPTSTGQAPTSTGQAS-
<1 0—12
(unpublished data) GSSG-MBPLOx-CT
HaDHR with Au binding peptide NT-HaDHR-SSGSSG-
~10¢
(this study) CPGWALRRSIRRQSYGPC-CT
HaDHR with Au binding peptide NT-HaDHR-SGGG-
~10°¢
(this study) CGPWALRRSIRRQSYGPC-CT
HaDHR with Pt binding peptide
NT-HaDHR-SGGG-(PTSTGQA)3;-CT ~10¢
(this study)
HaDHR with Pt binding peptide
NT-HaDHR-SGGG-(PTSTGQA)s-CT ~10¢
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Figure 4-2 Engineering of HaDHR enzyme for controlled orientation

(A) The N-terminus (red) in an antiparallel orientation and the C-terminus (blue) in a parallel
orientation of HaDHR are shown. The two redox cofactors FMN and FesS4 are also highlighted.
(B) An engineered form of the enzyme where metal affinity peptides are attached to the C-
terminus of HaDHR to direct the assembly to an electrode surface.
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4.3 Experimental procedures

4.3.1 Materials.

Histamine, carbenicillin, chloramphenicol, Sephadex G-50 resin was purchased from Sigma
Aldrich. Ni-NTA resin was purchased from Qiagen. DNasel was purchased from Roche. The
primers used in this study were obtained from Integrated DNA Technologies. DNA ligase and
Dpnl were purchased from Thermo Fisher Scientific. E.coli XL-10 Gold and BL21 (DE3)
competent cells were purchased from Agilent Technologies. NuPAGE gel, 12% Bis-Tris,
Invitrogen, and InstantBlue stain from Expedeon Ltd. Binding studies for cAuBP were performed
on gold-coated SPR chips obtained from Cytiva Life Sciences. Binding studies for cAuBP and
PtBP were performed on gold and platinum coated QCM chips obtained from Gamry Instruments.
Synthetic platinum nanoparticles of various sizes were provided by Dr. Mary Beth Carter at

Design-Zyme LLC.

4.3.2 Site directed mutagenesis

The surface exposed cysteine (Cys601) as informed from the crystal structure of HaDHR and
highlighted in Chapter 2 were mutated to serine in w-HaDHR expression plasmid ORF by using
the Quick-change site directed mutagenesis kit (Agilent Technologies). Plasmid DNA was purified
from mutant transformant colonies, and the mutations were validated by Sanger sequencing. This
was done to avoid any non-specific binding of cysteines to either the Au or Pt surface. This will

be denoted as HaDHR in this Chapter for simplicity.

4.3.3 Expression vector construction for cyclic gold binding peptide (cAuBP)
Construction of expression vectors to produce HaDHR-cAuBP-CT was performed using

megaprimer insertion cloning into the pMCSG7 vector (60). The vector encoded the histamine
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dehydrogenase from Rhizobium sp. 4-9 (HaDHR) gene together with 6xHis tag on the N-terminus
of the protein followed by a tobacco etch virus (TEV) cleavage site. A solubility tag GB1 was
inserted in between the 6xHis tag and the TEV cleavage site to enhance protein production. Gene
blocks targeted to the C terminus of the HaDHR gene were obtained commercially from Integrated
DNA Technologies, as well as gene blocks encoding the cyclic AuBP (cAuBP) peptide

(CPGWALRRSIRRQSYGPC) plus linker (SSGSSG) and (SGGG) sequences (40,41,47).

The megaprimer insertion cloning was performed using the T100 Thermal Cycler PCR machine
and the PCR products were digested using Dpnl and transformed into 50 uL of XL-10 Gold cells.
Transformants were selected on 100 ug/mL carbenicillin LB agar plates that were incubated
overnight at 37 °C. DNA from the transformant colonies were purified using a Qiagen miniprep
kit. The DNA concentration was measured using a NanoDrop 200c¢ spectrophotometer (Thermo
Fisher Scientific) and the samples were sequenced and confirmed commercially (ACGT Inc.). The
successfully sequenced constructs were then transformed into BL21 (DE3) pRARE cells for
expression. The HaDHR enzyme was also transformed into BL21 (DE3) pRARE cells for side-

by-side comparison and production.

4.3.4 Expression vector construction for linear platinum binding peptide (PtBP)

Construction of expression vectors to produce HaDHR-5xPtBP-CT was performed using
megaprimer insertion cloning on the pMCSG7 vector (60). The gene block encoding the five
repeats of the linear Pt binding peptide (PTSTGQA) plus linker (SGGG) sequence was prepared

(58). The megaprimer insertion cloning was performed in the similar manner as above.

HaDHR-3xPtBP-CT construct was prepared by using non-overlapping PCR protocol and the PCR
reaction was run using HaDHR-5xPtBP-CT as the template. PCR was performed and the PCR

products were then ligated using KLD mix (New England Biolabs) and transformed into 50 pL of
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XL-10 Gold cells. The transformants were treated the same way as above. The successfully

sequenced constructs were transformed into BL21 (DE3) pRARE cells for expression.

4.3.5 Protein expression and purification

Transformant starter cultures of BL21 (DE3) pRARE were grown overnight at 30 °C in a shaker
incubator in 10 mL Luria Bertani (LB) broth containing 100 ug/mL carbenicillin and 25 ug/mL
chloramphenicol. Next day, a large-scale protein expression was performed by adding the
overnight culture into 1L of enhanced LB medium (100 pg/mL carbenicillin, 0.8% (v/v) glycerol,
10 mM MgCl) and incubated at 37 °C until it reached an optical density (ODsoo) of ~0.6-0.8 at a
shaking speed of 300 rpm. The cultures were induced with 0.1 mM isopropyl B-D-1-
thiogalactopyranoside (IPTG) and 0.5% (v/v) glycerol and were incubated overnight at 15 °C with
constant shaking at 300 rpm. Cells were chilled to 4 °C and harvested by centrifugation at 5000 x
g for 10 min. Cell pellets were resuspended in 100 mL lysis buffer (50 mM potassium phosphate,
pH 7.4, 0.15 M NaCl and 5 mM imidazole) and frozen at -80 °C overnight. Cell suspensions were
thawed, 5 U/mL DNasel was added and incubated on ice for 10 min and then sonicated in an ice
water bath for 4 min using an alternating 2 sec on/10 sec off duty cycle at 30% amplitude. Lysate
was clarified by centrifugation at 20,000 x g for 60 min at 4 °C. The soluble cell fraction was
gently mixed with 3 mL of Qiagen Superflow Ni-NTA resin equilibrated with lysis buffer. The
resin slurry was loaded onto a 1.6 cm x 30 cm column (Biorad) and washed with 10 column
volumes of lysis buffer followed by 10 column volumes of lysis buffer containing 20 mM
imidazole. The protein was eluted with 1.5 column volumes of lysis buffer containing 250 mM
imidazole. The lysis buffer contained 250 uM TCEP for the cAuBP constructs to avoid any

aggregation due to cross-linking of Cys residues present at the ends of the engineered construct.
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The eluate from the Ni-NTA column was treated with tobacco etch virus (TEV) protease to remove
the 6xHis and GB1 tag in the lysis buffer containing 5 mM Dithiothreitol (DTT) and 1 mM EDTA.
The TEV protease was added to a 1:5 (TEV: protein) molar ratio. The reaction mixture was
incubated for two days at 4 °C. Gel filtration on Sephadex G50 was performed to remove DTT
and EDTA. The protein was then subjected to a Ni-NTA column. The tag-less protein that was
collected in the flow through was >95% pure as judged by SDS-polyacrylamide gel electrophoresis
(SDS-PAGE). The protein was concentrated by ultrafiltration (Amicon Ultra-15 concentrator) and
loaded onto a 1.6 x 60 cm Superdex 200 Increase GL column at a flow rate of 1.0 mL/min. Peak
fractions containing the HaDHR-cAuBP-CT, HaDHR-5xPtBP-CT, and HaDHR-3xPtBP-CT
dimers were pooled. Glycerol was added to 20% (v/v) and the protein was snap frozen in liquid

nitrogen and stored at -80 °C.

4.3.6 Surface Plasmon Resonance (SPR) measurements for cAuBP construct

The binding kinetics of HaDHR and HaDHR-cAuBP-CT were performed using a four channel
Biacore T200 SPR instrument (GE Healthcare). The buffer solutions were degassed to avoid any
bubble formation in the flow cell. A stable baseline was established by flowing 10 mM Tris-HCI
buffer, pH=7.5 over the gold surface. HaDHR and HaDHR-cAuBP-CT enzyme solutions were
flowed through the surface at different concentrations (0.1 uM - 5 uM) and their adsorption was
monitored. The temperature within the flow cell of the SPR was kept constant at 25 °C. The
solutions were introduced to the flow cell at a rate of 10 uL/min with association and dissociation
phases ranging from 800s-1800s. The results were analyzed using one-site total binding model in
Graph Pad Prism version 6.0 software and an estimate of K4 for the two enzymes were obtained
(61). The binding kinetics of HaDHR and HaDHR-cAuBP-CT and the control protein PutOx and

PutOx-cAuBP-CT were obtained at 1 puM concentration and the results were compared.
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Additionally, buffer scouting experiments with 20 mM sodium phosphate buffer, pH=7.4 and 100
mM potassium phosphate buffer, pH=7.4 and kinetic measurements with 10 mM Tris-Cl, 100 mM

NaCl, pH=7.5 were also performed.

4.3.7 AFM measurements for cAuBP construct

The material specificity of HaDHR and HaDHR-cAuBP-CT was studied using template-stripped
gold (TSG) surfaces as substrates for protein adsorption. The surfaces were cleaned first with pH
adjusted (pH=7.5) double distilled water for few seconds and then conditioned with 10 mM Tris-
HCI buffer, pH=7.5. Surfaces were then dried completely under a stream of nitrogen. The enzyme
concentrations were adjusted to 0.25 uM and 0.1 uM with the buffer and a volume of 100 pL of
each protein sample was applied to the TSG surface, such that the surface was covered completely.
This was then incubated for 1h. The surfaces were then washed with bufter for few seconds and
then thoroughly with MilliQ water to remove any excess and unbound protein. The surfaces were
then dried under a stream of nitrogen and imaged immediately using tapping mode AFM (Digital
Instruments, NanoScope Illa). The imaging in tapping mode was done using diamond-like carbon-
coated tips (TAP300DLC, f=300 kHz, k =40 N/m). Typical scan rates were 1 Hz with a scan size
of 1 x 1 um or 500 nm. For high-resolution imaging, a cantilever with a 5 nm nominal radius was

used to assess the topography of enzyme immobilized on the gold surface.

Dimensions of single molecules was determined using the samples that were prepared using low
protein coverage (0.1 uM). Bruker-NanoScope analysis 1.5 software was used, and from each
sample, 20 molecules were analyzed over three different spots (n=20 for each protein). The
average length and width were measured by first identifying the “endpoint” of the protein by
determining the vertical halfway point between the flat surface and the peak of the protein. The

other endpoint was then determined by shifting the other measurement line until the vertical
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distance was approximately zero. The horizontal distances were then recorded. The width was set
as the larger values and the length as the smaller values for the cross-sections. The heights were
measured by taking a cross-section of the protein and measuring the difference between the peak
of the protein and a flat section adjacent to the protein. This was performed four times, twice for
the length cross-section and twice for the width. The averages of these were used for the height of

that protein.

4.3.8 Dynamic light scattering (DLS) measurements with Pt nanoparticles for PtBP
constructs

The binding affinity of HaDHR, HaDHR-5xPtBP-CT, HaDHR-3xPtBP-CT, were measured using
~50 nm platinum (Pt) nanoparticles. The control proteins used were MBP-LOx and NT-3xPtBP-
MBP-LOx (obtained from Design-Zyme LLC.). The protein concentration used was 5 uM for
HaDHR and 1 uM for MBP-LOx. The appropriate protein concentrations were prepared in 1 mL
of 10 mM citrate-tris buffer, pH=7.0 in a disposable plastic cuvette and the DLS measurements
were recorded using a Malvern Zetasizer Nano ZS90. 50 uL of Pt nanoparticles were added in the
solution and was incubated for 1h. The DLS measurements were recorded again after incubation

and a shift in the Z-average and the peak size in presence of the nanoparticles was observed.

4.3.9 Quartz-crystal microbalance (QCM) measurements for cAuBP and PtBP constructs

HaDHR, HaDHR-cAuBP-CT, and HaDHR-3xPtBP-CT stock solutions were prepared for QCM
analysis by desalting the protein using Sephadex G-50 fine gel filtration columns into 10 mM Tris-
CL, 100 mM NaCl, pH=7.4. The protein was then filtered through a 0.2 pm filters (Millipore,
Ultrafree-MC, 0.5mL). The concentration of the protein samples was adjusted to ~1 uM with
freshly degassed buffer. Au and Pt QCM sensors (5 MHz, Gamry Instruments) were rigorously

cleaned, mounted in flow cell, and equilibrated with the same buffer for ~2h. A nominal sensitivity
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of 5 MHz for these QCM sensors as supplied by Gamry was used. Gamry’s eQCM 10M system
was used and once the sensors achieved baseline stability the data was collected. Protein solutions
were passed over the equilibrated sensors at a flow rate of 200 uL/min at room temperature. An
Ismatec Reglo (SK-78018-14) digital 2-channel 12-roller pump with MasterflexLive,

115/230VAC perfusion pump was used to deposit the enzymes over the QCM chips.
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4.4 Results

4.4.1 Fusion Protein constructs with cAuBP

Gold binding peptides that were previously characterized and has shown high specificity and
affinity for binding to gold surfaces were chosen for this study (40,41,47). Cyclic gold binding
peptides (cAuBP) were incorporated by using cysteinyl residues together with a short linker
sequence attaching the peptide to the C-terminal. Fusion proteins were engineered into the
pMCSG7 vector (Figure 4-3A), such that the cAuBP was attached with a linker to the C-terminal
end of HaDHR. Previous studies had used a SGGG linker between the protein and the cAuBP, and
this version of the linker was used for some initial control studies. Based on a molecular modelling
study (62) an apparently more flexible six amino acid linker (SSGSSG) was also investigated in

this study (Figure 4-3B).

HaDHR was engineered with an IgG B1 binding domain of Protein G (GB1) (63-65) solubility tag
into the N-terminus, so that a soluble, recombinant form of the protein could be produced. The
GBI tag was introduced before the TEV (Tobacco etch virus) protease cleavage site so that the
6xHisGBI1 tag could be cleaved from the protein following purification. The soluble fractions of
the proteins were obtained during purification as shown in Figure 4-3C. The SDS-PAGE gel
analysis showed that the proteins were ~>95% pure after affinity column purification and TEV
cleavage. The multiple higher band before cleavage might be due to some aggregate or dimer
formation. The proteins underwent a final size exclusion chromatography (SEC) purification step

prior to characterization of the engineered construct by SPR, AFM and QCM.
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pMCSG7-HaDHR-cAuBP-CT

7617 bp

6xHis TEV site

Figure 4-3 Vector map and SDS-PAGE gel images for cAuBP constructs

(A) A vector map showing the fusion protein construct in pMCSG7 vector, (B) A linear sequence
map showing the fusion protein construct with cAuBP at the C-terminal attached through a linker,
and (C) SDS-PAGE gel image after protein purification and cleavage of 6xHisGB1 tag. Molecular
weight estimated for GB1-HaDHR-cAuBP-CT is ~79 kDa and for HaDHR-cAuBP-CT is ~78.3
kDa.
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4.4.2 Fusion Protein constructs with PtBP

A high-affinity seven amino acid PtBP sequence (PTSTGQA) reported by Tamerler et al. was
chosen for this study (58). This linear platinum binding peptide (PtBP) was identified via a phage
display selection (58). Previous studies have suggested that repeats of this sequence may improve

binding for some enzymes (66). Note that this sequence does not contain a cysteinyl residue.

A four amino acid linker (SGGG), described by Tamerler ef al. was used for all platinum binding
peptide constructs (40,41). Two constructs, one with a three repeat of the PtBP sequence (3xPtBP)
and other with a five repeat of PtBP sequence (5xPtBP) were prepared by integrating the PtBP
sequence with the linker onto the C terminus of HaDHR. Fusion proteins were cloned into the

pMCSG7 vector as shown in Figure 4-4A.

The linear sequence map showing the final construct consisting of a 6xHis, a GB1 solubility tag,
a TEV cleavage site, the HaDHR protein and, the C-terminal 3xPtBP/5xPtBP sequence attached
to the protein via a four amino acid linker is shown in Figure 4-4B. The proteins were expressed
and purified in the soluble form as shown in the SDS-PAGE gel image (Figure 4-4C). The SDS-
PAGE gel analysis showed the proteins to be >95% pure after the affinity column purification. The
fusion protein constructs were further purified using SEC. The engineered proteins were
characterized via DLS with Pt nanoparticles and QCM on Pt sensor chips, to examine the binding

interactions to Pt surfaces.

143



pMCSG7-HaDHR-3xPtBP-CT
7662 bp

Figure 4-4 Vector map and SDS-PAGE gel images for PtBP constructs

(A) A vector map showing the fusion protein construct in pMCSG?7 vector, (B) A linear sequence
map showing the fusion protein construct with 3xPtBP at the C-terminal attached through a linker,
(C) SDS-PAGE gel image after protein purification and cleavage of 6xHisGB1 tag for both the
3xPtBP and 5xPtBP constructs. Molecular weight estimated for GB1-HaDHR-3xPtBP-CT is
~87.8 kDa, GB1-HaDHR-5xPtBP-CT is ~89 kDa, HaDHR-3xPtBP-CT is ~78.9 kDa, and
HaDHR-5xPtBP-CT is ~80.2 kDa
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4.4.3 Binding analysis using SPR for cAuBP constructs

Binding interactions of HaDHR and HaDHR-cAuBP-CT on gold surface were analyzed by SPR
using the buffer employed for previously described PutOx results (47). Two phosphate buffers, 20
mM sodium phosphate buffer, pH=7.4 and 100 mM potassium phosphate buffer, pH=7.4, were
used for studying the binding interactions of HaDHR and HaDHR-cAuBP-CT at 1 uM
concentration (Figures 4-5A and 4-5B). Neither buffer condition resulted in any improvement in
gold surface binding of cAuBP tagged proteins compared to HaDHR. While the lower ionic
strength buffer showed slight differences in binding between the HaDHR and HaDHR-cAuBP-CT
protein, a significant decrease in binding of the cAuBP tagged proteins was observed at the higher

ionic strength buffer on the gold surface.

Previous studies of cAuBP peptides attached to other dehydrogenase proteins used a buffer
consisting of 10 mM Tris-Cl, pH=7.5 (41,44). The binding of the PutOx and PutOx-cAuBP-CT,
two control proteins, were examined using this buffer, and the results are shown in Figure 4-5C.
Consistent with the data published in a phosphate buffer system (47), at a concentration of 1 pM,
the PutOx-cAuBP-CT showed better binding to a gold surface as measured by SPR compared to
PutOx. The former was shown in a phosphate buffer to preferentially bind to a gold surface with
anM K. This binding preference is also shown in Tris-buffer, and these results verified the proper

functioning of the SPR setup.

Kinetic measurements at different protein concentrations (0.1 uM- 5 uM) were examined for both
the HaDHR and HaDHR-cAuBP-CT in 10 mM Tris-Cl, pH=7.5 buffer (Figure 4-5D) to calculate
the equilibrium dissociation constant (K4). No hyperbolic binding curve was observed for the
HaDHR control, and only a partial hyperbolic curve for HaDHR-cAuBP-CT was obtained. Kq

determined from the experimental binding isotherms were ambiguous for HaDHR, but a K4 of
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~0.4 uM was obtained for the HaDHR-cAuBP-CT protein. The binding curves suggested that 1
UM might be a good concentration for detailed SPR studies. The dissociation results were not
analyzed for any of these response curves because the association rate constants were too slow to

warrant further analysis.

At a concentration of 1 pM, HaDHR and HaDHR-cAuBP-CT showed essentially the same
response curves (Figure 4-5E). This might be because of protein aggregation, the metal affinity
peptides may be interacting with the protein and therefore not available for binding, sterically
shielded by the protein to prevent interactions with the gold surface or not properly aligned in a
productive conformation to allow for binding to the gold surface. Since the Tris-buffer alone did
not show any difference in binding between the two constructs, similar kinetic experiments were
performed by adding 100 mM NaCl to the Tris-buffer (Figure 4-5F). The concentration dependent
SPR binding curves showed a good hyperbolic response for both HaDHR and HaDHR-cAuBP-
CT proteins with a saturation at ~5 uM. The Kq for binding was calculated to be ~1 uM for HaDHR
whereas for HADHR-cAuBP-CT it was found to be ~0.4 puM similar to that obtained using 10 mM
Tris-Cl, pH=7.5. At this time, we were unable to continue with more detailed SPR studies as the
access to the equipment was no longer available due to its failure and lack of funds to repair the
system. While these studies are incomplete and potentially inconclusive, the preliminary
suggestion is that binding may preferentially occur for the HaDHR-cAuBP-CT construct on a gold
surface in a tris-buffer system with salts present. The importance of specific vs non-specific

binding is considered more fully in the discussion section below (vida infra).
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Figure 4-5 SPR response curves in phosphate and tris buffers

(A) Response Units (RU) vs time curves for HaDHR (black) and HaDHR-cAuBP-CT (red) at 1
uM concentration using 20 mM sodium phosphate buffer, pH=7.4, (B) RU vs time curves for
HaDHR (black) and HaDHR-cAuBP-CT (red) at 1 uM concentration using 100 mM potassium
phosphate buffer, pH=7.4. (C) RU vs time curves for PutOx (black) and PutOx-cAuBP-CT (red)
at 1 uM concentration using 10 mM Tris-Cl, pH=7.5. (D) Response units (RU) vs concentration
curve for the kinetic experiments using HaDHR (black) and HaDHR-cAuBP-CT (red) proteins at
varying concentrations (0.1 uM- 5 uM) using 10 mM Tris-Cl, pH=7.5. (E) RU vs time curves for
HaDHR(black) and HaDHR-cAuBP-CT (red) at 1 uM concentration using 10 mM Tris-Cl,
pH=7.5. (F) RU vs concentration curve for the kinetic experiments using HaDHR (black) and

HaDHR-cAuBP-CT (red) proteins at varying concentrations (0.1 pM- 5 uM), using 10 mM Tris-
Cl and 100 mM NacCl, pH=7.5.
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4.4.4 AFM measurements for cAuBP construct

Binding studies via SPR indicated that HaDHR and HaDHR-cAuBP-CT binds in a similar manner
on the gold surfaces when performed using 10 mM Tris-Cl, pH=7.5 buffer. To further probe the
interactions of these proteins with a gold surface, AFM studies were performed on template-
stripped gold surfaces (TSG). Protein films were imaged in air after protein adsorption for 1h at a
concentration of 0.25 pM. The images were collected in tapping mode as shown in Figures 4-6A
and 4-6B. HaDHR (Figure 4-6A) showed a slightly lower surface coverage compared to HaDHR-
cAuBP-CT (Figure 4-6B) as seen from AFM images. Higher aggregates and bigger protein
particles were also observed in HaDHR-cAuBP-CT protein images. Individual protein particles

are indicated by a white arrow.

Dimensions of single molecules of protein can be determined using AFM images from low-
coverage conditions. Figure 4-6C shows single molecule of protein along with the cross-sectional
profiles through the protein bound to the gold surface as indicated by white line. For each sample,
20 molecules were analyzed and the length, width (FWHM) and the height of the proteins were
determined. As shown in Figure 4-6D, the length, width, and height of HaDHR and HaDHR-
cAuBP-CT were very similar and no significant difference in dimensions were observed. These
binding interaction studies strongly suggest that the presence of cAuBP tag is not showing any

effect on the binding to the gold surface.
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Figure 4-6 AFM images under ambient conditions

(A) HaDHR and (B) HaDHR-cAuBP-CT at 0.25 uM concentration on Au surfaces, respectively.
White arrows show some individual molecules. (C) AFM images of individual molecules of
protein along with the cross-sectional profiles as indicated by white line through the protein bound
to the Au surface for HaDHR, (D) AFM-measured dimensions of HaDHR and HaDHR-cAuBP-
CT on Au. The dimensions are from a single experiment taken at three different locations for n=20
individual protein molecules.
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4.4.5 Dynamic light scattering (DLS) measurements with Pt nanoparticles for PtBP
constructs

Given the complications with SPR studies, the use of a platinum binding peptide (PtBP) to target
a platinum metal surface was also explored (58). The use of platinum in biosensor fabrication is
established (67-71), and in some instances offers better in vivo lifetimes compared to biosensors
based on gold surfaces (72,73). PtBP have been used to successfully modify enzymes for
biosensing applications (58). During this study, access to a range of well-defined, well
characterized, Pt nanoparticles became available, which facilitated the use of DLS to characterize
platinum binding by a PtBP. These nanoparticles were synthesized by Design-Zyme LLC, in a
variety of sizes and the 50 nm particles were made available for this study (66,74). The procedure
to synthesize the nanoparticles is considered a trade secret by the company. Previous studies on a
3xPtBP version of MBP-LOx showed that the modified enzyme bound to platinum surfaces with

an apparent Kq <107'2 (66).

Preliminary studies with HaDHR-PtBP constructs were performed using well defined ~50 nm Pt
nanoparticles. For this study, MBP-LOx with and without PtBP tags were used as control proteins.
After incubating the proteins with Pt nanoparticles for 1h, DLS measurements were performed and
the change in the overall Z-average and individual peak size was reported (Table 4-2). The increase
in overall Z-average for MBP-LOx without and with 3xPtBP tag was found to be ~9 nm and the
shift in individual peak size was ~10 nm showing that the 3xPtBP-MBP-LOx is binding to the Pt

nanoparticles (Figure 4-7A).

The overall Z-average for HaDHR without and with PtBP tags showed a decrease of ~1 nm. By
contrast, the individual peak size showed a shift of ~3 nm between HaDHR and HaDHR with PtBP

tags. The images showing the individual peak shift for the three proteins are shown in Figure 4-7.
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The proteins in the absence of Pt nanoparticles do not show any significant size change as
demonstrated by the overlapping peaks (green and red, Figure 4-7). The peaks for HaDHR without
and with PtBP tags (black and pink, respectively), show a smaller shift as compared to the MBP-
LOx proteins when incubated with the nanoparticles (Figures 4-7B and 4-7C). These DLS results
were not as conclusive as hoped. The details of how the nanoparticle size changes on protein

binding is considered more fully in the discussion section below (vida infra).
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Table 4-2: DLS analysis showing Z-average and individual peak size

Construct bound

with ~50 nm Pt Z-(z(livs;z:)ge A Z(;iaver)age Pze(z;ll(1 Isrge A I(’;z:llins)lze
nanoparticles ) -nm ) )
MBP-LOx (control) 73.58 - 62.90 -
3xPtBP-MBP-LOx
82.68 9.1 73.16 ~10

(control)

HaDHR 78.65 - 64.85 -
HaDHR-3xPtBP-CT 77.25 1.4 67.63 ~3
HaDHR-5xPtBP-CT 77.48 1.2 67.35 ~2.5
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Figure 4-7 DLS response of PtBP modified enzymes

For all DLS traces, the following color-coding scheme was used: proteins without a PtBP tag are
in red; proteins with a PtBP tag are in green; nanoparticles in the absence of protein are in blue;
proteins without a PtBP tag incubated with nanoparticles are shown in black; proteins with a PtBP
tag incubated with nanoparticles are shown in pink. Incubation time was 1 h. (A) MBP-LOx and
NT-3xPtBP-MBP-LOx (1 uM concentration, respectively), (B) HaDHR and HaDHR-3xPtBP-CT
(5 uM concentration, respectively), and (C) HaDHR and HaDHR-5xPtBP-CT (5 puM
concentration, respectively).
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4.4.6 Binding analysis using QCM for cAuBP and PtBP constructs

The SPR studies on the HaDHR-cAuBP-CT construct gave promising kinetic results using 100
mM NaCl in 10 mM Tris-Cl, pH=7.5 buffer. QCM experiments in this buffer were performed
(Figure 4-8). Only the easier to obtain HaDHR-3xPtBP-CT construct was studied by QCM as both

HaDHR-3xPtBP-CT and HaDHR-5xPtBP-CT showed similar peak shifts via DLS.

By QCM, the interactions between HaDHR and HaDHR-cAuBP-CT on a gold surface (Figure 4-
8A) and between HaDHR and HaDHR-3xPtBP-CT on a platinum surface (Figure 4-8B) were
investigated. The change in frequency was recorded as a function of time. Binding isotherms at a

protein concentration of ~1 pM were collected for cAuBP and PtBP constructs.

The preliminary results showed that HaDHR-cAuBP-CT binds with higher affinity to a gold
surface compared to HaDHR. The results also suggest that the HaDHR protein construct with
cAuBP peptide tag might be binding in a targeted manner compared to what is seemingly non-
specific binding of HaDHR on the gold surface. Note, the QCM experiments were done using 10
mM Tris-Cl, 100 mM NacCl, pH=7.5 buffer which was different from the buffer used in SPR and
AFM studies. The primary difference is the ionic strength which is higher in Tris buffer used in

the QCM studies.

QCM studies on HaDHR-3xPtBP-CT construct showed an initial targeted binding to a platinum
surface as compared to HaDHR, which is seemingly lost over time as observed in Figure 4-8B
after ~1500s, where the binding isotherm switches from a specific binding signature to a non-
specific binding signature. In addition, NT-3xPtBP-MBP-LOx protein were also studied to ensure

the proper functioning of the QCM setup (Figure 4-8C).
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The HaDHR protein construct without any metal binding peptide to the gold and platinum surfaces
showed a similar change in frequency as a function of time (Figures 4-8A and 4-8B). The results
also suggested that the PtBP constructs may be binding more slowly and with lower affinity to the
electrode surface in compared to cAuBP protein constructs in the buffer used for these

experiments.
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Figure 4-8 QCM measurements on cAuBP and PtBP constructs

All experiments were performed in 10 mM Tris-Cl, 100 mM NaCl, pH=7.5 buffer. (A) HaDHR
(black) and HaDHR-cAuBP-CT (red) at ~1 uM protein concentration, (B) HaDHR (black) and
HaDHR-3xPtBP-CT (red) at ~1uM protein concentration. All experiments were performed in 10

mM Tris-Cl, 100 mM NaCl, pH=7.5 buffer. (C) NT-3xPtBP-MBP-LOx were used as control
proteins at a concentration of ~120 nM.
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4.5 Discussion

Immobilization and orientation of the enzymes on a transduction element is an important criterion
for development of an amperometric biosensor. This study describes the preliminary engineering
of HaDHR enzyme with noble metal affinity peptides to achieve controlled orientation and

immobilization on the electrode surface for in vivo histamine biosensing applications.

HaDHR enzyme was engineered with the noble metal affinity peptides that have been used earlier
by Tamerler et al. The successful use of cyclic gold binding peptides (cAuBP) in different
dehydrogenase and oxidase enzymes with high specificity and high affinity for gold surfaces have
been shown previously by Tamerler et al. (Table 4-1). Based on these observations, two fusion
protein constructs were prepared with two different linker lengths for HaDHR enzyme
incorporating cAuBP peptides at the C-term (Figure 4-2). A simplistic explanation for this
observation is as follows: since cAuBP-tag involves Cys residues at their ends for cyclization, two
additional fusion constructs were prepared with linear platinum binding peptides (PtBP) to probe
whether the length of the metal binding peptide and the absence of cysteine residues affects binding
to a metal surface, ofcourse there are many more differences than those just described. More
importantly, and for the purposes of enzyme engineering the use of metal binding peptide in one

system should not be expected to readily work in another system.

The modified HaDHR enzymes were genetically engineered to incorporate either a gold or
platinum binding peptide on the C-term with an expectation that these peptide tags will effectively
interact with the metal surface. To ensure that these fusion enzymes express as soluble fractions,
a solubility tag GB1 was incorporated at the N-term of the vector pMCSG7, and the enzymes were
characterized using SDS-PAGE gel electrophoresis (Figures 4-3 and 4-4). Removal of the GBI

solubility tag was achieved via TEV cleavage.
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Surface exposed cysteines are known to form gold-sulfur covalent bonds to a gold surface (75,76),
whereas such covalent bonds are less universal for platinum surfaces. The surface exposed Cys601
residue that was identified in the crystal structure of HaDHR in Chapter 2 of this dissertation was
mutated to a serine for these studies. All constructs, including the wt-HaDHR control, had this
mutation present. This mutation ensured that non-specific binding of the metal binding peptide

constructs was reduced, especially for gold surfaces.

Non-specific binding, where the binding of the protein can occur randomly on the surface without
any fixed orientation or control, often has low binding affinity thereby resulting in delamination
over time. Even though non-specific binding can show Kg’s in uM range, the phenomenon cannot
be controlled, nor can binding affinities be optimized. Also, non-specific binding usually results
in multilayers of enzymes on the surface. This can result in low electrochemical signal, that is
subject to change as the enzyme delaminates. By contrast, specific binding can control orientation
and lead to higher binding affinities that can be nM or better. The problem of delamination can
also be avoided via peptide mediated specific binding and the layering of enzymes on a surface

can be better controlled.

The HaDHR-cAuBP-CT construct was engineered with a six amino acid linker (SSGSSG)
between the C-terminus of the enzyme and the metal binding peptide. Most other metal binding
peptide modified enzymes use a linker to allow for conformational mobility of the peptide, which
in turn promotes better binding to the metal surface. This also reduces the propensity of the metal
binding peptide to interact with the protein as opposed to the metal surface. Depending on the
length of the linker used, the affinity of the metal binding peptide to the metal surface might also

be affected.
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Initial binding interactions of unmodified HaDHR and HaDHR-cAuBP-CT constructs were
performed via SPR in both low and high ionic strength phosphate buffers. The latter buffer was
similar to the buffer system used to investigate a PutOx-cAuBP enzyme system (47). In both buffer
systems, HaDHR-cAuBP-CT showed no discernible improvement in gold binding affinity relative
to the unmodified HaDHR protein (Figures 4-5A and 4-5B). The low ionic strength buffer showed
slight decrease in binding of the HaDHR-cAuBP-CT construct on the gold surface compared to
unmodified HaDHR (Figure 4-5A). By contrast, a significant decrease in binding of HaDHR-
cAuBP-CT compared to the unmodified HaDHR was observed in the higher ionic strength buffer
(Figure 4-5B). These studies suggest that ionic strength, e.g. salt concentration, may play an

important role in mediating interactions of the cAuBP peptides to a gold surface.

HaDHR proteins with and without tags have a pI of ~6 and the pH of the buffers used were ~7.4,
suggesting that overall net charge of the proteins is negative. The observed decrease in binding
affinity as a function of ionic strength highlights the importance of attractive electrostatic
interactions. The lack of productive electrostatic interactions between the cAuBP and the gold
surface may be one explanation for the lack of gold affinity for the HaDHR-cAuBP-CT protein.
Preliminary computational modelling studies and short simulations on the HaDHR-cAuBP-CT
construct bound to a gold surface, also suggests that the construct has a propensity to bind to the
surface. In the short simulations performed, the construct showed a tendency to orient towards the
gold surface irrespective of the presence of a gold binding peptide, suggesting that non-specific

binding may also play a role in the association to the gold surface.

SPR experiments in a 10 mM Tris-Cl, pH=7.5 buffer was also performed. This buffer system has
been previously used to investigate other metal binding peptide mediated processes for

dehydrogenase enzymes (40,41). For this buffer system, PutOx and PutOx-cAuBP-CT were used
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as control proteins, which were readily available for this study. The behavior of these proteins in
a phosphate buffer system showed that the PutOx-cAuBP-CT had higher specific affinity for a
gold surface compared to the unmodified protein (47). PutOx-cAuBP-CT showed similar
improvements in binding affinity compared to the unmodified protein in 10 mM Tris-Cl, pH=7.5
(Figure 4-5C). A preliminary K4 value of ~0.4 uM for HaDHR-cAuBP-CT construct was obtained
via SPR, but a true K4 value was not determined (Figure 4-5D). The binding isotherms suggested

1 uM to be appropriate concentration for detailed SPR analysis.

At 1 uM concentration, the SPR measurements did not show any change in response as a function
of time for HaDHR-cAuBP-CT construct compared to unmodified HaDHR in 10 mM Tris-Cl,
pH=7.5 buffer (Figure 4-5E). This might be due to the protein aggregation on the surface, or more
probably due to the metal binding peptides interacting with the protein itself. The metal binding
peptides may also be self-interacting via intermolecular disulfide bond formation between cysteine
residues, thereby not allowing formation of a productive conformation necessary for binding on

the metal surface.

At any concentration of salt, salt ions provide charge or electrical double layer shielding to reduce
aggregation and/or protein-protein interactions (77,78). Stoichiometric ion binding on charged
proteins also regulates this process (79). Addition of salts at low concentration often reduces
protein-protein interactions, thereby reducing aggregation and increasing solubility (80,81). To
further optimize the SPR conditions, salts were added to the Tris-buffer system and kinetic
experiments were performed (Figure 4-5F). A preliminary Kq value of ~0.4 uM for HaDHR-
cAuBP-CT and ~1 uM for unmodified HaDHR construct were obtained via SPR in the presence
of 100 mM NaCl. A hyperbolic response curve was observed for both HaDHR-cAuBP-CT and

unmodified HaDHR. Comparing the binding isotherms in Figure 4-5D and Figure 4-5F, suggests
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that with only Tris-buffer and at concentrations of about >2 uM, the HaDHR-cAuBP-CT proteins
are aggregating. This is consistent with the AFM results (Figure 4-6, vide infra). We speculate that
the addition of salts apparently increased the solubility of HaDHR-cAuBP-CT construct, thereby

allowing the proteins to more efficiently interact with the gold surface.

At this juncture of the experimental studies, we were unable to conduct more detailed SPR studies
because the system failed, and no funds were available to repair the instrument. While the SPR
studies were incomplete and inconclusive, the preliminary binding isotherms of the kinetic
experiments with Tris and salt buffer system suggested that HaDHR-cAuBP-CT could
preferentially bind to the gold surface. We speculate that at ~1 uM concentration, a detailed SPR
study would show enhanced binding of the HaDHR-cAuBP-CT in compared to unmodified
HaHDR as a function of time. We further speculate this would be due to decreased protein-protein

interactions and less aggregation in the presence of salt.

To further probe the interaction of the cAuBP construct on the gold surface, AFM studies were
performed in Tris-buffer (Figure 4-6). While the HaDHR-cAuBP-CT construct showed more
individual protein molecules bound to the gold surface, the image also suggested the presence of
more aggregates compared to the unmodified HaDHR (Figures 4-6A and 4-6B). The AFM images
showed that even though the surface coverage might be different, the binding of the two constructs

is not dramatically different which is consistent with the SPR studies.

These observations may result from differences in local charge proximal to the metal binding
peptides. This conjecture is further supported by the presence of more aggregates on the gold
surface with the HaDHR-cAuBP-CT construct (Figure 4-6B). The SPR and AFM studies, both
suggested that the presence of the salts might disrupt these protein-protein interactions and

enhance binding of the HaDHR-cAuBP-CT constructs on the gold surface. Additionally, we show
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the Kp for the cAuBP constructs were in the pM range which might show binding of these metal
affinity peptides on the surface, but it is unlikely to support in vivo biosensing applications. While
the SPR and AFM studies are admittedly incomplete, concerns regarding the in vivo viability of a

gold peptide approach became an underlying concern.

A potential drawback of the cAuBP is the reliance on the cysteine residue to facilitate creation of
the cyclic peptide and targeting of the gold surface. Sulfthydryl based targeting of a gold surface
could reduce in vivo longevity when the enzyme system is based on this approach due to release
of the gold-sulfur bond. After implantation, in addition to reactive oxygen species, the presence of
glutathione, and other oxidative species due to foreign body response could compromise this
approach. Platinum binding tags (PtBP) that have been described in the literature (58), offer an
alternative to gold surfaces for biosensor fabrication. For the above-mentioned reasons, studies

with gold binding peptides were switched to platinum binding peptides.

A distinct advantage of a PtBP approach is that the peptides do not contain a cysteinyl residue and
could potentially be less susceptible to oxidative events. The absence of cysteine residues might
also allow less propensity for intermolecular interactions in PtBP constructs thereby allowing
better binding to the metal surface. Finally, biosensors designed using platinum have shown better

biocompatibility than gold surfaces thereby increasing their in vivo lifetimes (72).

Binding interactions of the HaDHR-PtBP-CT constructs were studied by using platinum
nanoparticles of ~50 nm that were readily available during the course of this project. The
availability of these well characterized and well-behaved nanoparticles facilitated the use of DLS
to determine if the PtBP tags were binding to a platinum surface. A control protein, NT-3xPtBP-
MBP-LOx, has a well characterized DLS signature indicating binding to a platinum nanoparticle

with a Kp> 107'2. In the presence of 50 nm platinum nanoparticles, NT-3xPtBP-MBP-LOx shows
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a ~10 nm shift and an overall Z-average of ~9 nm via DLS (Table 4-2, Figure 4-7A) compared to
the unmodified MBP-LOx. These data were consistent with the previous findings that showed
unambiguous binding to the platinum nanoparticles. HaDHR-PtBP-CT constructs showed a slight
peak shift ~3 nm (Table 4-2, Figures 4-7B and 4-7C), and showed a decrease in the overall Z-
average of ~1 nm compared to the unmodified HaDHR. These results suggested that the PtBP tags

are preferentially binding to the platinum surface.

The DLS results for the HaDHR proteins were less pronounced as compared to the MBP-LOx
control protein. MBP-LOx is tetrameric in solution, which allows the protein to present four metal
affinity peptides to the platinum surface. Studies with MBP-LOx has suggested that the four metal
affinity peptides can bind to the nanoparticles in potentially two ways. The four metal binding
peptides can either bind to one nanoparticle or can bind to two individual nanoparticles by
presenting two metal binding peptides to each nanoparticle (Figure 4-9A). These two binding
modalities leads to a mixed population observed by DLS-one that is about the same in diameter as
the HaDHR protein, and one is significantly longer by virtue of binding to two 50 nm Pt
nanoparticles. This combination of populations give rise to a larger peak shift compared to

HaDHR. This is also reflected in the larger Z-average for the NT-3xPtBP-MBP-LOx protein.

HaDHR is dimeric in solution, and only presents two metal binding peptides to the platinum
surface (Figure 4-9B). Therefore, the DLS signature only shows one binding modality to the 50
nm Pt nanoparticles. This is also reflected in the lower Z-average compared to NT-3xPtBP-MBP-

LOx.

DLS showed that the size of MBP-LOXx in solution is ~13 nm (Figure 4-7A), which is consistent
with other tetrameric proteins. DLS also showed that the size of HaDHR observed in solution is

~8 nm (Figure 4-7B), which is consistent with other dimeric proteins. The choice of a 50 nm

163



nanoparticle for DLS studies is based on two factors. First, a 50 nm nanoparticle is significantly
bigger compared to the proteins. Second, the 50 nm nanoparticle is the smallest nanoparticle that
offers a significant amount of surface area. Unlike smaller nanoparticles (Table 4-3), the surface
area to volume ratio for 50 nm nanoparticle is small, so the curvature is not very large, and the
nanoparticle should be a reasonable approximation of a transduction element. This is known from

the previous studies from NT-3xPtBP-MBP-LOx protein (66).
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Table 4-3: Relationship of a nanoparticle to nanoparticle surface area and volume

Nanoparticle Nanoparticle Surface-Area” Volume® Surface-Area to
Diameter (nm) Radius (nm) (nm?) (nm?) Volume ratio
10 5 314 524 0.60
20 10 1257 4189 0.30
30 15 2827 14137 0.20
40 20 5027 33510 0.15
50 25 7854 65450 0.12
60 30 11310 113097 0.10
70 35 15394 179594 0.09
80 40 20106 268082 0.08
90 45 25447 381703 0.07
100 50 31416 523598 0.06

ASurface area of a sphere is calculated using the formula 47r?
BVolume of a sphere is calculated using the formula 4/3nr>
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50 nm Pt 50 nm Pt 50 nm Pt
nanoparticle nanoparticle nanoparticle

50 nm Pt
nanoparticle

Figure 4-9 Potential binding modes of the Pt binding peptides to nanoparticles

(A) MBP-LOx has two potential binding modes: four metal binding peptides can bind to individual
nanoparticles, or two metal binding peptides that interact with one nanoparticle and the other two
metal binding peptides interacting with a second nanoparticle. This mixed population is observed
by DLS, (B) Cartoon of HaDHR protein showing a single binding modality with Pt nanoparticles.
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The cAuBP and PtBP constructs were further probed via QCM. Based on the findings from SPR
measurements, surface-binding interaction studies via QCM were performed in 10 mM Tris-Cl,
100 mM NaCl, pH=7.5 buffer system. Only QCM studies on the easier to obtain HaDHR-3xPtBP-
CT construct were performed. Both HaDHR-3xPtBP-CT and HaDHR-5xPtBP-CT constructs gave
similar results via DLS. As shown in Figure 4-8A, QCM confirmed a better binding interaction of
the HaDHR-cAuBP-CT construct as compared to the unmodified HaDHR. These results are
consistent with those obtained via SPR, where the best binding isotherm was observed in the
presence of 100 mM NaCl. This emphasizes the important role of electrostatics in mediating the
binding process. The addition of salts is also likely maintaining the solubility and a low
aggregation state of the modified enzymes. Together, these effects allow the cAuBP metal binding

peptides to adopt a productive conformation for binding to the gold surface.

Under similar buffer conditions, the HaDHR-3xPtBP-CT construct initially showed what appears
to be a metal binding peptide binding event with the platinum surface (Figure 4-8B). The
interaction, while specific, also seemed to delaminate over time. The unmodified HaDHR showed
a more nonspecific association that curiously showed no delamination over time. PtBP tags are
known to bind slowly on a platinum surface (58). A protein engineered with a PtBP tag might show
even slower binding to a platinum surface due to protein induced steric and the linker used between
the metal binding peptide and the protein. The results suggest that these PtBP tag constructs might
need more time to bind on the surface and may require further optimization of buffer conditions.
If slow association is relevant, then better binding may be observed by allowing the protein to

incubate longer with the platinum surface.

A major difficulty in working with these metal binding peptides is that there is no consensus in

understanding how the peptides bind to the surface when tethered with an enzyme. The
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effectiveness of a metal binding peptide to associate with a metal surface is a combination of the
following enzyme-system attributes: (1) the innate affinity of the peptide to bind to the metal
surface of interest, (2) the aggregation state of the enzyme in solution, (3) the proper presentation
of the metal binding peptide to the surface when tethered to an enzyme, (4) the absence of
association between the peptide and the enzyme, (5) the linker used to connect the metal binding
peptide to the enzyme to promote points 3 and 4, and, (6) the ability of the metal binding peptide
to freely form the proper conformation for binding to the surface. The proper presentation is no
doubt related to the affinity of the unmodified protein for the surface, e.g., the non-specific binding
discussed earlier. The above-mentioned attributes are regulated by one or more factors, which
together play a profound role in mediating the K4 of the ensemble. This explains why a metal
binding peptide successfully employed with one enzyme may not work well with other enzymes,

especially those in another family.

The linker that tethers metal binding peptides to an enzyme plays a significant role in regulating
the interaction of the peptides with the metal surface. To date, no universal linker has been
described, and the most common are four amino acid linkers based on a GGG sequence with either
a serine or a proline capping the sequence (Table 4-1). Furthermore, it is unclear how to predict
the binding affinities of a metal binding peptide and linker combination, especially for proteins
with different aggregation states in solution and for proteins from different families. For example,
a single amino acid change in the linker that results in nM affinity for an oxidase enzyme (Table
4-1, entry 3) only results in mM affinity when used with a dehydrogenase enzyme (Table 4-1,
entries 1 and 2). This same linker also results in pM binding affinities for other dehydrogenases

(Table 4-1, entries 4-7) simply by switching the order of the residues in the linker-e.g., GGGS to

168



SGGG. Because of the limited number of systems that show productive targeted binding, the

design criteria of a well-functioning linker are still unknown.

The conformational requirements of a metal binding peptide are unknown and no high- resolution
atomic structure of a peptide on a metal surface has been reported. Also unknown is whether the
metal binding peptides need to adopt some form of a secondary structure to bind to a metal surface.
Furthermore, if a secondary structure is required for the metal binding peptide, it is unknown if
that secondary structure must form prior to binding or is the consequence of the binding event.
The formation of secondary structures is almost certainly affected by the peptide’s proximity to

the enzyme, which in turn is affected by the nature of the linker.

In this study, a six amino acid linker (SSGSSG) for HaDHR-cAuBP-CT construct and a four amino
acid linker (SGGG) for HaDHR-3xPtBP-CT construct was used. The apparent Kp observed for
both the constructs were in the uM range. It is interesting to consider the differences in interactions
of metal binding peptides on different metal surfaces in similar buffer conditions on the same
protein (Figure 4-8). While the HaDHR-cAuBP-CT showed significant binding to a gold surface,
the HaDHR-PtBP-CT construct showed only an initial specific binding event on a platinum surface
followed by delamination over time. This is further evidence that (1) the linker sequence plays a
significant role in orienting, directing, and presenting the enzyme tethered metal binding peptides
to a metal surface for binding, and (2) the metal binding peptides mediated binding events are

multiparametric, and the rules dictating these interactions are still not completely understood.

Platinum binding peptides were used for the first time in this study to direct HaDHR to a platinum
binding surface. Preliminary QCM studies showed the successful engineering of HaDHR enzyme
with the platinum binding peptides to direct and orient the enzyme on the metal surface. However,

further studies are required to optimize this system for in vivo applications. The apparent binding
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affinity of the platinum binding peptides were still lower as compared to the MBP-LOx protein
control, that showed nM binding to a platinum surface. Our preliminary data also suggest that two-
point binding may not be sufficient. Engineering of the HaDHR proteins with platinum binding
peptides at both the N- and C-termini, or at some other position in the protein, with or without a
different linker will be required to increase the binding affinity of the enzyme. These are all

prerequisites for the use of metal binding peptides in vivo applications.

For an enzyme to be used for in vivo biosensing applications, a binding affinity in the nM range is
most suitable. A high binding affinity is required to prevent delamination over time. An advantage
of using metal binding peptides attached to the surface with higher binding affinities is that there
will be less dissociation from abrasion over time, thereby increasing the in vivo lifetime of the
biosensor. Also, most of the studies done by using these metal binding peptides is on gold, which
often has issue of oxidation due to its gold-sulfur bond formation and might not be suitable for in
vivo applications. To date, no report exists that uses platinum binding peptides to successfully
direct an enzyme to a platinum surface that generates a useable amperometric signal for in vivo or

in any biological medium.

In conclusion, this study investigated the engineering of HaDHR enzymes with metal binding
peptides to direct the enzyme to a metal surface in an oriented manner and showed partial proof
of concept. This study also highlighted the experimental hurdles to universally use metal binding
peptides in biosensor fabrication. The factors that need to be considered include, linker length,
buffer conditions, ionic strength of the sensing medium and the orientation of the enzyme on the
transduction element. For the purposes of HaDHR and the development of a histamine biosensor,
the key question that remains unanswered is whether a metal binding peptide can orient the enzyme

to enable direct electron transfer to the electrode surface.
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Chapter 5. Summary and future directions

Enzyme-based biosensors continue to be the subject of extensive research, with one goal being the
increase in the range of analytes that can be used for practical applications. While there are
numerous examples of oxidase enzyme-based biosensors (1-3), only a handful of dehydrogenases
have been successfully utilized in biosensing applications (4-6). An advantage of engineering
dehydrogenases for biosensing applications is their ability to undergo direct electron transfer,
which eliminates oxygen dependence. The commercial success of glucose oxidase-based enzyme
biosensors for treatment of diabetes, has shown the benefits that continuous real time monitoring
of analytes in tissue can provide for the treatment and understanding of disease. An impediment
to using dehydrogenases for in vivo applications is a lack of understanding of the structure and the
mechanism of electron transfer from the active site to the electrode surface. Engineering and
characterization of flavin dependent dehydrogenases (FDD) will yield a promising family of
proteins for fabricating biosensors. FDDs are amenable to structural studies, protein engineering,

and rational design, creating an obvious path forward to a successful biosensor.

This Dissertation focuses on one such FDD enzyme - histamine dehydrogenase from Rhizobium
sp. 4-9 (HaDHR). The focus of this research was to understand the criteria for engineering a
dehydrogenase enzyme for use in in vivo biosensing applications. The goal was to provide insights

and improve upon the current toolbox that is available to the developers of biosensors.

5.1 Structure of Rhizobium sp. 4-9 Histamine Dehydrogenase and Analysis of the Electron
Transfer Pathway to Fc*
HaDHR is a unique member of a small family of dehydrogenases that contains covalently attached

FMN and an FesS4 as the redox cofactors. HaDHR converts histamine to imidazole acetaldehyde
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and ammonia with a release of two electrons and is the only member of this family that does not
show substrate inhibition. The absence of substrate inhibition makes this a potential enzyme for

fabricating biosensors for in vivo applications.

In Chapter 2 the crystal structure of histamine dehydrogenase from gram negative bacteria
Rhizobium sp. 4-9 was solved at a resolution of 2.1 A. The structure helped to understand the
electron transfer pathway from the interior of the protein to the surface. This study identified a
surface residue Ala437 that is putatively involved in the transfer of electrons from the FesS4 cluster
to an external artificial mediator ferricenium (Fc"). A surface serine residue proximal to the Ala437
was identified and the HaDHR was mutated to facilitate attachment of ferrocene (Fc). The
attachment of Fc to HaDHR was successful as determined from mass spectrometric analysis. The
Fc-tethered HaDHR was shown to be sufficient to support electron transfer from the enzyme to a
gold electrode surface. Electrochemical studies with histamine showed a dose-dependent response

without the need for any additional artificial mediator in solution.

Based on our findings, we believe that a reasonable set of experiments would include the synthesis
of Fc-constructs with either a flexible PEG linker or a short amino acid linker to attach maleimide
on one end and the ferrocene on the other (Figure 5-1). Synthesizing Fc-constructs with different
linker lengths will allow the ferrocene to diffuse more freely to the electrode surface when tethered
to the protein. This Fc-tethered HaDHR might show an increase in current against titration with
histamine in the absence of a free mediator in solution. Additionally, when the Fc-tethered HaDHR
i1s immobilized on a surface, the flexible linker might allow the ferrocene to more readily interact
with the electrode surface. This might aid to further increase the current and allow for a more

efficient electron transfer process between the mediator and the electrode.
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We also hypothesize that the Fc-maleimide could be attached to Cys601 in the w-HaDHR. This
site is quite distal from the surface residue identified as the exit point of electrons from Fes4S4
center, as mentioned in Chapter 2. Solution electrochemical studies in the presence of histamine
should also be performed for this construct to see if any change in current is observed. If no change
in current is observed, then this will further confirm our findings that the exit point of electrons,

from the FesS4 to the protein surface, is proximal to the Ala437 residue.

Additionally, more detailed mutagenesis studies could be performed to investigate the
intramolecular transfer of electrons from the flavin to the FesS4, and from the FesS4 to the surface
of the protein. This will further aid in elucidating the complete electron transfer pathway in
HaDHR and the family members. These studies are expected to help in designing a more robust

Gen 3 biosensor for histamine biosensing applications.

An alternative approach in studying the electron transfer pathway in HaDHR would be to utilize
quantum-mechanical and semi-classical models and perform theoretical studies to identify the
electron transfer pathway in this family of dehydrogenases. In addition, the natural electron
acceptor for HaDHR enzyme is still unknown. Based on TMADH studies, it might be useful to
see if electron transfer flavoproteins could also act as a natural acceptor for HaDHR enzyme. This
would allow us to identify the direct electron transfer from the flavin to the electrode surface which
seems to occur in the case of some glucose dehydrogenases (7). Also, other types of cytochromes
or heme proteins can be surveyed as a potential electron acceptor for HaDHR Additionally,
hitchhiker protein suggested by Sode et al. (8) for glucose dehydrogenases could also be surveyed

as potential electron acceptors for HaDHR.

Recently, we became aware of the eMap suite of programs that is designed to computationally

determine internal electron transfer pathways in proteins (9). The program suggested that the exit
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point of electrons to the surface of the protein from the FesS4 is Trp438. The problem with this
analysis is that this Trp is not on the surface but is buried under the surface residue Ala437. More
broadly, this computational result reflects the problem with determining electron transfer pathways
in proteins, wherein no clear consensus exists as to the best method for such analyses. While
mutagenesis studies such as those presented in Chapter 2 can be performed, in the absence of
crystal structures of the mutants, it is impossible to assess the effects of a mutation on the overall
fold of the protein. More importantly, changes in side-chain orientation and changes in local
packing resulting from these mutations, almost certainly effect electron transfer, that could only
be accessed with high-resolution crystal structures. The less conservative a mutation the more
important that additional crystallographic analysis is needed to understand the overall electron
transfer pathway. To date, the prediction of the electron transfer pathway through a protein remains

imperfect.
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Figure 5-1 Synthetic Fc-construct with a flexible linker
A flexible PEG-linker of different chain lengths can be used to attach ferrocene moiety to a protein

using functional maleimide to conjugate to the protein.
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5.2 Active Site Residues Critical in Substrate Inhibition of Bacterial Histamine
Dehydrogenase

In Chapter 3, the lack of substrate inhibition in HaDHR as compared to other bacterial histamine
dehydrogenase, HaDHN, was investigated. These studies were undertaken to understand the
substrate inhibition and to establish the structural changes leading to the lack of substrate inhibition
in HaDHR. This work provides new insights as to why HaDHR is a superior choice for the use in

histamine biosensing applications.

High-resolution crystal structure of HaDHR described in Chapter 2 aided in performing a
structural comparison between HaDHR and HaDHN. The structural comparison provided us with
the insights that differences in the orientation of an active site residue Phel76 in HaDHR and
Tyr181 in HaDHN that might be regulating substrate inhibition in these enzymes. In HaDHN, both
the crystal structure and the docking studies with histamine indicated the presence of a hydrogen
bond between the hydroxyl of Tyr181 and Asp136. In HaDHR, this hydrogen bond is absent as
both positions are occupied by Phe residues (Phe 176 and Phe 131, respectively). In the histamine
docking studies of HaDHN, a n-stacking interaction between the tyrosine aromatic ring and the
imidazole ring of histamine was observed. This was observed most probably due to the presence
of this hydrogen bonding, thereby adopting a conformation unfavorable for catalysis. While in
HaDHR, due to the absence of this hydrogen bonding, a more favorable conformation for catalysis
is observed. Additionally, our UV-vis studies showed differences in the flavin oxidation state in
the presence of histamine in both HaDHR and HaDHN enzyme, suggesting that the geometry of
isoalloxazine ring has some bearing on substrate binding and might be involved in the substrate

inhibition process.
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Our preliminary results on reductive titration of histamine with HaDHR suggested a stochiometry
of n=1 for histamine at pH=7.4 whereas for HaDHN the stochiometry with histamine was observed
to be n=2 at pH=7.4 (10). Said alternatively, for each HaDHR monomer, the histamine
stochiometry is one per catalytic cycle. By contrast, for each HaDHN monomer, the histamine
stochiometry is two per catalytic cycle. The histamine titration results obtained for HaDHR were
similar to the results observed for HaDHN at pH=9.0, where no substrate inhibition was observed.
The histamine titration results suggest that at physiological pH HaDHR and HaDHN show
differences in the binding of histamine at the active site which influences the flavin state. For
HaDHN, the stabilization of the semiquinone state (peak at 365 nm) and binding of the second
substrate to the semiquinone is considered to be responsible for substrate inhibition (11). In
HaDHR, the peak at 365 nm is minimal to non-existent as observed in our UV-vis studies.
Therefore, our structural comparison studies, along with UV-vis, histamine docking and histamine
titration studies suggested that the mode of binding of histamine to the active site for both HaDHR
and HaDHN is quite different thereby influencing the absence or presence of substrate inhibition

process.

Based on our findings, future studies could include obtaining a substrate bound crystal structure
for both HaDHR and HaDHN. For these studies a highly resolved crystal structure is preferred. A
high-resolution structure will show the subtle changes in the geometry of the flavin and the FesS4
cluster in presence of histamine for HaDHR and HaDHN enzymes. The histamine bound crystal
structure will also help in understanding the changes in the active site residues around the flavin
of both enzymes. This could further verify our findings from the docking and molecular simulation
studies highlighted in Chapter 3 and help in understanding the lack of substrate inhibition in

HaDHR. Additionally, a more advanced technique like electron paramagnetic resonance
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spectroscopy could be performed to study the redox state of FMN for the HaDHR and HaDHN
enzyme in the presence of histamine to establish the presence and role of the semiquinone state.
This will help us in further understanding the differences in redox state distribution in the flavin
in HaDHR and HaDHN in the presence of histamine as was observed in our UV-vis spectroscopic

studies.

Kinetic studies using stopped flow techniques could be performed. This study will allow
monitoring of the enzymatic reaction in real time with increasing concentrations of histamine.
These studies will further provide us with insights of the enzyme-substrate mechanism and its
relationship with the oxidation-reduction state of flavin. In addition, a more detailed reductive
titration with histamine could be performed for HaDHR as was done with HaDHN (10). This will
allow us to investigate the differences in stoichiometry with histamine between the two enzymes

and further help us in understanding the histamine-dependence kinetics for HaDHR and HaDHN.

Additionally, UV-vis spectroelectrochemistry could also be performed to determine the redox
potentials of the FMN and the Fe4S4 cofactor in the presence of histamine. The redox potentials of
the FesS4 cluster could also be calculated using one of the other advanced techniques, such as,
EPR spectroelectrochemistry or a combination of UV-vis/EPR-redox titration (12). While
measuring the redox potentials for Fe4S4 cluster experimentally using above mentioned techniques
is complicated, an alternative approach would be to measure the potentials theoretically using
density functional theory geometry optimizations or by performing CV measurements using an
indium tin oxide electrode as suggested by Kano et al/ (10). These studies will give insights into
the redox potential changes of the FMN and Fes4S4 in the absence and presence of histamine
thereby, helping to further understand the differences in the redox chemistry of the two bacterial

histamine dehydrogenases HaDHR and HaDHN. All these studies are expected to aid in our
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understanding of the substrate inhibition mechanism in this family of dehydrogenases, thereby

further explaining the lack of substrate inhibition in HaDHR.

5.3 Engineering the HaDHR enzyme with gold and platinum metal affinity peptides for
controlled orientation to develop a working amperometric biosensor

In Chapter 4, HaDHR was engineered with noble metal affinity peptides to achieve oriented and
controlled immobilization on a surface to form a working biosensor. Compared to traditional
chemical immobilization methods, noble affinity peptides were used as these have been described
previously to orient the enzyme on a metal surface with significant binding affinities. Both gold
binding peptides and platinum binding peptides previously described were used for this study. The
study successfully showed the binding of both the gold and platinum binding peptides on a metal
surface, but the binding affinities were only in the micromolar range. This study also highlighted
the importance of ionic strength e.g., the concentration of salts, in regulating the binding, thereby
indicating the importance of electrostatic interactions of the metal binding peptides with a metal
surface. In addition, the importance of linker sequence in controlling the orientation, presentation,
and direction of the enzyme tethered metal binding peptides to a metal surface was also
highlighted. The study also showed that the linker sequence plays a profound role in mediating the
binding affinity of the ensemble, one protein showing nM binding affinity while with another
protein the same linker showed pM/mM binding affinity. The study therefore emphasized that a
metal binding peptide successfully employed with one enzyme may not work well with other
enzymes. The study performed in Chapter 4 also emphasized that the unmodified protein may have
significant, although non-specific, affinity for the electrode surface such that it competes with the
metal binding peptides. Note that non-specific binding can and does compete with specific binding

mediated by a metal binding peptide. It is therefore desirable to minimize non-specific binding
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events to promote metal binding peptide mediated binding. We speculate that by reducing non-
specific binding we would be able to reduce some delamination processes, especially those where

loss of non-specifically bound protein can promote loss of peptide mediated bound protein.

Based on our current understanding of peptide-mediated surface interaction, a reasonable direction
for future studies would be, optimization of the linker sequence for HaDHR so that nM binding
affinity could be achieved for the purposes of in vivo biosensing applications. In addition to
optimizing the linker sequence, one can attach the metal binding peptide to both N- and C-termini
or at any point on the protein to increase the binding affinity further by having a multiple
attachment point. Multiple attachment points on a metal surface are more advantageous than just
a two-point attachment. This was observed in MBP-LOX, a tetrameric enzyme that has a four-point
attachment on a metal surface (13). We speculate having more metal binding peptides available
for attachment to a metal surface allows the protein to bind tightly with nM to pM affinity and the
problem of protein delamination can be avoided. However, it might be possible that all the metal
binding peptides available for binding might not bind to the surface efficiently. This might be due
to the distance between the metal binding peptides attached to the protein that are available for

attachment to a metal surface.

In our QCM studies of the gold metal binding peptides modified HaDHR (Figure 4-8A), we
observed a frequency change of ~50 Hz, which corresponds to a mass change of 1363 ng on a
metal surface. The sensitivity for the chips were ~27Hz/ng. For platinum metal binding peptides
modified HaDHR (Figure 4-8B) an initial frequency change of ~20Hz was observed which may
correspond to specific, peptide-mediated binding to a metal surface. This frequency change is
similar to that observed for MBP-LOx (Figure 4-8C). The QCM trace also shows a second process

after the initial binding event that appears to be non-specific, as the trace at higher frequencies
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looks like the control protein. Thus, despite the observation of a peptide-mediated binding event,
the system still requires further optimization so that the only modality is the peptide-mediated
binding. This is what is observed for MBP-LOx (PtBP) and Put-Ox (cAuBP), where delamination
is also not problematic. Delamination is almost certainly due to the weaker binding of the modified
HaDHR proteins on a metal surface (~pM range compared to pM binding affinity for MBP-LOx)
combined with the propensity of the unmodified HaDHR to bind to a metal surface, thereby

forming enzyme aggregates.

The surface area for a gold and platinum QCM wafers are essentially the same. The mass of
material on a QCM wafer corresponding to a monolayer of HaDHR is expected to be ~750 ng,
where the mass of the water molecules and the ions associated with the protein have not been
corrected for. For platinum binding peptides, the initial specific binding corresponds to a mass
change of ~545 ng. This value is corresponds to a partial monolayer, further emphasizing the need
to further optimize the system. Future experiments related to Figure 4-8B would be to probe the
effect of washing the metal surface after binding with buffer to remove any non-specific bound
protein. The expectation would be to observe a frequency change that is stabilized at ~20Hz - 30

Hz corresponding to a complete monolayer of enzyme.

Additional studies should be performed using the electrochemical feature of the quartz crystal
microbalance system (eQCM) to simultaneously determine the activity of the immobilized
enzyme. eQCM studies will also prove important to optimize the attachment of the metal binding
peptides to the metal surface to promote direct electron transfer. The optimal point of attachment
for high affinity binding may conflict with the orientation of the enzyme for highly efficient direct
electron transfer. This could be overcome by rational design approaches where the metal binding

peptides could be attached on the protein closer to the exit point of electrons from the Fe4S4 center.
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Such a study is expected to bring the FesS4 center closer to the electrode surface to allow for a
direct electron transfer. It has been reported earlier that for direct “electron tunneling” to occur the
electron transfer must be within 14 A as the electron transfer rate decreases logarithmically with
increasing distance (14-16). These studies will require a combination of computational and
experimental methods to rationally design the modified HaDHR construct for an efficient direct

electron transfer process.

In addition to the future project studies proposed above there are some programmatic studies, i.e.,
development of a functioning histamine biosensor, that should also be considered in the future.
For example, once the metal binding peptide driven immobilization strategy is optimized with at
least nM binding affinity, the in vitro electrochemical studies of the modified enzyme system
should be performed to measure current for the direct electron transfer process (Gen 3 biosensor).
The initial studies should be performed with bovine serum albumin or some well defined protein
medium to optimize the experimental process. In addition, biogenic amines that can typically act
as interferences need to be tested, i.e., dopamine, serotonin, epinephrine, norepinephrine. If
HaDHR has oxidase activity that needs to be determined as well in vitro. The stability of the

immobilized enzyme on the electrode surface should be tested in vitro initially.

Alternatively, the Fc-tethered enzyme system can be immobilized on a transduction element using
these metal binding peptides and in vitro electrochemical studies can be performed for a quasi-
direct electron transfer process (Gen 2.5 biosensor). Additionally, to increase the electrochemical
current, the surface area of the electrode can be increased by using nanoparticles which will allow
a greater number of protein molecules to bind to the surface. Note, that bridging the nanoparticles
can be achieved by levraging a geometry of a protein multimer such that each dimer can bind to a

different nanaoparticle.
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After developing a successful biosensor design, the stability of the sensor or long-term in vivo
studies must be established. Ultimately, the response and the long-term stability of these sensors
should be tested in biological fluids of animal models. These clinically approved biosensors can
be used in the future as a diagnostic tool in humans to aid in the treatment and understanding of

various histamine related disorders.
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