Probing the conformational dynamics of an OTU

deubiquitinase enzyme active site

Roy Hutchings

A Thesis submitted to the Faculty of Graduate Studies of
University of Manitoba

in partial fulfilment of the requirements for the degree of

Master of Science

Department of Chemistry
University of Manitoba

Winnipeg, Manitoba

Copyright © 2016, Roy Hutchings



Abstract

Enzymes are fundamental to cell function. Despite this, exactly how they work remains unclear.
Enzymes exist as 3D folded structures determined by their amino acid sequence, and these
structures are necessary for function. However, enzymes change their 3D conformation
frequently during the course of a reaction, and an understanding of these dynamic motions is
necessary for a complete understanding of enzyme function. As a model for enzyme dynamics,
we have studied the catalytic domain of Otul, an ovarian tumour domain-containing
deubiquitinase from yeast Saccharomyces cerevisiae. Deubiquitinases catalyze the breakdown of
ubiquitin, and play an important role in regulating cell functions including immune response and
signal transduction. We have probed the structural dynamics of the catalytic domain of Otul
using the cysteine-labelling molecule 4,4’-dithiodipyridine (DTDP). The labelling reaction
kinetics have been followed using stopped-flow fluorescence spectroscopy methods and have
revealed the presence of a conformational change with a frequency of 127 + 7 s This

conformational change may potentially play a role in the enzyme’s catalytic mechanism.
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1. Introduction

1.1. ENZYMES AND ENZYME DYNAMICS

Proteins are polymers of amino acids synthesized by cells to carry out a variety of functions.
Enzymes are a subset of proteins that catalyze biochemical reactions. As catalysts, they function
to increase the rate of a reaction — simple biochemical reactions that could take years to complete
can be reduced to a matter of seconds in the presence of enzymes®-2. Typically, an enzyme carries
out its reaction on a specific substrate. Multiple enzymes often work sequentially in a series of
reactions to carry out complex biochemical processes such as degradation of nutrients or
construction of cellular structures®*. The enzymes allow the process to both occur at a useful
timescale, as well as be organized and finely controlled®. Enzymes play significant and
fundamental roles in virtually every aspect of cell function, including metabolism, motility,
homeostasis, and replication®>. As a result, they are often the targets of drug design
methodologies®. Deficiency, absence, or excess of a single enzyme can sometimes lead to disease

or death of the entire organism®. We simply cannot live without them.

However, despite their fundamental importance to virtually every aspect of life, exactly how
enzymes work still remains unclear. Under physiological conditions, proteins exist as 3D folded
structures determined by their amino acid sequence®’. These structures are necessary for their
function®®. Solving these structures using methods such as X-ray crystallography or nuclear
magnetic resonance spectroscopy has become ubiquitous in characterizing enzymes. Typically,
these methods provide structural information about the single most stable enzyme conformation
under experimental conditions'®!, They have provided great insight into protein function at the

molecular level. For example, it has been shown that most enzyme structures contain a pocket



called the “active site” within which the chemical reaction takes place'>'3, The surface of the
active site is lined with amino acid residues organized to both promote binding of the substrate(s)

to the pocket and participate in the catalytic chemistry of the reaction?2.

An idea proposed by Haldane'4, and elaborated upon by Pauling®®, applies transition state theory
to explain enzyme catalysis. The transition state (T.S.) is the highest energy point of a chemical
reaction, from where collapse to products or reactants is equally likely*®. The activation energy is
the difference in energy between the T.S. and the reactants in the ground state, and is directly
related to the rate of the reaction (a smaller activation energy means a faster reaction)*®. In this
model, the structure of the enzyme active site is organized such that favourable weak interactions
stabilize the T.S. relative to the substrates, resulting in a lowered activation energy and faster
reaction'’. This explanation has historically been popular, is taught in many textbooks?!’, and
explains the remarkably tight binding of unreactive analogs of T.S. structures to their respective
enzymes?8-20 (with dissociation constants down to the femtomolar range!?!). Unfortunately, it
fails to fully describe enzyme function, as artificial enzymes designed to bind favourably to
transition state mimics (and therefore the transition state of the reaction) do not achieve
anywhere close to the same level of rate enhancement as natural enzymes?%23, By focusing on a
static active site structure, this theory ignores the contributions of dynamic changes in the
proteins structure. In fact, it is now well known that enzymes do not exist as a single structure,

but instead change their 3D conformation constantly during the course of a reaction2.

A large body of theoretical and experimental studies show that enzyme structural fluctuations
occur over a range of time scales, from femtoseconds to minutes, and involve the vibrations of

individual bonds up to the motions of large domains!®2?4. Bond vibrations and the T.S. lifetime



both occur on the femtosecond to picosecond timescale?*2°>, Computational simulations have
suggested that rather than statically stabilizing a T.S. structure, enzymes may utilize specific
bond vibrations on this timescale to promote reactants to cross the activation energy barrier?32>,
This idea has been supported by the study of “heavy enzymes”, in which an enzyme’s amino
acids are uniformly labelled with heavier isotopes of the same atoms, resulting in an enzyme
which retains the same electrostatics yet has altered bond vibrations on the femtosecond to
picosecond timescale?®?’. In such heavy enzymes, the chemical step of catalysis is slower than in
the corresponding light enzymes?627, Larger fluctuations such as loop motions and side chain
rotations usually occur on the picosecond to nanosecond timescale!?. They can be involved in
regulating catalytic activity?®. Evidence suggests that these frequent thermal fluctuations
collectively facilitate comparatively rarer and larger-scale conformational changes?®3°,
Significant conformational changes and domain motions usually occur on the timescale of
microseconds to milliseconds?4, which is the typical rate of catalytic turnover'®. This is not a
coincidence. For example, during a reaction, enzymes must change conformation from a binding
incompetent form to a form allowing substrate binding3'-34; once substrate is bound they may
relax into a catalytic form?28323536; and finally, once the product is made, they must adopt a form
allowing separation of the product33337, Depending on the enzyme, more or fewer steps may be

involved3s.

The connection between catalytic turnover and structural dynamics has been experimentally
demonstrated?2°3°, For example, in the catalytic cycle of human cyclophilin A, substrate
binding, catalysis, and product release are each accompanied by a distinct conformational change

on the high-microsecond timescale3. Interestingly, these conformational changes involve



“networks” of concerted motions across the global protein structure*®, and are sampled by the
free enzyme before catalysis3*4°. As another example, the structure of Escherichia coli adenylate
kinase contains two “lids” that close upon binding of substrate, and opening of these lids on the

millisecond timescale appears to be the rate-limiting step for catalysis by this enzyme32.

The structure of an enzyme may be best described as a “hierarchy or ensemble of interconverting
conformations™. It is clear that the structure of a single conformation will provide incomplete
information about the process of enzyme catalysis. Therefore, in order to completely understand
how enzymes function, we must also understand their dynamics — their changes in conformation

over time.

1.2. HOW ENZYME DYNAMICS ARE STUDIED

There is a myriad of methods used to study the dynamic properties of biological molecules. Two
of the most successful tools are nuclear magnetic resonance (NMR) spectroscopy and time-
resolved kinetic methods. NMR spectroscopy utilizes the magnetic properties of some atoms to
elucidate information about molecular structure and dynamics. NMR-active nuclei act as
reporters of their unique local chemical environment, and signals from multiple nuclei in the
molecule are simultaneously recorded in an NMR experiment*. This allows detailed structural
information to be acquired at atomic resolution?42, Changes in enzyme conformation and
dynamic motions usually alter the chemical environment of nuclei, and this is reflected by
changes in chemical shift, intensity, and linewidth (or transverse relaxation rate) of signals from
the affected nuclei*?. How this manifests on an NMR spectrum depends on the relative rates of
conformational exchange and chemical shift. If interconversion is slow, then distinct signals are

observed for each conformational state*?. In this case, the structure of each species can be



characterized, and the relative populations can be determined from comparison of the peak
intensities?®. As well, magnetization exchange spectroscopy can be performed to measure the
forward and reverse rate constants of interconversion if they are on the millisecond to second
timescale 44344, As the rates of exchange between the interconverting species approaches or
exceeds the difference in their chemical shift (expressed in frequency units), the signals broaden
or converge to one population-averaged signal*?. Microsecond to millisecond dynamics can
cause fluctuations in the chemical shift of the converged signal and can be characterized by Carr-
Purcell-Meiboom-Gill (CPMG) relaxation dispersion experiments**4>, CPMG can also be a
powerful tool for determining enzyme structures, including those of low-population
conformers*. Dynamics on the picosecond to nanosecond timescales can be characterized using

residual dipolar couplings and spin relaxation measurements384%47.48,

While NMR usually observes conformational dynamics at equilibrium, time-resolved Kinetic
methods initiate a fast perturbation of an enzyme system and follow its relaxation to a new
equilibrium over time using a structural probe, usually optical spectroscopy?4. Once measured,
relaxation times are fit to a kinetic model and rate constants for the transition are obtained.
Typically, kinetic methods are able to either provide support for or rule out different dynamic
models for the structural or chemical transition being studied and allow the timescales of enzyme

conformational interconversion to be determined?.

For example, temperature-jump (T-jump) methods induce a fast increase in temperature within
nanoseconds or microseconds (usually a change of around 10 °C), and relaxation of the system to
the new equilibrium can be followed throughout a large range of timescales (nanoseconds to

seconds or longer)?44°-52, T-jump is simple and applicable to a wide variety of systems, as long



as there is at least a small difference in enthalpy between the conformations of interest?*. A
variety of laser-induced pH-jump reagents (such as o-nitrobenzaldehyde) can be used to perturb
pH-sensitive reactions by altering the pH by up to 1-5 units within nanoseconds>? and lasting for
a microsecond or longer>3->>, In these reagents, the acid dissociation constant of the electronically
excited-state is significantly higher or lower than that of the ground state, such that protons are
effectively emitted or taken up upon excitation by a photon?:. In a similar way, rapid-mixing
techniques permit the study of enzyme structural changes that occur upon reaction with substrate.
Stopped flow methods are capable of mixing enzyme and substrate solutions within a
millisecond and so are ideally suited for dynamics on this timescale or longer>®. Continuous flow
is another rapid-mixing technique with microsecond time resolution®’, and although traditionally
large sample volumes are required®®, modern continuous flow setups using microfluidic cells

need less sample>9-0,

Perturbation methods must be combined with a probing technique to monitor the resulting
structural changes. Spectroscopic techniques including fluorescence, infra-red (IR), and UV-vis
absorbance are the structural probes most commonly used for this purpose. Many proteins
contain one or more tryptophan residues, and fluorescence of the indole ring is quite sensitive to
changes in its local environment®1-%3, In the absence of tryptophan, tyrosine may also be used as
an intrinsic fluorescent probe®*. Alternatively, enzymes can be labelled with a variety of extrinsic
probes sensitive to changes in different properties®®®>. Importantly, the change in distance
between two points on a protein over time can be measured using resonance energy transfer
(RET), including at the single molecule level®®®’. IR spectroscopy can detect changes in protein

secondary structure, H-bonding, and side-chain orientation, solvation, and packing?*. As well,



many proteins contain cofactors or functional groups such as hemes or NAD(P)H that exhibit
absorbance in the UV-Vis region and that are sensitive to chemical or structural changes?*.
Regardless of the perturbation method used, UV-Vis absorbance and IR spectroscopy are both
inherently capable of time resolution down to picoseconds, while the limit of fluorescence is
usually nanoseconds?*. As an alternative to optical methods, detection by on-line mass-
spectrometry offers the potential to distinguish between all species in solution simultaneously,

but is limited by time resolution down to milliseconds®.

Optical time-resolved kinetic methods have poor structural resolution, but are very sensitive,
usually require small amounts of sample, and provide excellent time resolution. A single
experiment is capable of following the dynamics of a process over a wide range of timescales,
for example from nanoseconds to seconds or longer. In contrast, NMR spectroscopy grants
atomic-scale structural resolution, but each experiment provides a narrow dynamic timescale
range. Both techniques allow data acquisition in solution. NMR spectroscopy collects data
without significant perturbation of the enzyme system*-®9 although is limited to smaller
proteins®®, requires larger amounts of sample*?, and the proteins must usually be substituted with
NMR-active nuclei’. Finally, despite the strength and abundance of techniques available for
studying the dynamics of biomolecules, interpreting these data is helped immensely when
snapshots of enzyme structure are available through methods such as X-ray crystallography,

small-angle x-ray scattering, or NMR spectroscopy.

1.3. DEUBIQUITINASES AND THE UBIQUITIN SYSTEM
We have studied the dynamics of Otul, a deubiquitinase enzyme active in the ubiquitin system.
Ubiquitin is a small (76 amino acid) protein covalently attached to other proteins as a reversible

post-translational modification for signalling purposes. Ubiquitin can be attached as a monomer



or as a chain. In ubiquitin chains, an isopeptide bond is formed between the C-terminal carboxyl
group of the distal ubiquitin and one of seven lysine e-amino groups of the preceding ubiquitin
(Lys6, Lys 11, Lys 27, Lys29, Lys33, Lys48, or Lys63)’%72, In such chains, the type of linkage
between the ubiquitin molecules specifies the signal conveyed. For example, chains in which
each ubiquitin is attached to Lys48 of the preceding ubiquitin usually flag their substrate to be
degraded by the proteasome’3, while Lys63-linked chains are involved in other signalling
functions such as DNA repair’4 and endocytosis’>. Ubiquitinases (or E3-ligases) are responsible
for extending or adding ubiquitin chains to target molecules, while deubiquitinases (DUBS)
remove or shorten them. DUBs therefore play a crucial role in regulating the ubiquitin system as
well as the processes in which it is involved, including cell signalling, intracellular trafficking,
cell cycle progression, and immune response’>’677, Altered regulation of ubiquitination is
involved in the pathogenesis of many diseases including viral infection and some cancers, and as

a result, DUBs have become a potential target for drugs’”-78.

The ovarian tumor proteases are one of five families of DUBs. This family shares a similar
active site structure known as the ovarian tumor domain (OTU). Ovarian tumor proteases are
cysteine proteases that contain a conserved catalytic triad, including a cysteine residue
responsible for cleaving the isopeptide bond to release free ubiquitin. The OTU domain active
site is somewhat similar to those of the papain family of plant cysteine proteases, whose catalytic
mechanism has been described in detail’?7°. Interestingly, the crystal structure of at least one
OTU catalytic domain reveals a catalytic triad that is in a catalytically inactive conformation,
suggesting that some conformational change might be necessary for catalysis®®. Many human
and animal viruses, such as the crimean-congo haemorrhagic fever virus, produce proteins that

contain OTU domains capable of deubiquitinating a broad spectrum of substrates in mammalian



cells8%82, Ubiquitin signalling is an important process in innate immunity, and it has been shown

that deubiquitination functions to help the virus avoid an antiviral response from the host82:%3,

1.4. 0TUl

We have studied the dynamics of an OTU domain-containing deubiquitinase named Otul from
the yeast Saccharomyces cerevisiae. Otul has been shown to be involved in the endoplasmic
reticulum (ER)-associated degradation pathway by interaction with Cdc48, a chaperone-like
AAA ATPase®*. Cdc48 is involved in escorting polyubiquitinated proteins to the proteasome for
degradation®. Among other partners, Otul is known to directly interact with Cdc48, suggesting
that it may participate in regulating protein degradation in the ER® %, Otul preferentially
cleaves Lys48-linked polyubiquitin chains®48>, The Otul structure consists of three domains: An
N-terminal ubiquitin-like fold (UBX) domain, an OTU catalytic domain, and a C-terminal
putative zinc-binding CyszHis; (CoH2) domain®®. The UBX domain facilitates Otul’s
interaction with Cdc48 but its removal has no effect on the enzyme’s deubiquitinating
activity®8>. A crystal structure of the catalytic domain of Otul has been solved in complex with
ubiquitin®. The crystallized construct lacked the UBX domain, and the putative zinc-binding
domain was present but was invisible in the electron density map, possibly due to disorder®.
Interestingly, the structure of the catalytic domain contains a short loop of amino acids covering
the active site where the proteolytic reaction takes place, apparently blocking access to
substrate8>8, This loop appears to be highly conserved among OTU domains, including those of
viruses®®. Some DUBs from other families also have active-site-blocking loops which are

believed to be involved in regulation of their activity3!.
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Since Otul is functionally active in vitro®>, we believe it must be able to change its conformation
and open up the loop to allow substrate binding and catalysis. If true, this would make Otul an
ideal model to study enzyme conformational dynamics both for its biological significance as well
as for a better understanding of enzyme function in general. Our long-term goal is to develop a
model that completely describes the dynamic changes that occur during the Otul reaction cycle.
However, we must first understand the dynamics of the free enzyme. The scope of this project
encompasses probing the dynamics of the active site. We hypothesize that free Otul exists in
equilibrium between a conformation capable of binding substrate (open loop) and a conformation
incapable of binding substrate (closed loop). Thus, the initial step is to establish whether such a
conformational change can be detected in solution. We have combined rapid mixing by stopped-
flow with intrinsic fluorescence and UV-Vis spectroscopy to study the reaction of the Otul
active site with 4,4’-Dithiodipyridine (DTDP), a cysteine-reactive probe. Our results suggest that
the OTU domain active site undergoes a conformational change as a rate-limiting step during the

reaction.
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2. Materials and Methods

2.1. REAGENTS

Growth media were purchased from Becton Dickinson. Acetic acid, Glycerol,
tris(hydroxymethyl)aminomethane (TRIS), sodium chloride, dithiothreitol (DTT), hydrochloric
acid, sodium hydroxide, imidazole, methanol, sodium dodecyl sulfate (SDS), sodium acetate,
ethidium bromide, kanamycin, glycine, acrylamide, boric acid, and sodium carbonate were
purchased from Fisher Scientific. Sodium borate was purchased from Mallinckrodt.
Ethylenediaminetetraacetic acid (EDTA), dibasic sodium phosphate, monobasic sodium
phosphate, bis-tris-propane, 4,4’-dithiodipyridine (DTDP or aldrithiol-4), and N-acetylcysteine
amide (NACA) were purchased from Sigma-Aldrich. Isopropyl B-D-1-thiogalactopyranoside

(IPTG), dNTPs, and agarose were purchased from Invitrogen.

2.2. PREPARATION OF OTUI1AUBX

2.2.1. PREPARATION OF OTUIAUBX EXPRESSION CONSTRUCT

The Otul enzyme from Saccharomyces cerevisiae consists of three domains: An N-terminal
ubiquitin-like (UBX) domain, an OTU catalytic domain, and a C-terminal putative zinc-binding
domaind*8>, Removal of the UBX domain (amino acids 1-86) has been shown to have no effect
on the deubiquitinating activity of Otul®48> The remainder of Otul (amino acids 91-301),
cloned into the Ndel and BamH1 sites of a modified version of pET28b(+) (kan®) (Novagen)
(with a reduced multiple cloning site composed only of Ndel/Spel/BamH1) and transformed into
E. coli strain BL21-Gold (DE3) (New England Biolabs), was graciously provided by Dr. Brian
Mark (Department of Microbiology, Faculty of Science, University of Manitoba). This construct,

named OtulAUBX, incorporated a 6xHis tag at the C-terminus of the enzyme followed by a
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translation stop codon. The 6xHis tag was included for affinity purification of the enzyme. This

construct was previously published in James et al .82,

This plasmid was isolated, using a commercial plasmid-prep kit (QIAGEN), from an overnight
culture of cells grown in LB media supplemented with 35 pg/mL kanamycin at 37°C (LB kan®).
The construct was transformed into E. coli strain BL21-Gold (DE3) made competent by the
chemical method, and transformants were selected on LB agar kan®. A positive transformant
colony was frozen at -80 °C in LB media containing 20% glycerol to be used to start all future
cultures for overexpression. The OtulAUBX construct was sequenced. Sequencing was
performed by The Centre for Applied Genomics, The Hospital for Sick Children, Toronto,
Canada, using in-house T7 primers: T7: 5>-TAATACGACTCACTATAGGG-3’, T7term: 5’-

GCTAGTTATTGCTCAGCGG-3°.

2.2.2. OVEREXPRESSION OF OTUIAUBX

An overnight culture of E. coli BL21 containing Otul AUBX expression construct was used to
inoculate one or more 2 L baffled flasks each containing 500 mL LB kan®®. The culture was
grown at 37 °C with 190 rpm shaking to an ODesoonm Of around 0.4-0.8. Expression of enzyme
was induced by the addition of Isopropyl B-D-1-thiogalactopyranoside (IPTG) to 1 mM, and the
culture was incubated overnight at 16 °C with 190 rpm shaking. The culture was pelleted by
centrifugation at 6000 rpm for 20 minutes at 4 °C (Sorvall SLA-3000 rotor). The cell pellet was

either used immediately for protein purification or was frozen at -80 °C until use.

In E. coli BL21 (DE3), the constitutively expressed lac repressor protein (Lacl) binds to the lac
operator sequence in front of both T7 polymerase on the chromosome as well as the cloned gene
on the pET vector (in this case, Otul AUBX), preventing their expression®’. When IPTG (an

indigestible lactose analog) is provided to the cell, it binds to Lacl and lifts repression. This



13

results in expression of T7 polymerase, which in turn transcribes Otul AUBX on the pET vector
through the T7 promoter sequence. This process allows for tight control of gene expression on

the vector.

2.2.3. PURIFICATION OF OTU1AUBX

Two or three cell pellets were resuspended in up to approximately 20 mL of lysis buffer [50 mM
TRIS, 300 mM NaCl, 1-2mM DTT, pH 8.0], and lysed using a French pressure cell press
(AMECO), which included ~5 passes at 1000 psi. The crude lysate was centrifuged at 12000 rpm

for 1 hour at 4 °C (Sorvall SS-34 rotor), and the pellet was discarded.

All chromatography steps were carried out on an AKTA FPLC (GE Healthcare) at 4 °C. Clear
lysate was passed through 3 mL bed volume of Ni-NTA resin (QIAGEN) pre-equilibrated in
lysis buffer. In the FPLC program, the column was rinsed with ten column volumes of lysis
buffer, followed by ten column volumes of the same buffer containing 12.5 mM imidazole, ten
column volumes of buffer containing 25 mM imidazole, and finally the his-tagged protein was
eluted in buffer containing 250 mM imidazole. Protein-containing fractions in the eluate were
assessed by absorbance at 280 nm, pooled, and dialyzed at 4 °C overnight against 1 L of dialysis
buffer [25 mM TRIS, 150 mM NaCl, 2 mM DTT, pH 8.0] using Spectra/Por 7 pre-treated

dialysis membrane with 2 kDa pore size (Spectrum Labs).

The dialyzed sample was concentrated to ~2 mL using an Amicon Ultra centrifugal filter
(Millipore) with 10 kDa molecular weight cut-off (mwco). The solution was applied to a
Superdex 75 column (GE Healthcare) pre-equilibrated in buffer containing [25 mM TRIS, 150
mM NaCl, 1 mM DTT, pH 8.0]. This column separates proteins based on size and therefore
further purified the protein sample. The fractions corresponding to the single largest peak of

eluted protein were combined (assessed by absorbance at 280 nm, usually at ~75 mL elution
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volume). The purified enzyme sample was divided into aliquots of 50 or 100 pL and frozen at -
80 °C until use. The concentration of the purified protein sample was measured by absorbance at
280 nm using an extinction coefficient of 19940 M™* cm™. The extinction coefficient was
determined theoretically using the online EXPASy Protparam tool®2°. Protein purity was
assessed by SDS-PAGE: samples were diluted in 2x loading buffer, heated at 98°C for 10
minutes, and loaded onto a 12% acrylamide SDS-polyacrylamide gel. Broad-range SDS-PAGE
molecular weight standards (Bio-rad) was used as standards ladder. Electrophoresis proceeded in
Tris-glycine-SDS buffer, and protein bands were visualized by staining with brilliant blue R-250

(Fisher).

2.3. PREPARATION OF OTU1AUBXAZN

2.3.1. PREPARATION OF OTUIAUBXAZN EXPRESSION CONSTRUCT

C-terminal to its catalytic domain, Otul contains a putative zinc-binding domain®® (residues 264-
301). To generate a truncated enzyme lacking the putative zinc-binding domain, a PCR method
of site-directed mutagenesis®® was employed, using the above OtulAUBX expression plasmid
construct as a template. The forward primer [5’-CACCACCACTAACTCGAGCACCA-3’, from
Integrated DNA technologies, 5 phosphorylated] was designed to start at the Gly-Ser linker at
the beginning of the C-terminal 6xHis tag and amplify around the entire plasmid. The reverse
primer [5’-GTGGTGGTGGGATCCGAAGGAATAGCCAGTTTGCTTCAAATTTGA-3’, from
Integrated DNA technologies, 5’phosphoryated] was designed to start at residue 174 of
OtulAUBX (residue 263 of full-length Otul) (where the catalytic domain ends and after which
the putative zinc-binding domain begins) and amplify backwards around the plasmid. Thus, by
this method, the entire plasmid is amplified excluding the putative zinc-binding domain. The

“Around-the-horn” PCR was performed using Phusion high-fidelity DNA polymerase (New
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England Biolabs) in HF buffer (New England Biolabs) along with 2 uM of each dNTP and 0.5
MM of each primer. The PCR program involved a 90 second initial denaturation at 98 °C,
followed by a three-part cycle of: 10 seconds at 98 °C, 20 seconds at 63 °C, and 210 seconds at
72 °C. The three-part cycle was repeated thirty times, and the program ended with a 10-minute
incubation at 72 °C. The entire completed reaction mixture was separated on a 1.1% agarose
TAE gel, visualized using ethidium bromide, and the band corresponding to the roughly 6 kb

PCR product was purified using a commercial QIAquick Gel Extraction Kit (QIAGEN).

The two PCR primers were phosphorylated at the 5’ ends. This allowed the two ends of the PCR
product to be connected by a simple ligation reaction after gel-extraction, resulting in a
circularized plasmid. The ligation reaction used Instant Sticky-end Ligase Master Mix (New
England Biolabs) and was allowed to proceed for 15 minutes at room temperature. The ligation
product was transformed into E. coli DH5a cells (New England Biolabs) made competent by the
chemical method. Transformation was done using heat shock method, which involved incubation
at 1 °C for 30 minutes, followed by 42 °C for 90 seconds, and finally in LB media at 37 °C for 1
hour. Positive transformants were selected for on LB agar (kan®®) plates. Putative transformants
were screened by PCR. This construct was named “Otul AUBXAZN”, because it lacks both the
UBX domain and the putative zinc-binding domain. To ensure the success of this method, the
final plasmid product was sequenced. Sequencing was performed by The Centre for Applied
Genomics, The Hospital for Sick Children, Toronto, Canada, using in-house T7 primers: T7: 5°-

TAATACGACTCACTATAGGG-3’, T7term: 5’-GCTAGTTATTGCTCAGCGG-3°.

The OtulAUBXAZN expression plasmid construct was transformed into E. coli BL21-gold

(DE3) for protein overexpression. As above, a sample of culture was stored in LB media
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containing 20% glycerol at -80 °C which was used to start all subsequent overnight cultures of

this construct.

2.3.2. OVEREXPRESSION OF OTUIAUBXAZN

Overexpression of Otul AUBXAZN followed the same procedure as with Otul AUBX.

2.3.3. PURIFICATION OF OTU1AUBXAZN

Purification of Otul AUBXAZN followed the same procedure as with Otul AUBX, with one
important change: the superdex 75 column was instead equilibrated in buffer lacking DTT [25
mM TRIS, 150 mM NaCl, pH 8.0]. This change resulted in the removal of DTT from the sample
during chromatography, as small molecules (such as DTT in the enzyme sample) are trapped in
the column for longer than the much larger proteins. Thus, enzyme molecules leave the superdex

75 column in the equilibration buffer above.

2.4. DATA ANALYSIS
All data analysis was carried out using SigmaPlot 12 software (Point Richmond, CA) unless

otherwise indicated.

2.5. DEUBIQUITINASE ACTIVITY ASSAY

Deubiquitinating activity of the recombinant enzymes was measured using a procedure adapted
from the literature®>°!. In short, the cleavage of 250 nM Ubiquitin-AMC (Ub-AMC)
(BostonBiochem) was catalyzed by the addition of 50 nM purified enzyme (Otul AUBX or
OtulAUBXAZN) in [50 mM TRIS, 50 mM NaCl, 2 mM DTT, pH 7.5) at room temperature, and
the increase in fluorescence at 460 nm was monitored for one hour, using a Jobin-Yvon
Fluorolog fluorescence spectrophotometer (Horiba) with 360 nm excitation light and 1 nm

emission and excitation slits, and in a 10 mm by 3.5 mm quartz cuvette (Starna Cells). The
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average fluorescence intensity of the Ub-AMC solution prior to addition of enzyme was

subtracted from each data point.

It has been suggested that the cleavage of Ub-AMC catalyzed by Otul or OtulAUBX follows
Michaelis-Menten kinetics®. The Michaelis-Menten expression for the rate of an enzyme-

catalyzed reaction is shown in equation ( 2-1 )1,

reaction rate = {21 = KearlF1S] (2-1)
dt Kp+[S]

Where “[P]” equals the concentration of products at time “t”, “[E]” equals the concentration of

kcatn

enzyme, “[S]” equals the concentration of substrate at time “t”, and - equals the Michaelis-

Menten specificity constant. At substrate concentrations much lower than Kw, equation ( 2-1)

can be approximated to equation ( 2-2).

L = Bt ) 5] (2:2)

Integration of equation ( 2-2 ) results in equation ( 2-3).

[P] = [Plo (1 - e‘kffff“”t) = [P (1 — e*t) (2-3)

Where “[P].” equals the concentration of products after infinite time. Because the evolved
fluorescence at 460 nm is proportional to the product concentration, the time course of product

formation follows an exponential rise to maximum as described by:

F —Fy = Fo (1 — et) (2-4)
Where “F” equals the fluorescence intensity at time “t”, “Fo” equals the background fluorescence

intensity, “F.” equals the change in fluorescence intensity after time equals infinity, and “k”

cat

equals the apparent rate constant for the rise, which will be equal to ';—[E]. Therefore, the
M
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measured fluorescence time course was fit to equation ( 2-4 ) and the fitted value of “k” was used

k . .
to calculate KC—‘” This was repeated at least four times for each enzyme.
M

2.6. DIFFERENTIAL SCANNING CALORIMETRY (DSC)

Enzyme samples were dialyzed at 4 °C overnight against 1 L of buffer [19 mM NaxHPO,, 31
mM NaH2POs, adjusted to pH 7.0] using commercial Spectra/Por 7 pre-treated dialysis
membrane with 2 kDa pore size (Spectrum Labs). The dialysate was used as the reference
solution, so that the presence of enzyme accounts for the only difference between enzyme and
reference solutions. Concentration of the enzyme samples was measured after dialysis by
absorbance at 280 nm using an extinction coefficient of 19940 M cm™ (58 uM Otul AUBX or
97 uM OtulAUBXAZN). All dialyzed enzyme and buffer solutions were degassed for 10
minutes prior to DSC. DSC experiments were performed using a Nano DSC (TA Instruments)
with 0.3 mL capillary cell volume. Samples were equilibrated at 20 °C and then heated to 95 °C
with a scan rate of 1 °C per minute and at 3 atm. Data were analyzed using NanoAnalyze (TA
Instruments), and the baseline subtracted heat rate was fit to a two-state scaled model for the

transition. The melting temperature (Tm) is the peak of the melting curve.

2.7. UV-VIS ABSORBANCE SPECTROSCOPY
Absorbance measurements were carried out on a Helios Zeta UV-Vis spectrophotometer

(Thermo Scientific), using 10 mm by 3.5 mm quartz cuvettes (Starna Cells).

2.8. STEADY-STATE FLUORESCENCE SPECTROSCOPY
All  fluorescence spectra were recorded on a Jobin-Yvon Fluorolog fluorescence
spectrophotometer (Horiba), using 10 mm by 3.5 mm quartz cuvettes (Starna Cells). The

fluorescence emission spectrum of 2 uM Otul AUBXAZN was collected from 300 nm to 500 nm,
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using 280 nm excitation light and 2.25 nm emission and excitation slits, at room temperature and
in different buffer pH conditions from pH 7 to 10: 100 mM NaxHPOQOg4, 0.5 mM EDTA, pH 7.0;
100 mM NazHPOQOg4, 0.5 mM EDTA, pH 7.5; 100 mM TRIS, 0.5 mM EDTA, pH 8.0; 100 mM
TRIS, 0.5 mM EDTA, pH 8.5; 100 mM TRIS, 0.5 mM EDTA, pH 9.0; 100 mM Na2COs, 0.5
mM EDTA, pH 9.5; 100 mM Na>COgz, 0.5 mM EDTA, pH 10.0. Data analysis was carried out in
SigmaPlot 12.3. A reference spectrum was collected for each buffer solution without enzyme and

subtracted.

2.9. CIRCULAR DICHROISM (CD) SPECTROSCOPY

All CD spectra were recorded using a J-810 spectropolarimeter (JASCO) with a 0.05 cm
cylindrical cuvette. The CD spectrum of 5 uM OtulAUBXAZN in buffer containing [4 mM
Na:HPO4, 6 mM NaH2PO4, 0.4 mM Naz2B4O7, 5 mM H3BOs, pH 7.0] was collected from 185 nm
to 260 nm at room temperature, using a 20 nm/min scan rate, 2 second response time, and 0.1 nm
data pitch. The above solution was titrated with a solution of 5 uM Otul AUBXAZN in buffer
containing [4 mM NaHPO., 6 mM NaH2POs, 10 mM Na2B4O7, adjusted to pH 10.0], and five
additional spectra were recorded during the process. At each point, the pH was measured. This
was repeated for the same buffers containing no enzyme to obtain a blank spectrum at each

point. For each pH, a blank spectrum was subtracted from the enzyme spectrum.

2.10. THIOL-REACTIVE PROBES

5,5’dithio-bis(2-nitrobenzoic acid) (DTNB), also known as Ellman’s reagent, is a small molecule
whose absorbance spectrum changes upon reaction with compounds containing thiol groups,
such as that of the amino acid cysteine®?%3. Specifically, the product of such a reaction, 5-thio-2-
nitrobenzoic acid (TNB), absorbs strongly at 412 nm (es12 = 14150 M cm™)°2, For this reason, it

has been commonly used as a probe for spectroscopic assays, such as the quantification of
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protein thiol groups®?°3. DTNB is charged in solution at neutral pH and it has been shown to
react incompletely with thiols®4. 4,4’-dithiodipyridine (DTDP), also known as Aldrithiol-4 or 4-
PDS, is a smaller compound that reacts more quickly and completely with thiol residues than
DTNB, and is mostly uncharged in solution at neutral pH%. DTDP reacts with reduced thiols to
form a conjugated product as well as a free 4-thiopyridone (4-TP) molecule (Figure 2-1)%-°%, The
absorbance spectrum of the free 4-TP product contains a peak at 324 nm (es24 = 21400 Mt cm™)
which is not present in the spectrum of DTDP®4. Thus, reaction of DTDP with a reduced thiol
group such as in cysteine can be followed by measuring the increase in absorbance at 324 nm

over time.
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Figure 2-1: Scheme for the reaction of a thiol-containing molecule (RSH) with DTDP, yielding a disulfide and
4-TP.

2.10.1. PREPARATION OF THIOL-REACTIVE PROBES

DTDP powder was dissolved up to about 150-200 mM in approximately 0.4 M HCI, and either
used immediately or frozen at -20 °C until use. Prior to use, this stock was diluted in the desired
buffer (at least 15 fold), and the pH was readjusted with NaOH. The concentration of DTDP in
solution was determined by absorbance at 246 nm (e2s7 = 1.63x10* M cm™)%, The highest
attainable concentration of DTDP above pH 7.0 was about 10 mM (significant turbidity or
precipitation was observed over 10 mM). As stopped-flow mixes two reactant solutions in equal

amounts, the maximum attainable concentration of DTDP in reaction was 5 mM.
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2.11. STOPPED-FLOW SPECTROPHOTOMETRY

In essence, a stopped-flow spectrophotometer is analogous to any other absorbance or
fluorescence spectrophotometer, except that it allows for very fast mixing of two solutions. A
simplified schematic of a stopped-flow instrument is shown in Figure 2-2. The two solutions to
be mixed are placed in separate drive syringes (red and green in Figure 2-2). The syringes are
connected by tubing to a T-mixer, where the solutions are mixed, followed by an optical cell for
spectroscopic measurement of the mixture and finally a stop syringe. A drive ram, often powered
by compressed gas, simultaneously compresses both sample syringes, pushing sample through
the system and filling the stop syringe. Flow must stop when the stop syringe is full, at which
point spectroscopic observation of the mixture in the optical cell is begun. The process is very

fast, such that the reaction in the optical cell can be monitored within 1-2 ms of mixing®. The

progress of the reaction can then be measured spectroscopically for up to minutes after®.

Arc lamp Cell Photomultiplier

L

Drive Stop
Syringes syringe k‘_‘
~ |
RAM -
Microswitch Recorder

Figure 2-2: Schematic diagram of the key components of a stopped-flow spectrophotometer. (Springer
Encyclopedia of Biophysics, Stopped-Flow Techniques, 2013, pp 2460-2466, Clive R. Bagshaw, Copyright
European Biophysical Societies” Association (EBSA) 2013, used with permission of Springer.)
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2.11.1. MEASUREMENT OF REACTION KINETICS

All stopped-flow reactions were carried out using an SX20 Stopped Flow Spectrometer (Applied
Photophysics). For each reaction, both reactants were diluted into the same buffer.
Otul AUBXAZN or NACA solution was placed into one drive syringe, while DTDP solution was
placed into the other drive syringe. The SX20 injected equal volumes of the two solutions into
the optical cell and over time recorded either the absorbance at 324 nm, or the fluorescence
intensity through a 320 nm longpass filter at an excitation wavelength of 280 nm. In the case of
fluorescence, the excitation slits and the PMT voltage were optimized for each reaction. In order
to obtain pseudo first-order Kinetics, the concentrations of DTDP were always kept in at least 5-
fold excess of OtulAUBXAZN or NACA. NACA concentrations were 10-150 pM,
Otul AUBXAZN concentrations were 2 uM for fluorescence or 20 uM for absorbance. The dead
time (mixing time) of the instrument was assumed to be 1 millisecond; therefore data collected
faster than 1 millisecond were excluded. Reactions were repeated several times (usually 2-20)

and an average trace was obtained.

Reactions of 10-150 uM NACA with DTDP were carried out at 12.5 °C, and an increase in
absorbance at 324 nm was recorded. Reactions of 2 uM Otul AUBXAZN with DTDP were
carried out at 12.5 °C, and a decrease in fluorescence intensity was recorded at 280 nm excitation
light. In this report, all concentrations listed for materials used in stopped-flow refer to the
concentration after solutions were mixed (reaction concentration). Between five and thirty

replicates were recorded for each trace and averaged.
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3. Results

In this work, we have studied the properties of the active site of the Otul enzyme. We have
overexpressed and purified the Otul catalytic domain and compared its biophysical properties
with those of the intact protein. We have also probed the catalytic domain using the cysteine-
labelling molecules DTDP. The labelling reaction Kinetics of the catalytic cysteine with DTDP
have been followed using stopped-flow spectroscopy methods. The results of this study have

enabled us to determine the dynamic properties of the active site of this enzyme.

3.1. TRUNCATION OF OTUIAUBX

C-terminal to its catalytic domain, Otul contains a putative CoHz zinc-binding domain®
(residues 264-301). When Otul AUBX in complex with ubiquitin was crystallized by Messick et
al, the CoH, domain was not visible in the electron density map®. This domain contains two
cysteine residues which would potentially react with the cysteine-labelling probe DTDP. This
will complicate the kinetic analysis of the reaction of this probe. Therefore, standard molecular
biology techniques were employed to remove the putative zinc-binding domain. The resulting
construct, Otul AUBXAZN, comprises simply the catalytic OTU domain that contains only a
sole cysteine in the active site as well as a C-terminal 6x-His tag. Genetic sequence analysis of
the expression plasmid containing this construct confirmed the success of the cloning methods.
Figure 3-1 shows SDS-PAGE analysis of OtulAUBX and the purified Otul AUBXAZN. The
absence of any other band in the OtulAUBX or OtulAUBXAZN lanes suggests that no
significant contaminants exist in the purified protein samples. The relative position of each
protein band indicates that the two species differ by a molecular mass of approximately 4-5 kDa.
This shows that the 38 residues of Otul AUBX that form the putative CoH2 domain of this protein

have been successfully removed and that we have isolated the catalytic domain of Otul.
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Figure 3-1: SDS-PAGE of purified protein samples. (i) Molecular weight standards (Bio-rad broad range);
(ii) 2.5 pg purified Otul AUBX; (iii) 2.5 pg purified Otul AUBXAZN; (v) molecular weight standards; (vi) 7
pg purified Otul AUBXAZN. Samples run on 12% acrylamide gel and visualized by coomassie staining.

3.2. DEUBIQUITINASE ACTIVITY OF PURIFIED ENZYMES

Figure 3-2 shows the progress curve of the action of Otul AUBXAZN on the substrate Ub-AMC.
It can be observed that the addition of the enzyme leads to an increase in fluorescence intensity
measured at 460 nm; this increase results from the catalytic cleavage of the AMC moiety from
ubiquitin. Based on the literature®>, a concentration of 0.25 puM Ub-AMC is in the low-
concentration regime, such that the approximation in equation ( 2-2 ) is valid. In Table 3-1, the
specificity constant for the two enzymes Otul AUBXAZN and OtulAUBX are reported for
comparison. These values demonstrate: A) the specificity constant obtained for OtulAUBX is
consistent with the reported values in the literature®®; B) the truncation has had no significant

effect on the activity of the enzyme.
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Figure 3-2: Deubiquitinating activity of OtulAUBXAZN. The cleavage of 250 nM Ub-AMC was
catalyzed by the addition of 50 nM Otul AUBXAZN, and the increase in fluorescence emission at 460 nm
(with 360 nm excitation light) was recorded over time. The reaction was performed at room temperature,

buffered using 50 mM TRIS, 50 mM NaCl, 2 mM DTT, and adjusted to pH 7.5. The red line represents the
best fit to a mono-exponential rise to maximum, as given by equation ( 2-4).

Table 3-1: Specificity constant of purified recombinant deubiquitinases. Cleavage of Ub-AMC catalyzed
by each DUB was monitored by fluorescence, and the progress curve was fit to equation ( 2-4 ) to obtain
the specificity constant. At least four trials were performed for each enzyme, and the average * the
standard deviation is presented in the table.

Enzyme Keat/Km (M s7%)
OtulAUBX 4600 £ 900

OtulAUBXAZN 5000 + 2000

3.3. DIFFERENTIAL SCANNING CALORIMETRY OF PURIFIED ENZYMES
Figure 3-3 shows melting curves for OtulAUBX and Otul AUBXAZN obtained by DSC. It can
be seen that the thermal transition midpoint, or melting temperature (Tm), of the two enzymes

differs by less than 2 °C. This indicates that removal of the putative CoH. domain has had only a
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minor effect on the thermal stability of the enzyme. Therefore, it is likely that minimal

interactions exist between the catalytic OTU domain and the putative zinc-binding domain.
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Figure 3-3: Thermal unfolding of recombinant enzymes monitored by DSC. 58 uM Otul AUBX (purple)

or 97 uM Otul AUBXAZN (dark green) in 50 mM phosphate buffer at pH 7 was heated from 20 °C to 95
°C at 1 °C per minute and at 3 atm using DSC. The Tn, is the peak of the melting curve, as determined by

the best fit to a two-state scaled model for the transition.

3.4. EFFECT OF PH ON OTU1AUBXAZN STRUCTURE
We have investigated the effect of pH on the structure of Otul AUBXAZN using fluorescence

and circular dichroism spectroscopies. The fluorescence emission of the indole ring of
tryptophan is sensitive to local solvent polarity and this property can be used to detect structural
perturbations®?. OtulAUBX contains two tryptophan residues, Trpl68 and Trpl758°. The
existence of two tryptophan residues may complicate the interpretation of our fluorescence data.
Figure 3-4 depicts the fluorescence emission spectra of Otul over a range of buffer pH

conditions. The fluorescence emission peak undergoes a blue shift of 6 nm over the pH range
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The fact that a blue shift is observed indicates that the fluorescing tryptophan residue has become
slightly less exposed to solvent®!. This observation is consistent with a minimal change in the

protein tertiary structure.
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Figure 3-4: Fluorescence emission spectrum of Otul AUBXAZN measured under different buffer pH
conditions. The emission spectrum of 2 uM Otul AUBXAZN in different buffers was collected at room
temperature using 280 nm excitation light. See methods section for composition of each buffer.

The pH-induced perturbations in the secondary structure of OtulAUBXAZN have been
monitored using CD spectroscopy. The CD spectra of Otul AUBXAZN under multiple pH
conditions from pH 7.00 to pH 9.73 are shown in Figure 3-5. Regions corresponding to beta
sheet and alpha helix are only slightly changed over the pH range, while no significant increase
in random coil is observed. We therefore conclude that the enzyme secondary structure is

minimally perturbed across the entire pH range.
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Figure 3-5: Circular dichroism spectrum of OtulAUBXAZN measured under different buffer pH
conditions. 5 uM OtulAUBXAZN in buffer at pH 7.0 was titrated with 5 uM Otul AUBXAZN in buffer at
pH 10, and the CD spectrum was obtained at room temperature at several points during the process. See
Methods section for details and buffer composition.

3.5. REACTION KINETICS OF NACA WITH DTDP

Complete analysis of the reaction kinetics of DTDP with the active-site cysteine of Otul requires
knowledge of the reaction rate of DTDP with a fully-accessible cysteine. N-acetylcysteine amide
(NACA) has been chosen as model for free cysteine in a peptide, and the kinetics of its reaction
with DTDP have been studied using stopped-flow. Figure 3-6 shows example traces of the
reaction of NACA with three different concentrations of DTDP. It can be observed that the rapid
mixing of DTDP with NACA results in an increase in absorbance at 324 nm, which results from
the production of the product molecule 4-thiopyridine. The time course of each reaction follows

an exponential rise to maximum as given by equation ( 3-1):

A=Ay = Ap(1 — e Farpt) (3-1)
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Where “A” equals the absorbance at 324 nm at time “t”, “Ao” equals the background absorbance
at 324 nm, “A.” equals the change in absorbance at 324 nm after time equals infinity, and “Kapp”

equals the rate constant for the rise. This equation can be rearranged into equation ( 3-2):
A=y, +a(1— e Farrt) (3-2)
Where “yo” is equal to Ao, and “a” is equal to A..

Figure 3-6 depicts typical progress curves of the reaction of NACA with three different
concentrations of DTDP. These data indicate that kap may exhibit a possible DTDP
concentration dependence. In addition, as can be seen in Figure 3-7, reacting NACA with the
same amount of DTDP shows that kapp may also depend on the pH of the solution. In order to
investigate these dependencies, progress curves of the reaction of NACA with a range of DTDP
concentrations have been collected under several different buffer pH conditions. Each reaction
progress curve was fit to equation ( 3-2 ), and the results are tabulated in Table 3-2. In Figure
3-8, the apparent rate constant kapp is plotted as a function of DTDP concentration for each buffer
pH condition. Clearly, at each given pH, kapp is linearly dependent on DTDP concentration. The
results of these linear fits are tabulated in Table 3-3. In addition, a close examination of the

parameter “a” indicates that the slopes obtained from the linear regression exhibit a strong pH

dependence.
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Figure 3-6: Stopped-flow traces reported as changes in absorbance monitored at 324 nm as a function of
time due to reaction of 20 uM NACA with DTDP (black dots). The different traces represent different DTDP
concentration values. The reactions were performed under pseudo-first-order conditions at 12.5 °C buffered
using 100 mM TRIS, 0.5 mM EDTA, at pH 8.5. The traces represent: A = 3160 uM DTDP, B = 1000 uM
DTDP, C = 200 uM DTDP. The red lines represent the best fit to a mono-exponential rise to maximum, as
given by equation ( 3-2).
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Figure 3-7: Stopped-flow traces reported as normalized changes in absorbance monitored at 324 nm as a
function of time due to reaction of 20 uM NACA with 500 uM DTDP. The measured change in absorbance
was normalized to the maximum difference in absorbance values (black dots). The three traces represent
reactions performed at different buffer pH conditions. The reactions were performed under pseudo-first-
order conditions at 12.5 °C buffered using 100 mM TRIS, 0.5 mM EDTA. The traces represent: A = pH
9.0, B =pH 8.5, C = pH 8.0. The red lines represent the best fit to a mono-exponential rise to maximum, as
given by equation ( 3-2).
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Table 3-2: Parameters associated with the best fit of equation ( 3-2 ) to stopped-flow traces obtained from the
reaction of 10-150 uM NACA with DTDP. The reactions were performed under pseudo-first-order conditions

(IDTDP] >> [NACA]) at 12.5 °C and the change in absorbance was monitored at 324 nm as a function of time.

Each section represents a set of reactions performed under a different buffer pH condition. 100 mM Na;HPO4,

0.5 mM EDTA, pH 7.0; 100 mM NaHPQO4, 0.5 mM EDTA, pH 7.5; 100 mM TRIS, 0.5 mM EDTA, pH 8.0;

100 mM TRIS, 0.5 mM EDTA, pH 8.5; 100 mM Bis-TRIS-propane, 0.5 mM EDTA, pH 9.0; 100 mM Na,COs,
0.5 mM EDTA, pH 9.5; 100 mM Na,COgz, 0.5 mM EDTA, pH 10.0.

pH 7.0
DTDP c((:Tr:I(\:/(Ie)ntratlon Yo a kapp R2
0.20 -0.0083 £ 0.000004 0.0561 + 0.000004 0.2536 + 0.00004 1.0000
0.50 0.0005 £ 0.000006 0.0571 + 0.000005 0.6245 £ 0.0001 0.9999
1.00 0.0014 + 0.000005 0.057 £+ 0.000005 1.2483 + 0.0002 1.0000
2.00 -0.0003 + 0.000005 0.0566 + 0.000005 2.5041 £ 0.0004 0.9999
3.00 0.0046 + 0.000006 0.0565 + 0.000006 3.647 +0.0008 0.9999
4.09 -0.0019 + 0.000006 0.0568 + 0.000005 4.6949 + 0.0008 0.9999
pH 7.5
DTDP c(cr)Tr:I(\:/?)ntratlon Vo a kapp =¥
0.20 -0.006 + 0.000004 0.0573 + 0.000004 0.5876 + 0.00008 1.0000
0.50 0.0012 £ 0.000007 0.057 + 0.000006 1.48 £ 0.0003 0.9999
1.00 -0.0015 + 0.000007 0.0576 + 0.000007 2.8952 + 0.0007 0.9999
2.00 -0.0127 £ 0.00001 0.057 + 0.000009 5.766 + 0.002 0.9998
3.00 -0.0054 + 0.000008 0.0561 + 0.000008 8.288 * 0.002 0.9999
451 -0.0022 + 0.000009 0.0564 + 0.000008 12.193 £ 0.003 0.9999
pH 8.0
DTDP c((:]r:;\:/(le)ntratlon Vo a kapp R2
0.20 -0.0067 + 0.000005 0.0481 £ 0.000005 1.4727 £ 0.0003 0.9999
0.50 o * 0.0486 + 0.000006 36781+0.0008  0.9999
1.00 -0.0007 £ 0.000008 0.0486 + 0.000008 7.33 £0.002 0.9998
2.00 -0.0016 + 0.00001 0.0496 + 0.00001 14.581 £ 0.005 0.9997
2.75 -0.0031 £ 0.00001 0.0486 £ 0.00001 19.908 + 0.009 0.9997
3.53 0.0006 + 0.00001 0.0489 + 0.00001 24.85 + 0.01 0.9996
pH 8.5
DTDP c(cr)Tr:I(\:/(la)ntratlon Vo a kapp RZ
0.20 0.009 + 0.000007 0.0465 + 0.000006 2.8157 £+ 0.0008 0.9999
0.50 -0.0031 £ 0.00001 0.0446 + 0.00001 7.342 £ 0.003 0.9996
0.75 -0.1516 + 0.00001 0.0416 + 0.00001 13.013 + 0.006 0.9996
1.00 0.0417 £+ 0.00001 0.045 + 0.00001 14.881 + 0.007 0.9995
2.00 0.1254 £ 0.00002 0.047 £+ 0.00002 29.4 £ 0.02 0.9993
3.16 -0.0053 + 0.00002 0.0464 + 0.00001 45.76 £ 0.03 0.9994
4.60 0.0242 + 0.00002 0.041 + 0.00002 62.2 +0.05 0.9987
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pH 9.0
DTDP concentration
(mM)
0.20 -0.007 + 0.000007 0.0217 £+ 0.000007 5.038 £ 0.003 0.9993
0.50 -0.0035 + 0.00001 0.0219 £ 0.00001 12.587 + 0.009 0.9988
1.00 0.0038 £ 0.00001 0.0218 £ 0.000009 25.97 £ 0.02 0.9987
2.00 0.0021 £ 0.00001 0.0225 £ 0.00001 47.79 £ 0.05 0.9979
2.60 -0.0019 + 0.000006 0.0568 * 0.000005 59.27 £ 0.07 0.9999
pH 9.5
DTDP c(%]ﬁj?tratlon Vo a kapp R2
0.20 0.0033 + 0.000008 0.0065 + 0.000008 6.56 £ 0.01 0.9916
1.00 0.0012 £ 0.00001 0.0137 £ 0.00001 33.36 £ 0.04 0.9960
1.94 0.0188 * 0.00002 0.0154 + 0.00002 57.2+0.1 0.9935
2.98 0.0107 £ 0.00002 0.014 + 0.00002 107.8+0.2 0.9895
pH 10.0
DTDP c?;]'(\:/?ntratlon Vo a kapp R2
0.96 0.0076 £ 0.00001 0.033 £ 0.00001 37.61+£0.03 0.9993
1.18 0.0061 £ 0.00001 0.0331 £ 0.00001 47.63+0.03 0.9992

1.41 0.0103 + 0.00001 0.0333 + 0.00001 59.26 + 0.04 0.9992
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Figure 3-8: Apparent rate constant for the reaction of NACA with DTDP as a function of DTDP
concentration, at various pH values. The data points correspond to the values in Table 3-2. The error bars
(standard error of the exponential fits) are smaller than the data point sizes. Each colour represents different
buffer pH conditions: red = 100 mM NazHPO,, 0.5 mM EDTA, pH 7.0; dashed pink = 100 mM NazHPOs,,
0.5 mM EDTA, pH 7.5; violet = 100 mM TRIS, 0.5 mM EDTA, pH 8.0; dashed navy blue = 100 mM TRIS,
0.5 mM EDTA, pH 8.5; blue = 100 mM Bis-TRIS-propane, 0.5 mM EDTA, pH 9.0; dashed cyan = 100 mM
Na,CQOs, 0.5 mM EDTA, pH 9.5; green = 100 mM Na,CQgs, 0.5 mM EDTA, pH 10.0. The lines are linear
regression of the data points for each pH.

Table 3-3: Buffer pH, calculated [H30*], and parameters of linear regression of the data in Figure 3-8. Since
buffer pH was measured at room temperature, the pH at 12.5 °C (reaction temperature) was calculated using
ApKa/°C values for each bufferi®3104,

Room Temperature-corrected

temperature pH

7.0
7.5
8.0
8.5
9.0
9.5
10.0

DTDP concentration (M)

[H:0"] (M)

9.4E-08
1.7E-08
5.4E-09
1.7E-09
5.4E-10
2.2E-10
8.2E-11

a (slope)

1190+ 20

2750 £ 30

7150 = 50
14000 * 300
23500 £ 500
34000 + 2000
41000 £ 800

R2

0.9965
0.9985
0.9992
0.9944
0.995
0.9786
0.9776

3.6. REACTION KINETICS OF OTUI1AUBXAZN WITH DTDP

34

As OtulAUBXAZN contains a single thiol group in its active-site cysteine, its reaction with

DTDP can be monitored by absorbance at 324 nm similarly to NACA. However, it was also
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observed that the intrinsic fluorescence of Otul AUBXAZN is quenched upon reaction with
DTDP (Figure 3-9). Because fluorescence spectroscopy is more sensitive than absorbance, it
permits the use of much lower enzyme concentrations. Therefore, the kinetics of the reaction of
OtulAUBXAZN with DTDP were followed by monitoring the decrease in fluorescence intensity
through a 320 nm longpass filter using 280 nm light as an excitation source. Between buffer pH
values of 7.0 to 9.0, the apparent rates of the reactions followed by fluorescence were similar to
those followed by absorbance @ 324nm within error. The time course of the reaction of
Otul AUBXAZN with DTDP often follows a single exponential decay, as described by equation (

3-3). (Red lines in Figure 3-9, Figure 3-10, and Figure 3-11)

F =y, + a(e™ er) (3-3)

2 ¢e

Where “F” is equal to the fluorescence at time “t”, “yo” is equal to the fluorescence after infinite
time, and “a” is equal to the magnitude of the total change in fluorescence. However, in some
cases, the progress curve is best fit to a double exponential decay, as described by equation ( 3-4

). (Blue lines in Figure 3-9, Figure 3-10 and Figure 3-11)
F=vy,+ a(e‘kapplt) + c(e‘kappzt) (3-4)

Where “kapp1” and “kapp2” are two different apparent rate constants contributing to the
fluorescence decay, and “a” and “c” are equal to the magnitudes of the fluorescence change
associated with kapp1 and kapp2 respectively. An example of a reaction of Otul AUBXAZN with
DTDP that displays the double-exponential phenomenon is presented in Figure 3-10, along with
a visual comparison of the best fit to equation ( 3-3 ) to the best fit to equation ( 3-4 ). When

present, this second, faster exponential (kapp2) is always associated with a small amplitude, and
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was therefore considered to be a minor component. The same phenomenon is observed when the

reaction is followed by absorbance at 324 nm, instead of fluorescence.

Normalized Afluorescence (arbitrary units)
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Figure 3-9: Stopped-flow traces reported as normalized changes in fluorescence intensity as a function of
time due to reaction of 2 uM Otul AUBXAZN with DTDP. The reactions were monitored using excitation at
280 nm and the change in fluorescence emission intensity (measured through a 320 nm longpass filter) was
normalized to the maximum difference in fluorescence values (black dots). The different traces represent
different DTDP concentration values. The reactions were performed under pseudo-first-order conditions at
12.5 °C buffered using 100 mM TRIS, 0.5 mM EDTA, at pH 9.0. The traces represent: A = 2000 uM DTDP,
B =750 uM DTDP, C = 100 uM DTDP. The red lines represent the best fit to a mono-exponential decay, as
given by equation ( 3-3 ). The blue line represents the best fit to a bi-exponential decay, as given by equation
(3-4).
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Figure 3-10: Stopped-flow trace monitoring the reaction of 2 pM OtulAUBXAZN with 100 uM DTDP
reported as fluorescence intensity as a function of time. The reactions were monitored using excitation at
280 nm and the change in fluorescence emission intensity was measured through a 320 nm longpass filter
(black dots). The reaction was performed under pseudo-first-order conditions at 12.5 °C buffered using 100
mM TRIS, 0.5 mM EDTA, at pH 8.5. The red line represents the best fit to a mono-exponential decay, as

given by equation ( 3-3 ). The blue line represents the best fit to a bi-exponential decay, as given by
equation ( 3-4).
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Figure 3-11: Stopped-flow traces reported as normalized changes in fluorescence intensity as a function of

time due to reaction of 2 uM Otul AUBXAZN with 100uM DTDP. The reactions were monitored using

excitation at 280 nm and the change in fluorescence emission intensity (measured through a 320 nm

longpass filter) was normalized to the maximum difference in fluorescence values (black dots). The different

traces represent reactions performed at different buffer pH conditions. The reactions were performed under

pseudo-first-order conditions at 12.5 °C. The traces represent: A = 100 mM TRIS, 0.5 mM EDTA, pH 9.0;

B =100 mM TRIS, 0.5 mM EDTA, pH 8.5; C = 100 mM NayHPO4, 0.5 mM EDTA pH 7.5. The red line

represents the best fit to a mono-exponential decay, as given by Equation ( 3-3 ). The blue lines represent the

best fit to a bi-exponential decay, as given by Equation ( 3-4).
Figure 3-9 depicts typical progress curves of the reaction of Otul AUBXAZN with three different
concentrations of DTDP. The data reveal a possible dependence of the reaction rate on the
concentration of DTDP. Figure 3-11 depicts the reaction of Otul AUBXAZN with a single DTDP
concentration under different buffer pH conditions and it can be observed that the reaction rate
may also depend on the pH of the solution. To investigate these trends, progress curves of the
reaction of Otul AUBXAZN with a range of DTDP concentrations were collected under several
different buffer pH conditions. Each reaction progress curve was fit to equation ( 3-3 ), or if

necessary, equation ( 3-4 ). The fitting results are tabulated in Table 3-4. Our data do not reveal

any DTDP concentration dependence or pH dependence of Kapp2. In Figure 3-12, the apparent
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rate constant of the major component (Kapp Or Kappr) is plotted as a function of DTDP
concentration for each buffer pH condition. It can be seen that the initial slope of each DTDP
dependence curve depends on the pH of the reaction. At lower pH conditions (pH 7.0 and 7.5),
kapp1 follows a quasilinear trend with respect to DTDP concentration. At higher pH conditions
(pH 8.0, 8.5, and 9.0) a hyperbolic dependence of kapp: o0n DTDP concentration is observed. The
fitting results are tabulated in Table 3-5. This is a significant difference from the linear trends
observed for reactions with free cysteine (NACA). Therefore, reaction of DTDP with the active
site cysteine of OtulAUBXAZN is not a simple bimolecular reaction. A more complicated
kinetic scheme is required to fit the data. The hyperbolic trend indicates that a monomolecular
step becomes rate limiting at higher DTDP concentrations and this may suggest the presence of

conformational change.



40

Table 3-4: Parameters associated with the best fit of equation ( 3-3 ) or ( 3-4 ) to stopped-flow traces obtained from the reaction of 2 uM or 20 uM
Otul AUBXAZN with DTDP. The reactions were performed under pseudo-first-order conditions ([DTDP] >> [enzyme]) at 12.5 °C and the decrease in
fluorescence through a 320 nm longpass filter was monitored as a function of time using 280 nm excitation light. Each section of the table represents a set of
reactions performed under a different buffer pH condition. 100 mM Na;HPO., 0.5 mM EDTA, pH 7.0; 100 mM NazHPO4, 0.5 mM EDTA, pH 7.5; 100 mM
TRIS, 0.5 mM EDTA, pH 8.0; 100 mM TRIS, 0.5 mM EDTA, pH 8.5; 100 mM TRIS, 0.5 mM EDTA, pH 9.0; 100 mM Na>COQs, 0.5 mM EDTA, pH 9.5; 100
mM Na,COs, 0.5 mM EDTA, pH 10.0.

pH 7.0

DTDP concentration

(mM)
0.10
1.00
2.00
3.00
3.70

pH 7.5

DTDP concentration

2.9947 + 0.0002
2.8266 + 0.0002
2.8114 + 0.0002
2.8547 +0.0003
2.8885 + 0.0003

5.4411 + 0.0003
5.3244 + 0.0004
5.1248 + 0.0005
5.0139 + 0.0005
4.93 +£0.001

0.0428 + 0.000005

0.3925 + 0.00006
0.7604 + 0.0002
1.1059 + 0.0003

1.355 + 0.0005

0.061 + 0.002

0.073 £ 0.003

1.0000
1.0000
0.9999
0.9999
0.9999

(mM)
0.10
1.00
2.00
3.00
4.00
5.00

pH 8.0

DTDP concentration

3.5897 £ 0.0001
3.3843 £ 0.0001
3.2383 £ 0.0003
3.057 + 0.0004
2.875 + 0.0004
2.768 £ 0.001

4.2105 + 0.0002
4.2814 + 0.0004
4.34 +0.002
4.494 + 0.003
4.622 + 0.002
4.49 +0.03

0.1596 + 0.00002
1.5982 + 0.0003
3.332 £ 0.002
5.115 + 0.004
7.006 + 0.004
8.55+0.03

0.384 + 0.002

0.256 + 0.003

0.186 + 0.004
0.4 +0.03

26.6 +0.3
30+0.7
107 + 4

24+1

1.0000
0.9999
0.9999
0.9998
0.9997
0.9996

(mM)
0.10
1.00
2.00
3.00
4.00
4.92

3.998 + 0.0001
3.748 + 0.0003
3.43 +0.0003
3.149 + 0.0005
2.943 + 0.0003
2.942 + 0.0004

3.251 + 0.0003
3.392 + 0.006
3.958 + 0.003
4.466 + 0.006
5.014 £ 0.001
5.472 +0.001

0.698 + 0.0001
6.472 +0.007
13.21 +0.01
18.93 + 0.02

24.097 +0.009
27.68 + 0.01

0.4 +0.005
0.188 + 0.003
0.132 + 0.006

224 +0.3
79+3
81+5
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pH 8.5
DTDP c((:rr:lc\:/?;uratlon Yo . Kapt . Kaop2 R2
0.10 4.664 + 0.0002 3.2706 + 0.0006 1.4635 + 0.0005 0.179+£0.001 19.4+0.3 0.9999
0.50 4.3615 + 0.0005 3.023 £ 0.008 6.71 £0.01 0.607 £0.008 23.5+0.3 0.9996
1.00 4,3398 + 0.0003 3.8419 + 0.0008 15.082 + 0.006 - - 0.9997
2.00 3.9354 + 0.0003 4.651 +0.001 27.69 + 0.01 - - 0.9995
3.00 3.4438 + 0.0007 5.1 +£0.002 36.05 + 0.02 - - 0.9993
4.00 3.0249 + 0.0006 5.063 + 0.002 41.86 £ 0.03 - - 0.9992
4,98 2.8937 + 0.0004 5.024 + 0.001 47.12 £ 0.02 - - 0.9995
pH 9.0
DTDP C(;Tr]llc\:/elntratlon " . Kaopt. . Kaopo R
0.10 5.1244 + 0.0003 2.616 + 0.002 3.127 £ 0.002 0.233+0.002 19.9+0.3 0.9998
0.20 4.7325 + 0.0002 2.587 + 0.004 5.528 + 0.006 0.414+0.004 21.3+0.2 0.9998
0.50 4.6928 + 0.0002 2.961 + 0.0008 16.385 + 0.008 - - 0.9995
0.75 45927 +0.0003 3.0087 + 0.0007 22.76 £ 0.01 - - 0.9996
1.00 4.2681 + 0.0005 3.4254 + 0.0007 29.44 + 0.02 - - 0.9996
1.50 4.2816 + 0.0004 3.961 +0.001 40.5+0.02 - - 0.9994
2.00 3.8067 + 0.0003 4,037 +£0.001 49.1 £0.02 - - 0.9996
2.50 3.7985 + 0.0005 4.514 + 0.002 55.8 £ 0.04 - - 0.9989




kappl (S-l)

60
50 A -
/‘/
//
—
4 - -
40 P
s ———— pH7.0
s ——— pH75
30 - _ ———— pH8O
P > ——— pH85
_ ——— pH90
20 A Ve
<
/
10 % .- ——"
% - ———"
e — -
LB .
0.000 0.001 0.002 0.003 0.004 0.005 0.006
[DTDP] (M)

Figure 3-12: Apparent rate constant (Kapp OF Kapp1) for the reaction of Otul AUBXAZN with DTDP as a
function of DTDP concentration, at various pH values. The data points correspond to the values in Table
3-4. The error bars (standard error of the exponential fits) are smaller than the data point sizes. Each colour
represents different buffer pH conditions: red = 100 mM Na;HPO4, 0.5 mM EDTA, pH 7.0; dashed pink =
100 mM NazHPO4, 0.5 mM EDTA, pH 7.5; violet = 100 mM TRIS, 0.5 mM EDTA, pH 8.0; dashed navy
blue = 100 mM TRIS, 0.5 mM EDTA, pH 8.5; blue = 100 mM TRIS, 0.5 mM EDTA, pH 9.0. The lines for
pH 7.0 and 7.5 are linear regression of the data points for each pH. The curves for pH 8.0 to 9.0 represent
the best fit to a hyperbola, as described in equation ( 4-11 ). Fitting results are tabulated in Table 3-5.

Table 3-5: Buffer pH, calculated [H3O*], and fitting parameters of the data in Figure 3-12. Since buffer pH
was measured at room temperature, the pH at 12.5 °C (reaction temperature) was calculated using ApKa/°C
values for each buffer'®1%, Data sets collected pH 7.0 and 7.5 were fit to a line of the form kg, =
a[DTDP], while data sets collected at pH 8.0 to 9.0 were fit to a hyperbola described by equation ( 4-11).

Nominal

pH
7.0
75

8.0
8.5
9.0

Temperature-
corrected [H3sO*] (M)
9.4059E-08
2.9744E-08

5.0757E-09
1.6051E-09
5.0757E-10
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Fitting

model

Linear 370+ 3 - 0.9990

Linear 1720 £ 10 - 0.9991
Hyperbolic 120+ 20 0.017 £ 0.003 0.9991
Hyperbolic 99+8 0.0054 £ 0.0007 0.9976
Hyperbolic 148 +10  0.0041 +0.0004 0.9988
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4. Discussion

The comparisons of DUB activity and thermal stability between OtulAUBXAZN and
Otul AUBX presented here suggest that the catalytic OTU domain of Otul is not affected by the
presence or absence of the putative C2H. zinc-binding domain. It is important to note that
Ubiquitin-AMC is not the physiological substrate of Otul in the cell. When catalyzing cleavage
of a poly-Ub chain, a second Ub molecule, rather than AMC, would be cleaved from the C-
terminal glycine of the distal ubiquitin. While the role of the CoH> domain is unknown, it has
been suggested that it may form interactions with this proximal Ub molecule, although it is also
noted that diubiquitin might be a poor substrate for OtulAUBX®. Alternatively, the CzH.
domain may be involved in interacting with the cellular protein to which the polyubiquitin tag is
attached. Thus, it may be possible that C2H. domain removal alters deubiquitination activity of
Otul on a more physiologically relevant substrate. This being said, the active site appears to be
located far enough that minimal interactions between it and the C,H, domain likely exist®.
Therefore it is likely that the properties of the active site are similar to that of the full-length
Otul enzyme, and all the information gained about the properties of the OTU domain alone is

also applicable to this domain in the full-length Otul enzyme.

In order to properly determine whether the kinetics of the reaction between the probes and the
active site cysteine of Otul reveal the presence of conformational dynamics in the enzyme active
site, the kinetic details of the same reaction with a fully accessible cysteine must be acquired.
Our model for a free cysteine in a peptide is NACA. It has been suggested that cysteine reacts
with DTDP in a bimolecular fashion, as shown in Figure 2-1%*. According to this scheme, the
rate of the reverse reaction is negligible®. The rate of such a bimolecular reaction is given in

equation ( 4-1):
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d[4 — TP] )
T = kNACA,DTDP [NACA][DTDP] (4-1)

Where “%” equals the rate of 4-TP formation over time, “kyacaprpp”’ €quals the rate
constant of the reaction, “[NACA]” equals the concentration of NACA, and “[DTDP]” equals
the concentration of DTDP. If [DTDP] is significantly greater than [NACA], then [DTDP]
remains approximately constant throughout the reaction and the reaction becomes pseudo-first

order. The rate of the reaction at a given pH can then be described by equation (4-2 ) and ( 4-3):

d[4 —TP] )
T dt = kobs(NACA,DTDP) [NACA] (4-2)
Where,

kobs(vaca,ptory = Knaca,prpp [DTDP] (4-3)

Integration of equation ( 4-2 ) gives equation ( 4-4 ):
[4 —TP] = [NACA]O(l — e_kobs(NACA,DTDP)t) (4-4)

Where “[4-TP]” is equal to the concentration of 4-TP at time “t”, and “[NACA]o” is the initial
concentration of NACA. The rate constant (k,ps(vaca,prop)) in equation ( 4-4) is the same as the
experimentally obtained apparent rate constant “kapp” in equation ( 3-1 ). Therefore, at a given

pH, the apparent rate constant “kapp” should be a linear function of DTDP concentration, with

slope equal to kyacaprpp-

The linear dependence of the apparent rate constant on DTDP concentration was indeed
observed, as shown in Figure 3-8. However, it was also observed that the slope of each line is
dependent on the pH of the reaction. Since the ionization state of the probe does not change

throughout the pH range used® (pH 7-10), it is likely that the mechanism of the reaction involves
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deprotonation of the cysteine thiol, such that the anionic form reacts with DTDP%’. A modified
reaction scheme is presented in Figure 4-1:

k(NACA,DTDP)
cys—s + DTDP — > Cys—S—S—Pyr + 4-TP

Cys—SH
Figure 4-1: Reaction of NACA with DTDP to yield a disulfide and 4-TP.

According to this scheme, the rate of reaction is given by equation ( 4-5):

d[4—TP
g = Knacapror | — 5 [NACA][DTDP]
dt ' 1+ [H307] (4-5)

K,
Where “[H30]” is equal to the hydronium ion concentration, and “Ka” is the acid dissociation
constant of the thiol group of NACA. The apparent rate constant “kapp”” measured under pseudo-

first order conditions would therefore be equal to kp,s(vaca,prppy in €quation (4-6 ):

1 -
Kobs(vacapropy = W knacaprpp[DTDP] (4-6)

Thus, at a given pH, the apparent rate constant of the reaction is a linear function of DTDP

concentration, with slope equal to ﬁkmm,mm- In Figure 4-2, the slope of each DTDP
14322
Kq

dependence line obtained from Table 3-3 is plotted as a function of [H3zO*] and fit to a rational

equation of the form shown in equation ( 4-7 ):
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kNACA,DTDP

1+ 7 [H;0*] (4-7)

slope =

From the fit, the values of knaca,potor = 45000 + 2000 Ms and Ki =1.4x10°+2x 108 M2, are

a

obtained. While the pKa of NACA has not been previously reported in the literature, our
experimentally determined value of 9.15 = 0.06 at 12.5 °C is in good agreement with reported
pKa values of N-acetylcysteine (pKa = 9.5)%% and cysteine amide (calculated pKa = 9.1)'% at

room temperature.

50000 A
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30000 -

20000 -

10000 A

Apparent bimolecular rate constant k,,, (M'ls‘l)

le-11 1le-10 le9 le-8 le-7

[H,0T (M)

Figure 4-2: The pH dependence of the apparent bimolecular rate constant for the reaction of NACA with
DTDP. The data points correspond to the values in Table 3-3. Error bars represent standard error of that
value from its linear fit. The black line is the best fit to a rational function, equation ( 4-7 ), with an R? value
of 0.993 for the fit.

4.1. MODEL ONE
If the reaction of DTDP with Otul AUBXAZN followed a bimolecular scheme as in Figure 4-1, a
linear dependence of the apparent rate constant on DTDP concentration would be observed. The

hyperbolic dependence that is observed instead (Figure 3-12) indicates the presence of a
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monomolecular step that becomes rate-limiting at high DTDP concentrations. The simplest
model to explain this phenomenon is one in which OtulAUBXAZN must undergo a

conformational change prior to reaction with DTDP (Figure 4-3).

kopen kchem
Elosed -~ Eopen + DTDP —> E-S-S-Pyr + 4-TP
kclosed

Figure 4-3: Simple scheme describing the reaction of an enzyme “E” with DTDP, yielding a disulfide and
4-TP, and involving a conformational change. (Model one)

In this model, the enzyme exists in two conformations in solution, Eopen and Eciosed, and only one
form (Eopen) is capable reacting with DTDP. One way to imagine this is that the active-site
cysteine must be exposed to solvent in order to react with DTDP. The active-site cysteine
(Cys120) appears quite buried in the crystal structure of Otul AUBX solved by Messick et al.®®
and the CD spectrum of Otul AUBXAZN indicates that it is fully folded in solution. Therefore, it
is highly unlikely that a large proportion of the population of Otul AUBXAZN enzymes exists in
a conformation containing an active site cysteine that is solvent exposed. Thus, one can assume
that the concentration of Eqpen in this scheme is small and the steady-state approximation applies.
The rate of formation of 4-TP product is equal to the rate of consumption of unreacted enzyme.

This results in a reaction rate shown in equation ( 4-8 ):

d[4 — TP] __ d[Etotal] _ kopen[Etotal][DTDP]
dt dt (kopm;{"' kclosed) + [DTDP] (4'8 )
chem

Where “[Ettal]” is equal to the total concentration of unreacted OtulAUBXAZN in any
conformation, and “kopen”, “Kclosed”’, and “kcnem”, are rate constants for the reactions shown in
Figure 4-3. However, a pH dependence is also observed. One possible model to account for this

is presented in Figure 4-4, in which the active site cysteine may become protonated in either
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enzyme conformation, preventing reaction with DTDP. Because the initial slopes of the DTDP
concentration dependence curves display pH dependence (Figure 3-12), the simplest model must
at least include Ks2, somewhat analogous to the effect of a competitive inhibitor. In reality, given
the fact that in the closed conformation, the histidine residue of the catalytic triad (His222) is in
close proximity to the active site cysteine®, the value of K is likely to be significantly larger
than the value of Ka. Therefore at the pH range studied, the likelihood of a protonated cysteine

in the closed conformation remains small. This reduces the model to Figure 4-5.

H* HT
* kopen + kchem
EclosedS” ~— EopenS_ + DTDP ——> E-S-S-Pyr + 4-TP
kclosed
Kal Ka2
EclosedSH EopenSH

Figure 4-4: Scheme describing the reaction of an enzyme “E” with DTDP, yielding a disulfide and 4-TP,
and involving both a conformational change and pH dependence. (Model one)

H+
kopen * kchem
EclosedS ~—— Eopens- + DTDP —> E-S-S-Pyr + 4-TP
kclosed
Ka
EopenSH

Figure 4-5: Simplified scheme describing the reaction of an enzyme “E” with DTDP, yielding a disulfide
and 4-TP, and involving both a conformational change and pH dependence. (Model one)
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In this model, the active site cysteine may become protonated when exposed to solvent,
preventing reaction with DTDP. In solving this model, we assume that the open conformation
exists in steady state and that the protonation step is extremely rapid. This results in a reaction

rate shown in equation (4-9):

d[Etotal] _ kopen[Etotal] [DTDP]
ac H,0*
kopen (1 + [ ?{a ]) + kclosed
7 + [DTDP]
chem ( 4-9 )

Where “K3” is equal to the acid dissociation constant of the active site cysteine in the exposed
conformation and “[HsO*]” is equal to the hydronium ion concentration. Since reaction with
DTDP quenches intrinsic fluorescence of OtulAUBXAZN, the fluorescence intensity is
proportional to the total amount of unreacted enzyme, and reaction time course can be monitored
by following the decrease in fluorescence intensity over time. Integration of equation ( 4-9 )
results in a mono-exponential decay with an apparent rate constant “kapp” equal to
kopscoturauBxazn,pToR) described in equation (4-10 ):
kopen [DTDP]
[H30%]

kopen (1 + K ) + kclosed
e + [DTDP]
chem ( 4-10 )

kobs(OtulAUBXAZN,DTDP) =

The fast, minor component (kapp2) observed in the fluorescence traces (e.g. Figure 3-10) may
arise from the approach of the system towards steady state at the beginning of the reaction. This
model predicts that the major decay component (kapp Or Kapp1) should follow a hyperbolic
dependence on DTDP concentration, as shown in equation ( 4-11):

_ _a[DTDP] (4-11)
PP " b + [DTDP]
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Where “b” is pH dependent, and “a” is a pH-independent parameter. If the data at each pH in
Figure 3-12 are correlated with equation ( 4-11 ), it can be observed that the value of “a” is
minimally affected by pH, while “b” shows significant pH dependence (Table 3-5). In Figure
4-6, the data of Figure 3-12 are plotted and each set is fit to equation ( 4-11 ) with a globally

shared “a” value.

60 -

50 A

40 A
T — pH7.0
K — — pH75
rgi 30 A — pH8.0
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— pH9.0

20 +

10 ~
—— = -
0 .
0.000 0.001 0.002 0.003 0.004 0.005 0.006

[DTDP] (M)

Figure 4-6: Apparent rate constant (Kapp Or Kapp1) for the reaction of Otul AUBXAZN with DTDP as a
function of DTDP concentration, at various pH values. The data points correspond to the values in Table
3-4. The error bars (standard error of the exponential fits) are smaller than the data point sizes. Each colour
represents different buffer pH conditions: red = 100 mM Na;HPO4, 0.5 mM EDTA, pH 7.0; dashed pink =
100 mM NazHPO., 0.5 mM EDTA, pH 7.5; violet = 100 mM TRIS, 0.5 mM EDTA, pH 8.0; dashed navy
blue = 100 mM TRIS, 0.5 mM EDTA, pH 8.5; blue = 100 mM TRIS, 0.5 mM EDTA, pH 9.0. The lines
represent the best fit to equation ( 4-11 ) with a globally shared “a” parameter. The fitting results are
tabulated in Table 4-1.
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Table 4-1: Buffer pH, calculated [HzO*], and fitting parameters of the data in Figure 4-6. “a” and “b” are
parameters for the best fit to equation ( 4-11 ) with a globally shared “a” parameter. Since buffer pH was
measured at room temperature, the pH at 12.5 °C (reaction temperature) was calculated using ApKa/°C
values for each buffer03.104,

Temperature-

NIl g~ corrected [H3O*] (M) a £ R®
7.0 9.4E-08 127 +7 0.3+0.1 0.999
75 3.0E-08 127 +7 0.070 + 0.006 0.998
8.0 5.1E-09 127 +7 0.017 £ 0.001 0.999
8.5 1.6E-09 127 +7 0.0080 + 0.0006 0.994
9.0 5.1E-10 127 +7 0.0033 + 0.0003 0.998

According to equations ( 4-10 ) and ( 4-11 ), the “a” parameter is equal to Kopen. Therefore, by
this model, we determine kopen = 127 + 7 s, Also according to these equations, the “b” value is

linearly dependent on [H3O*]. This is made clearer when rearranged in equation (4-12 ):

b= ( kopen ) [Hy0*] + (kopen + kclosed) (4-12)
kchemKa kchem

To investigate this dependence, the “b” parameter values obtained from the global fit in Figure
4-6 and Table 4-1 were plotted as a function of [H30"], as shown in Figure 4-7. The best fit to a

line of the form in equation ( 4-12 ) is also shown. The data point obtained at pH 7.0 was

excluded due to its large error. From the fit, the values of Kopen = 923 x 105 + 8 x 10*

chemfa

(unitless) and Kopen*lclosed — ) 004 + 0.001 M are obtained. Assuming that the rate constant of

chem

the reaction of DTDP with the exposed, anionic cysteine of Otul AUBXAZN (Kchem) IS NO greater
than the rate constant of its reaction with NACA (Knacaptop = 45000 + 2000 Ms1), then Keiosed

will not be greater than 53 + 50 s
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Figure 4-7: The pH dependence of the apparent rate constant for the reaction of Otul AUBXAZN with
DTDP. The data points correspond to the “b” parameter and [H3O*] values in Table 4-1. Error bars
represent standard error of that value from its linear fit. Black line is the best fit to equation ( 4-12 ), with
an R? value of 0.998 for the fit.

In order for the steady-state approximation to be valid, the sum of Kciosed and Kchem[DTDP] must
be significantly greater than Kopen, such that the concentration of EopenS™ is low and nearly
constant during the reaction. The range of DTDP concentrations used in this study gives an
average Kehem[DTDP] of around 100. This plus the values of Keiosed (53 * 50 s) and Kopen (127 + 7
s'1) calculated using the model in Figure 4-5 does not satisfy the requirement for steady state.

Therefore, this model does not adequately describe the data presented here.

4.2. MODEL TWO
An alternative model is presented in Figure 4-8. In this scheme, DTDP must first bind to the

Otul AUBXAZN enzyme, and then the conformational change necessary for reaction may occur.
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k] kAconf kchem
E + DTDP E,~DTDP > E,~DTDP —— > E-S-S-Pyr + 4-TP
k k
-Aconf

Figure 4-8: Simple scheme describing the reaction of an enzyme “E” with DTDP, yielding a disulfide and
4-TP, and involving complex formation prior to a conformational change. (Model two).
In solving this scheme for the rate of consumption of total unreacted enzyme, we assume that
since the local concentration of DTDP is high in E;~DTDP complex, the rate of the chemical
step (Kcnem) is significantly greater than the conformational change (Kaconf) S0 that [E2~DTDP] is
at steady state. We also assume that complex formation between DTDP and the enzyme is rapid.

This results in the following equation:

kAconfkchem
E DTDP
d[Etotal] _ kAconf + kchem + k—Aconf[ total][ ]
dt - k—l kchem + k—Aconf 413
( 1 ) (kchem + k—Aconf + kAconf> + [DTDP] ( )

Since the AG of unfolding for most proteins is small, the AG of the conformational change is
likely also small. If so, the magnitude of the activation energy barriers for the forward and
reverse conformational changes are likely similar, and thus so are the associated rate constants. If
we assume that the rate of the chemical step (Kchem) is fast compared to both the forward and
reverse rates of the conformational change (Kaconf and K-aconf), the model can be reduced to the
scheme presented in Figure 4-9, in which k> is approximately equal to kacont. This also results in

reducing equation ( 4-13 ) to equation ( 4-14).

kl k2
E~DTDP ——> E-S-S-Pyr + 4-TP

E + DTDP

k

Figure 4-9: Reduced scheme describing the reaction of an enzyme “E” with DTDP, yielding a disulfide
and 4-TP, and involving complex formation prior to a conformational change. (Model two).
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d[Etotal] - _ k2 [Etotal][DTDP]

dt (kk—‘ll) + [DTDP] (4-14)

Integration of equation ( 4-14 ) results in a mono-exponential decay with an apparent rate

constant “kapp” equal to kobs(OtulAUBXAZN,DTDP) described in equation ( 4-15 ):

k,[DTDP]

(kk——ll) + [DTDP] (4-15)

kobs(otuiauxazn,pTDP) =

As with the previous model, this model predicts that the observed rate constant should follow a
hyperbolic dependence on DTDP concentration. As can be seen in Figure 3-12, the rate constant
associated with the major component (kapp Or Kapp1) does indeed follow a hyperbolic dependence
on DTDP concentration at higher pH values. The fast, minor component (Kapp2) also observed in
the fluorescence traces (e.g. Figure 3-10) may arise from the establishment of the binding

equilibrium at the beginning of the reaction.

The trends observed in the DTDP concentration dependence of the apparent rate constant (Kapp)
in Figure 3-12 reveal that the initial slope depends on the pH of the solution. This indicates that
the simplest model must include a rapid acid-base equilibrium in the first step. In other words,
protonation prevents binding of DTDP to the enzyme, analogous to the effect of a competitive

inhibitor in Michaelis-Menten Kinetics. This modification is represented in Figure 4-10.
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kl k2
E- + DTDP E,/~DTDP —> E-S-S-Pyr + 4-TP
+ ki
H+
K,
EH

Figure 4-10: Reduced scheme describing the reaction of an enzyme “E” with DTDP, modified to account
for pH dependence. (Model two).

Solving the scheme in Figure 4-10 for the rate of consumption of total unreacted enzyme and
integration of that solution results in a mono-exponential decay with an apparent rate constant

“kapp” equal to kobs(OtulAUBXAZN,DTDP) described in equation (4‘16 ):

k,[DTDP]

1+ [H;{—T]) (kk——ll) + [DTDP] (4-16)

Kobs(0tu1AUBXAZN,DTDP) = (

Again, this model predicts that the observed rate constant should follow a hyperbolic dependence
on DTDP concentration, in a form similar to equation ( 4-11 ). However, the microscopic rate
constants in this equation clearly differ from equation ( 4-10 ). Thus, the “a” parameter value of
127 + 7 s obtained from the global fit in Figure 4-6 and Table 4-1 represents kz, which is

approximately equal to Kacont in the model presented in Figure 4-10.

According to equation ( 4-16 ), the initial slope of the DTDP dependence curves (Figure 4-6)

follows a rational dependence on [H3O*] as shown in equation (4-17 ):

Initial slope =
[H30%] (4-17)
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In Figure 4-11 the initial slopes are plotted as a function of [H3O*]. From the fit, the values of

kak1 — 1.0 x 105 + 2 x 10* Mis! and Ki = 3.0 x 10° + 8 x 108 M! are obtained. This results in a

-1 a

dissociation constant % =1.3x10%+ 3 x 10* M and pKa = 9.5 + 0.1. This pKa is not far from
1

the experimentally determined value for NACA. Additional data points at higher pH values
would be helpful for improving confidence in the fit in Figure 4-11, although fluorescence traces

of the reaction at pH values above 9.0 were noisy and unreliable.
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Figure 4-11: The pH dependence of the apparent rate constant for the reaction of Otul AUBXAZN with
DTDP. Initial slopes obtained from fits in Table 4-1. The black line is the best fit to a rational function,
equation (4-17 ), with an R? value of 0.997 for the fit.

DTDP is neutral within the pH range used in this study and relatively hydrophobic, allowing it to
access cysteines in buried or hydrophobic areas of a protein®. In the crystal structure of Otul
solved by Messick et al.®, the catalytic cysteine residue (Cys120) is quite buried within the
active-site groove. Additionally, among other interactions, Otul employs several hydrophobic

interactions to mediate contact with the distal ubiquitin of its substrate, both near and far from
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the active site, including to a hydrophobic patch of ubiquitin®. Accordingly, it is not surprising

that DTDP would associate near hydrophobic regions of Otul and form a complex as an initial

step in the reaction. A small dissociation constant such as the one calculated here (Kp = % =13

1

x 102 + 3 x 10* M) would be expected for such a weak interaction.

If the pH range used in this study affected the chemical reaction step as it did in NACA, we
could not have been able to observe a difference due to the comparatively slow conformational
change. It is interesting that the apparent rate of the conformational change was not affected by
buffer pH. In our model of the reaction, protonation instead prevents DTDP from binding to
Otul AUBXAZN. To explain this, it is possible that deprotonation results in the loss of a charge
or hydrogen bond that is important in holding two structural components together (such as a salt
bridge). Deprotonation may then allow greater flexibility in the enzyme structure and improve
access to a DTDP binding site. If so, the new dynamic motion must be quite fast. This property
could be a regulatory feature that functions to lock the enzyme into a more rigid or inaccessible
form at physiological pH and prevents reaction with its substrate, until a conformational change

into catalytic form is induced by a binding partner.

It has been demonstrated that enzyme conformational changes and dynamic motions involved in
catalysis are also sampled by the free enzymes in the absence of substrate!®334°, The slow
conformational change observed here (kacont) may therefore be important in the catalytic
mechanism of Otul. While the timescale of the slow conformational change has been calculated
in this study (127 + 7 s%), no information is provided about what structural components are

involved in the motion.
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A potential candidate is the WGGA loop of Otul that covers the active site when bound to
substrate in the crystal structure®®. Trp175 on this loop has been shown to form van der Waals
contacts with the C-terminal residues of the distal ubiquitin, apparently to help push it towards
the catalytic cysteine residue of the enzyme, and its mutation eliminates the enzyme’s DUB
activity®. It’s possible that Trp175 provides a similar function during the reaction with DTDP.
However, the slow timescale of the observed conformational change suggests that it involves a

larger amplitude motion that includes more of the enzyme structure?4.

His222 is an important member of the catalytic triad. In the catalytic mechanism of cysteine
proteases, it functions to deprotonate the cysteine residue’. Not unexpectedly, mutation of
His222 to alanine destroys DUB activity®. While His222 and Cys120 are nearby in the crystal
structure of OtulAUBX bound to Ub substrate, they are distant in sequence and on entirely
separate secondary structural elements®. Therefore, it is plausible that Otul can adopt a
catalytically inactive conformation in which His222 and Cys120 are spatially distant. If so,
labelling of Cys120 with DTDP could require a conformational change to bring the two residues
close and deprotonate the cysteine thiol. This is not unreasonable considering the Otul crystal
structure: the active site groove that surrounds the C-terminal tail of the distal Ub is quite
compact, and includes the WGGA loop that wraps all the way around to completely envelop the
tail. If a polyubiquitin chain is the physiological substrate of Otul, it would not be able to thread
through the Otul active site groove in this closed conformation. Some of the Otul catalytic OTU
domain structure would need to separate and open up in order to then wrap around the Ub-Ub
linker and adopt the conformation observed in the crystal structure. In opening up, Cys120 and
His222 may become separated. There is precedence for this model: in the crystal structure of

herpes virus-associated ubiquitin-specific protease (HAUSP), a USP-type deubiquitinase, the
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cysteine and histidine residues of the catalytic triad are too far from one another for catalysis and
must be brought together by substrate-induced conformational change!®. It would be interesting
to see how mutation of His222 affects the monomolecular step observed in the reaction of

OtulAUBXAZN with DTDP.
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5. Summary and Future Directions

In this work, we have studied the properties of the active site of the Otul enzyme by
overexpressing and purifying the catalytic OTU domain. We have shown that its biophysical
properties and catalytic activity are minimally affected by removal of the putative CoH: zinc-
binding domain. We have probed the OTU domain using the cysteine-labelling molecule DTDP.
The labelling reaction kinetics have been followed using stopped-flow spectroscopy methods and
have revealed the presence of a conformational change with a frequency of 127 + 7 s This

conformational change may potentially play a role in the enzyme’s catalytic mechanism.

To help corroborate our interpretation of the results of this study, the labelling reaction Kinetics
of DTDP with the unfolded state of Otul AUBXAZN could be followed in the presence of a
strong denaturant, such as urea. If the rate-limiting step observed in the DTDP concentration
dependence plots (Figure 3-12) indeed arises from a conformational change, reaction with

unfolded enzyme should display a linear dependence on DTDP concentration.

In order to further investigate the effect of the removal of the putative CoH> domain on the
physiological function of Otul, additional activity assays could be performed using a diubiquitin
FRET probe pair as a substrate!®2, Cleavage of this substrate would occur between two ubiquitin
molecules, and therefore would likely better represent the physiological substrate of Otul than
Ub-AMC. If important interactions exist between the putative CoH2 domain and the proximal
ubiquitin molecule when acting on a poly-ubiquitin chain, they may manifest as differences in
the kinetics of DUB activity between OtulAUBX and Otul AUBXAZN when acting on this

substrate.
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The most important unanswered question in this study is what aspect of the OTU structure is
undergoing the observed conformational change. Now that the timescale of the dynamic motion
is known, NMR spectroscopy could reveal which structural components move at this timescale at
atomic resolution. Specifically, magnetization-exchange or CPMG relaxation dispersion

experiments may be particularly helpful at this timescale*.

As there is currently no structure available of Otul in the absence of bound substrate, it may be
useful to attempt to crystallize Otul AUBXAZN alone and determine its structure using X-ray
diffraction. The structure of the free OTU domain may reveal a different conformation than the
substrate-bound state solved by Messick et al.%%, such as an open, binding-competent
conformation. If crystallization proves difficult without a binding partner for the enzyme, NMR

spectroscopy could allow for solving the OTU domain structure free in solution.
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