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Chaptlenrt rlooduct i on

1. 1: The Proteasome: Natureds Protein

The production of new proteins and the recycling of old proteins is a vital part
of intracdlular homeostasis. Cells need a method to carry out controlled protein
degradation to remove proteins that are no longer needed, clear away damaged or
misfolded proteins, and recycle the amino acids from those proteins for future protein
synthesis. Such system must be both highly specific, to prevent random destruction
of all proteins, as well as fairly promiscuous, to be able to degrade a variety of
proteins.

The essential macromolecular machine responsible for balancing this need for
selectivity and ppmiscuity in eukaryotes is the 26S proteasome, a massive 2 MDa
protein complex. The 26S proteasome (named for its sedimentation coefficient)
consists of two parts, the 20S core particle (CP) and the 19S regulatory particle (RP).
The CP is the site of ptlytic cleavage, while the RP serves to specifically

recognize substrates and unfold them (Figite

1.1a The 20S Core Patrticle

The CP is a 28ner barrelshaped complex made from four stacked

Recy

heteroheptameric ri ngs. -subunies i7pandteerinerr i ngs ar

rings ar e-subandsel7 amdpforro the pboteolytic active site of the entire
proteasome complex. Despite having seven theoretically possible active sites in each

o f  trihgs, orfly three such sites are functional in each, giving the eulaG®



six total active sites. Wilk and Orlowski showed in 1983 that the CP exhibits three
distinct proteolytic activities, chymotrypslike (cleavage on the-@rminal side of
anaromaticresidue), trypsidike (cleavage on the-&rminal side of a basic residue),
and caspaskke (cleavage on the-@rminal side of a glutamate residue) cleavages
Each of these activities could be specifically inhibited without necesgahilyiting

the other activities, suggesting that the differing activities are not due to one highly

’

26S proteasome ~ _.*” R""”"%?

o Rpn3 #
% Rpn15
lid Rpn7 *
19S RP
....... o
base Ren2 /
% R AR an10 ATPase channel
20S CP /@
& . T ATPase ring (Rpt1-6)
\, ‘.ﬁ‘ substrate unfolding
"\ Gate
198 RP ‘\ f.y‘ “‘/@{—(l rlng (l1 7)
—p ring (p1-7)
—p ring ($1-7)
& —a ring (a1-7)
Proteolytic active sites
Fi gUSteructar269fptdt easome, subdi vi
19S RP docks to either end of the 2
receptor proteins Rpnl, Rpnl10, -andg
substrate protseiams ¢ whi remRprel lbii gt
all ows the Rpt proteins i n -dehpee rbdaesre
subsumfadledpagsiamg t he unfolded subs
bet ween the Rpt proteiors @Aydt het @bt
subunits. Fiegbhthdefirwimt Bap&i mi ssi on.
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promiscuous active sitelt is worth noting that these are not strict specificities in
peptide bond recognition but represent broad trends. Proteosomes have been shown to
cleave after essenliyaevery amino acitl % The presence of these differential
cleavage abilities satisfies the requirement of promiscuity, allowing for the
degradation of many different proteins by the CP, and thus facilitatigglireg of
amino acids for reuse in new protein synthesis.
T h e o-subuaits folth a cap to the CP barrel. These form a gate structure
that prevents nonspecific entry of substrates into the active site further down the
barrel. This gate is formed fromdpsontheN er mi ni of seve-ral of t
subunits, which stabilizea closed structure. The closed gate prevents folded proteins
from randomly entering the proteolytic cavity and being degraded, but disordered or
unfolded proteins are sometimes able to bypass the closed gate mechanism and enter
the active site for degradan® ’, though the process is not very efficient. Mutagenic
removal of these loops createss@ | | ed fAopen &whithecanfaply ot e as o me
efficiently degrade unf ol dsldunitpervesasi ns. The
just one part of the required specificity of the proteasome, with more specific

recognition provided by the 19S RP.

1.1b The 19S Regulatory Particle

The 19S RP serves as the point of substrate recognition for tagged substrates
(more on substratiagging by biquitin in the next section). The RP itself is made of
19 subunits, divided into a lid and a base. The lid is made up of ninaTiease
proteins, Rpn3, RpnY, Rpnll, Rpnl2, and Seml. The lid primarily serves as the

recognition site for protas to be degraded. The base, made of the RpAAA
3



ATPase$ Rpnl, Rpn2, Rpn10, and Rpn13, serves as the immediate contact point to
the CP, and facilitates substrate entry into the CP.
Currently, the lid proteins are not well characterized, though it is thought that
it serves as a scaffoldirmystem. Rpnll is a metalloprotease responsible for
removing ubiquitin (a deubiquitinase, or DUB) and polyUb moi&tigst sits
directly above a pore leading into the bakthe RPL. On the base, Rpti4,
Rpn1@® and Rpn1¥ are receptors for ubiquitin and ubiquitike (UBL) proteins,
and the Rpt proteins serve to assist in CP gate opening and pass substrates into the CP

for final degradatiot.

1.2 UbiquitinrMediated Protein Degradation by the 2Bteasome

1.2a Ubiquitin and Polyubiquitin

Ubiquitin (Ub) is a 76amino acid, extraordinarily staBfe hi gh !l y -gsmagpr uct ur e d
proteint®. Ub is present in all eukaryotes, from yeast to humans, and is highly
conserved across evolutionary sgdcklost interactions involving Ub are facilitated
by the highly conserved hydrophobic patch, L8/144/%70 | oc at e dsheetsr oss t h
of the protein. Ub also features a highly flexible tail and ends withiear@inal Gly
Gly motif.
Ubiquitin serves as a pestnslational modifier (PTM) of other proteins. Ub
is attached t eamiae by athreehzynee tcascade ynsoie betow)U

through its Gterminal glycine, forming an isopeptide bond in a process called



)

Fi g&a3teructure of human wubi-tquans marnd&
shown. Resi dues available for conju
The highl-yefmemabl ealCl extends Alult
conj u-gaaptaibolne ami ne groups are sol ve
buried inside the core oK27% hies pirmvoe
formati on.

ubiqutination. Ub itself has seven lysine residues (K6, K11, K27, K29, K33, K48,

and K63) and its Nerminal amine and can therefore be ubiquitinZtéfigure 323,
Ubiquitination of Ub forms polymeric Ub (polyUb) chains, with connections

through the different lysine residues encoding for diffeaéirafficking and

signaling pathways. Different linkages and lengths produce chains of varying

topology and dynamics, which helps explain the diverse interactions and outcomes

involving ubiquitin and ubiquitin chaid$ PolyUb chains of all linkages have been

discovered, indicating physiological relevance for all of these citaBsyond

simple homotypic polyUb linkages, different linkages can be utilized at the same

time, resulting imixedlinkagepolyUb. Ubiquitin is also subject to a range of other



PTMs, such as acetylati®hphosphorylatiofl, and recently even carbamylatiérf®

that can impact both receptor bindiagd protein dynamics.

1.2b Enzymatic Attachment of Ubiquitin to Substrates

As mentioned above, Ub is covalently attached to substrate lysine residues by a three
enzyme cascade. First, ubiquitin is activated by E1 (ubigadiivating engme), a

large enzyme with two active sites that serves to prepare ubiquitin by forming a
thioester bond with the-@rminal glycine carboxylic acid in an ATdRependent

manner. A single E1 enzyme is responsible for Ub activation. E1 then passes off the
activated ubiquitin to an E2 (ubiquiticonjugating enzyme), again through a thioester
bond at the @erminus of Ub. Finally, an E3 (ubiquitilgating enzyme) facilitates
transfer of -amindofjasubstiata lysinesidechain. There are several
dozen E2 enzymes (some E2s can function without an associated E3), and several
hundred E3 enzymes. Different combinations of E2/E3 enzymes account for the huge
diversity of tagged substrates, including the formation of the many polyUb chains.

For exampleK48-linked polyUb chains are formed first by activation of G76 of Ub

with E1, then passing the activated Ub teZ5K (an aptly named 25 kDa E2

0 0

I I
ATP + UbCO* E1-SH E2-SCUb substrate

9 E3

AMP, PP, E1-SCUb E2-SH substrate-Ub,,
Fi g8bDieagram of wubiquitination by th
hydrolyzes ATP, adenyl ati Mgelylanded
passed to the secontderamitn ale tshitee |atn
cysteine on E1. Ub i s then passed t
corresponding E3 coordinates wseil®gap
bond formati on. Figure ddaedewi fhopm
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enzyme), which then facilit a-amemeontiee nucl eo

E2-25K:Ub thioester, and tifermation of the isopeptide botiFigure 3.
Following attachment of a single Ub to a substrate, more Ub moieties can be added to
create a polyUb chain.

The most recently discovered polyUb chains aredr (MXlinked) ubiquitin
chains the only polyUb chains that do not contain an isopeptide between
ubiquitin units rather, they are attached via a regular peptide bond, with the ubiquitin
units assembled hedd-tail. Though thedJBB andUBC genes encode several head
to-tail ubiquitin units, these are ¢manslationally disassembled tye DUBsIs0T®?
and OTULIN?3 to give free ubiquitinM1-linked polyubiquitin chains are assembled
by an E3 complex called LUBAC (linear ubiquitin assembly complex), which both
attaches the chain to substrates via an isopeptide bond and extends the chain via
backbone peptide bonéfs M1-linked polyUb chains adopt an open conformatipn
and this flexibility imparts substrate specificiM1-polyUb is involved in a variety
of cellular processes, tmeost studied of which is interaction with NEMO (MFB
Essential Modifier). MdpolyUb interaction with NEMO through its coilembil
domain facilitates activation of theearbyl @ B k i n a swhichdmotump | e x
activates the N B p a ¥. Bisraptyon of MEpolyUb chain synthesis and
disassembly is associated with a number of patholfgiasludingdisrupted
embryonic development in mi¢eectodermal dysplasig increased susceptibility to
bacterial infectiorf®, dermatitié® 42 and gesral inflammatior.

K6-linked polyUb chains are assembladsolutionby the E3 enzyme

HUWE1*, and appear to be involved in numerous signaling pathwigschains



have been implicated in regulation of mitophagy, the processing of damaged
mitochondriaThe E3 enzyme Parkin autiquitinates itself andwlds K6-polyUb
chains, the formation of which sl ows down
mitochondrion. Removal of the KgolyUb moieties by Usp8 allowed for more
efficient recruitment, and therefore autopHdg¥here is evidence that KgolyUb
serves as a signal for protelagradationas inhibition of the proteasome leads to
accumulation of Kéolyuiquitinated substrates detected by Western bfotS
Conversely, there are also scenarios in which ubiquitination withnkéd chains
stabilizes proteirf§ and might be used to eabmpete attachment of other chains that
might signal for substrate destructtériThe® chains are also involved in DNA
binding, insofar as their attachment to IFN regulatory factor 3 is required for DNA
binding and subsequent gene inducfofihe role of KépolyUb signaling is a hot
area of study, and new roles continue to be discovered.

K11-linked polyubiquitin chains are commonly involved in trafficking to the
proteasome ending in substratg@dalatiort® >° While K11-linked chains are
sufficient for recruitment to the proteasome, branched K1HK&@d chains are
common, and enhance affinity for the proteasamedptor Rpn#. Additionally,
K11-polyUb chains appear to be involved in innate immuhbytyassisting in
autophagy regulation. Ligation of KqdolyUb to the MITA/STING protein prevents
attachment of K43inked chains, and therefore prevents its proteasomal degradation
and therefore regulates type | IFN expresiofiype | IFN production is also
abrogated upon K1folyUb removal from Beclifi®3. Enhancement of KtfoyUb

remozal by upregulation of the DUBezanneas associated with increases levels of



hypoxizsi nduced factors 1U and 2U in s-ever al C a
poyUb applications in cancer rese&fch
Lysine 27 is buried in the core of ubiquitin, and thex@kbups of the
sidechain form signif i c aaminefarmdarstaljiingbi ¢ c on
salt bridge with Q41 and D52, dramatigahaping the overall dynamics of the
ubiquitin backbon®. Chains linked through K27 areviolved in histone modification
to facilitate DNA binding and signal for DNA dam&g&ormation and attachment of
K27-linked polyUb chains has been implicated in resistance to viral infection.
Attachment of K27polyUb to NS4B of classical swine fever vitdandNsp12 of
porcine reproductive and respiratory syndrome virascoded for their destruction
by the proteasom&27-polyUb chains are also involved IRF3 signaling, as
conjugation with the chains promotes destruction of IRF3 in zebta&isd
human&’. K27-polyUb may also play a role in protection from neurodegenerative
disease by helping (along with K28@ked polyUDb to encode for aggregation of
leucinerich repeat kinase®?, DJ1, asnydnulc | ei n i n Pamdki nsonds
mutant huntingtin in Huntingp6 s [DPf. seas e
K29-polyUb has been implicated in neurodegenerative diseases as described
above. In addition, K2@olyUb decorates the E3 enzyme responsible fork2d
K29 ubiquitination of huntingtin protefif K29-polyubiquitinationis also involved in
autophagy redation bysignaling for degradation of ULK1, which prevents the
initiation of the phosphorylation pathway responsible for triggering autophagosome
formatiorf®. These chains am@so attached to axin, which disrupts its interaction with

LRP5/ 6, which in turn disrupts downstream



catenin degradation, halting the Wnt signaling pati¥vayd giving rise to many
cancer pathologies and neurodegenerative diSeasterestingly, K29polyUb isalso
utilized to inhibit the proteasome by conjugation to Rpn13, which precludes
interactionwith ubiquitinated proteirf§.

K33-linked chains are the leastkll characterized polyubiquitin species. The
chains aré¢hought to generally be naegrative, as the abunuze of the chain does
not increase upon proteasomal inhibiffbiThe chains are somehow involved in
innate immune modulation. Removal of kB8lyUb chains from TBK1n the
interferon signaling pathway allows for degradation of TBK1 (following addition of
K48-polyUb chains), and thus K33 chains serve to stabilize the pfotamtdition of
K33-polyUb to the DNAbinding domain of STAT1 facilitated dissagtion of
STAT1 from DNA, thus blocking interferestimulated gene transcriptitpnand
addition to IRF3 disruptsteractions with nuclear transport receptors, thus
suppressing subsequent gene transcriptigid3-polyUb linkages have been
identified in autophagy pathways, alone and in concert with rlirkdge chains,
though their specific roles or importance has not been destriBeddditionally,
attachment of K33%olyUb plays a role in degradation of leucine zipliez
transcriptional regulator 1 either by directly signaling for degradation or by enhancing
attachment of K4golyUDb to the proteif?. Many of these studies revealed K33
polyUb chains coexist with other linkage types either as rdixdédge chains or as
separate monotypic chains attached to the same substrate, though the relevance of this

occurrence has not been described. Further statha®quired to fully explore the
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significance of the K33 linkage in conjunction with other linkages and as a standalone
chain.

Polyubiquitin chains connected through lysine 48 are the most common type
of linkage seein viva™®. Labeling of substrates with K48lyUb initiates transport
to and degradation by the 26S proteas@nweth a minimum of four ubiquitin units
forming the basis of selectivity Proteasomal degradation is responsible for protein
quality control in eukaryotic cells (reviewed extensively in Pohl and ESikénd in
the mitrochondri&. Decoration with K48olyUb as a degradation signal is utilized
in immune signaling to both propagate signaling pathways and to shut therff.down
K48-polyUb-mediated degradation of the Sicl inhibitor protein is vital for
advancement from 3o S phase in mitost$ 82 Enhanced proteasormeediated
advancement of the cell cycle is implicated in a variety of caffc& g au is
monoubiquitinated as well as tagged with Kgi8yUb®>, and postranslational
modification of tau is associated with its potentially pathological liquid/liquid phase
separatioff. Additionally, aggregated proteins imeuronss u ¢ h-syausleif? 88
andhuntingtirf®°! are often ubiquitinated with K48hains up to three unfs below
the threshold for efficient proteasomal degradathggregation of these proteins
additionally prevats their removal by the proteasoth@he wide variety of
substrates of K4polyubiquitination prove the importance of thirskage,and
ongoing studies promise to reveal more substrates in diverse pathways.

The final type of linkage is through lysine 63. K63 chains are the second most
common type of polyUb chaif) and, together with K4@olyUb, are considered the

icanoni c,aithdhe loulk af regearch focusing on their physiological roles.
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The most wellstudiedrole of K63 polyUb signaling is in the context of DNA
damage repair. Yeast with mutations in the Ubc13 E2, MMS2 E3, or ubiquitin (at
position 63) are unable to properly repair ilduced DNA damagé These proteins
are responsible for extending kiBked chainssuggesting a role for the chains in
DNA damageepair.Upon double stranded DNA breakkie to radiatiorexposure,
recombination process€s’®® and apoptost$, histone 2AX(H2AX) is
phosphorylateat S13%8. Phosphorylation allows RNF8, a ubiquitin ligase, to attach
ubiquitin to H2AX. RNF8 recruits Ubc13 to extend kéBaing®. Rap80 interacts
with these chains and facilitates thRBA1-A comgdex formation on the polyUb
chaing®, which in turn facilitates nehomologous end joining and homologous
recombinatio’’. Freefloating K63-polyUb chains might be involved in N& B
signaling bybinding to the TAK1 kinase and facilitatimgitophosphorylatioand

activation of TAKZ°L,

1.2c Deubiquitinase Enzymes

In addition to Rpn11, the proteasondalubiquitinasenzyme responsible for
removing ubiquitin chains from substratesmediately prior to transport into and
degradation by the proteasome, there are numerous deubiquitinase (DUB) enzymes.
Some DUBs are linkage specific, interacting and cleaving only specific types of
polyUb linkages, while others are nonspecific and wibinpiscuously cleave a variety
of linkages.Therearesix families of DUB enzymes: ubiquitin-@rminal hydrolase
(UCH), ubiquitinspecific protease (USP), ovarian tumor domain (OTMUNDY
(motif interacting with Ubcontaining novel DUB familyand theJosephirdomain

(MJD) familiesthatencode papattike cyseine proteases, while the
12
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JAB1/MPN/Mov34metalloenzyméJAMM) domain encodes zirtependent
metalloproteasdJCH DUBs are mostly involved in removing short peptide
sequences from the-t€rminus of ubiquitin, and are thought to be involved in
processing of proubiquitin into physiologically active ubiquitin Ufft&JSP family
DUBs typically process larger leaviggoups anatontain a central catalytic domain
with N-or C-terminal extensions containing regulatory elements that impart
specificity for substrates. The USP family is the largest family of DUBs. OTU
domain DUBs are so named based on their similarity to tumor geBessophila
Humans encode6lOTU dormain proteins, though not all demonstrate DUB
activity!®, The MJD family contains four DUBsvhich are not well studied
currently The most welstudied example is atax® which preferentially cleaves
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K63-linked polyUb chains and interacts with a variety of cellular pathi#ays
MINDY family DUBs have extreme specificity for K4ghked chain&®. The
metalloproteas@AMM family of DUBs'®include Rpn11, the proteasomal DUB that

removes ubiquitin chains from substrates to be degtdded

1.2d Recognition of Ubiquitinated Substrates by the Proteasome

K48-linked polyUbis the most common polyUb species in the eukaryotic cell.
Work from Cecile Pickartos | aiminsynthesissi vi ng ¢
revealed K4dinked tetraUb to be the minimum sufficient signal encoding substrate
transport to and degradation by the proteagarSorter chains did not efficiently
bind to the proteasome, but longer chains appear to bind more tightly based on the
number of tetraUb units in the chain. The polyUb units adiewith the various
receptors and are removed by Rpnl1l. At this point, the Rpt proteins hydrolyze ATP
to provide energy for substrate unfolding and translocation down a central channel
and into the CP’ (Figure4). The discovery and elucidation of the ubiquitin
proteasome system, and its characterization as essential for protein homeostasis,
earned Aaron Ciechanover, Avram Hershko, and Irwin Rose the 2004 Nobel Prize in

Chemistry.

1.3 A SimplifiedProteasomeésystenis Present in Archaea and some Bacteria

Once thought to be a hallmark of the cellular complexity of eukaryotic cells,
the discovery of a large barshaped protease complexfirankiat®® challenged the
paradigm that proteasomes could only exist in eukaryotes. Genomic analysis revealed

a simplified proteasomal operon present in Archaea and some baubéaialy
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Actinomycetes and Nitr ospi-apdsabenits,i®at her t h
eukaryotic proteasomes consisted of just a single form of the relevant subunit,
repeated seven times to form a similam28r CP%. Indeed, rather than the-hSer
RP of eukaryotes, these simpler proteasomes were capped by just an analogue of the
Rpt proteins, a homohexameric protein terrvigeh (Mycobacterial proteasome
activator) orPAN (proteasomectivating nucleotidase), which is likewise responsible
for substrate recognition, unfolding, and transport into thEC8tructural studies
revealed that Mpa/PAN have similar structures to the Rpt proteins, forming N
terminal coiledcoils, a double stack of oligonucleotidending domains (as opposed
to the single domain in Rptoteins), and a-@&rminal ATPase domaih" 112
Despite the presence of a proteasome in Archaea and some bacteria, as well as
the documented hijacking of ubiquitin by bact&iathere is to date no evidence of
ubiquitin in either kingdombés genome. Thus
recognition signal for interactiomith the proteasome. In Archaea, this signal consists
of the small Archaeal modi fgrasprprotpifit‘ot ei n ( SA
SAMP is activated by a gijte enzyme analogue to eukaryotic E1 (UbaA, ubiquitin
like activating protein of Archaea), and is ligated to substrate lysine residues by an
isopeptide bond through thet€rminal glycine carboxylate, as in ubiquifih UbaA
appears to be responsible for the entire activation/ligation process, rather than the
multi-enzyme cascade inlwved in the ubiquitin system. SAMP was even capable of
forming chains, though the function or physiological relevaridbese chains

remains unknowh>.
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Actinomycetes and Nitrospirotae do not contain either ubiquitin or SAMP,
however. Most studies performed on the bacterial proteasome have been performed in
Mycobacteria either inM. tuberculosigthe pathogenic bacteria that infects human
lungs) orM. smegmatignon-pathogenic model organism fvtycobacteria with a
fast growth rate relative to other species), as proteasome knockout mutants were
found to dramatically decrease infieity in a mouse modét®. Genomic and mass
spectrometric study of a known bacterial proteasome substrate revealed the identity of
a small protein that was covalgnattached via an isopeptide bond through #s C
terminal residue to the substrate lysine sidechaifhis protein was named Pup
(prokaryotic ubiquitirlike protein) due to its seemingsimilar role. Knockouts of
Pup, Mpa, or either proteasomal subunit yielded the same phenotype of reduced
infectivity and lowered survivalf M. tuberculosisRather than following the pattern
o f -grdsp fold proteins like ubiquitin or SAMP, Pup was fotmbe intrinsically
disordered when free in solution and upon attachment to a sub$tfaféPup varies
wildly in length from species to spes, from as short as about 50 amino acids to
almost 100 aminacids.Interestingly, Pup does not share the common@iymotif
at its Gterminus, and instead ends with GIn or Glu, depending on the exact species.

Crystallographic and NMR studies show tRaip interacts with Mpa at a region from

Ce

the middle of the protein towards theteCe r mi nu s , -hklim alomgtimeg a n
coiled-coil domain of Mpa, with the disorderedtrminus extending into the central
pore of the Mpa hexamét. The immediate @erminus remaindisordered anés
solvent accessibl®espite the apparent existence of three identical binding sites

(threecoiled coil domains), it appears that only one Pup molecule is capable of
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interaction at a time, as nonspecific electron density in the central Mpa pore, most
likely corresponding to the disordered extrem&ehminus of Pup, would preclude a
similar modeof binding at the other two equivalent sités

Unlike in Archaea, no homolog of E1 could be founéiycobacteria
Perhaps this is not surprigj, since Pup does not share a similar structure to ubiquitin
or SAMP, but a search for a similar enzyme responsible for ligation to a substrate did
not yield immediate results. Pulldown and knockout studies identified PafA
(proteasome accessory factoras)a vital piece of the pupylation system, with PafA
knockout cells showing no pupylated spetiéd-urther characterization of PafA lead
to the elucidation of its ligation mechanisth'?! If Pup containg Gterminal Gln, it
is first deamidated by Dop (deamidase of Pifppnce deamidated, the resulting Glu
sidechain carboxylic acid is phosphorylated by PafA, which then facilitates
nucleophlic attack on the phosphoester by a substrate lysine residue and formation of
the isopeptide bonthrough the sidechaiaf the Gterminus of Pufr®. In addition to
serving to activate Pup by deamidation, Dop also acted as a depupylase, able to
remove Pup from substrafgd 124 Reconstitution of the Pup proteasome pathway in
E. coli, which does not contain a natural proteasome system, showed that the presence
of Pup, Dop, PafA, Mpa, and the proteasome genes were sufficient to initiate
proteasomal degradation of several naEveoli protein$?>. This suggests that there
are intrinsic recognition signals in putative substrates, though no common sequence
or structure motif has yet been identified, nor does thereaap be a common
pathway or interaction beyond pupylation. It does not appear that Actinomycetes

utilize their proteasome for general protein recycling.
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Isopeptide linkage of Pup to substrates through-tsr@inus immediately
suggests a mechanism abfeasomal recognition and degradation. Following
conjugation of Pup, the disordered Pup act
Mpa'?6, whereupon it adopts the helical conformation, which pulls the substrate
closer to the proteasomal complex. Mpa utilizes ATP hydrolysis to feed the
disordered segment of Pup down through the pore anth@foroteasome for
degradation, as well as unfolding the covalently attached substrate and translocating
that into the proteasome as well. This degrades both Pup and the stffistrate
Degradation of Pup as part of the recycling process is in contrast with ubiquitin,
which is gaerally removed and preserved by Uspl14 and Rpnl1 prior to substrate

unfolding, translocation, and destruction in the CP.

1.4 The Putative UBact Proteasomal Operon

In 2017, a genomic search for novel proteasome genes revealedtsapote
new proteasome in the phyluditrospirotd®®. Ci echanover és group id
presence of the Pup proteasomal opéndhese bacteria, but they also discovered the
presence of a second set of apparent PafA/Dop genes, as well as proteasome genes for

U a n dsubinits. Previous studies showed that the Actinobacteria described above

51
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only contained one proteasome systerpl&ration of this second putative

proteasomal operon revealed an open reading frame that could potentially be

conjugated to a substrate, based on its length, sequence, and genomic positioning in a

similar arrangement to the Pup ope(bigure 5. Notably,this open reading frame,

which the group called UBact (Ubiquitin bacterial) to differentiate it from Pup, does

not share much sequence similarity with P8®% similar) but the other proteins in

the operon are remarkably similar to Pup operon protehns pfoteasome genes

themselves are similar to Pup operon proteasome genes, Archaeal proteasome

subunits, and show gena&mdslbungsi mi | arity to e
A search for other UBact genes yielded the presence of more proteasomal

operonsacross other Gramegative phyla as well, as well as candidate phyla and at

least one Archaeal phylui§. Notably, several ahese phylalso do notontain a

corresponding Pup proteasomal operon. The appearance of the putative UBact

proteasomal operon raises questions about the need for such a system, especially in

organisms that already have a proteasome, as well as th&éaany relationships

between all proteasome systems.

1.5 Research Motivati@n

The occurrence of proteasomes across all domains of life highlights the
importance of a controlled protein recycling system. Understanding the proteasomes
and their associategignaling and trafficking pathways is vital toward designing
functional therapeutics for a wide variety of conditions. As noted above, proteasomes
are vital for full infectivity ofM. tuberculosi&®. Disrupting the Pup proteasome

system has become an avenue for tuberculosis treafftéhtDysregulated
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proteasomal degradation has been implicated in a variety of cancers, as the eukaryotic
proteaome is required for proper cell divisidh Disruption of the ubiquitin system,
including altered proteasomal degradation, increased or decreased E2/E3 activity, and
dysregulated DUB activity have all been implicated in disease StafEise

ubiquitination system is also involved in the immune response, with cells utilizing the
ubiquitin tagging system to target foreign proteins for proteasomal destruction, and
interferencewith this system has been seen in many viral dis&&s€$§

The wide usage of proteasomes across disparate phyla also raises the question
of evolution. The similarity of the proteasomes themselves suggests a common
ancestor that has changed little across evolutionary time, while tleel vari
mechanisms for identifying and labeling substrates suggest divergent evolution for
full utilization of the system. An exploration of the different proteasome systems, and
their different signaling and recognition systems, can help scientists idestify th
evolutionary relationships and interplay of species across evolutionaryTiintleese
ends, this work describes the first attempts at characterization of the UBact
proteasome systerAdditionally, NMR is used to study DUB kinetiesid determine
the direstionality of ubiquitin unit removal from a polyUb chain, in order to further
understand how these enzymes regulate-fpasslational modification with
ubiquitin. Finally, NMR is used to characterize the interactions of small molecules
with ubiquitin, aghe first steps toward development of therapeutics that interact

directly with ubiquitin itself.
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ChaptNeMR 2Si gnal Assignment and

Ni tromiptiid@aat

Chapter 2 was adapted from Bonn SM, Fushman D. Backbone NMR resonance
assignment of the intrinsically disordered UBact protein fiditrospira nitrosa.

Biomol NMR Assig2022;16; 1291341%7

2.1 Objective
CharacterizéJBact andcomplete an NMR signal assignment as a first step

toward further interaction studies.

2.2 Expression and Purification of UBact

Escherichiacoli-optimizedN. nitrosaUBact (Uniprot accession mber
A0A256WXF2) DNA sequence was synthesized and cloned into the Kpnl/Xhol
restriction sites in the pET41a vector by Genscript (Piscataway, NJ, USA). This
construct consists of an-términal GST tag, thrombin cleavage sitea§,
enterokinase cleavagdsesifollowed by the UBact gene with the amino acid sequence
MIQSLMPERRERPGDPMPKSPSPLEEGGGPRRPETGSPDKDSLLKRMRRVDP
KQAERYRQRTGEZ,

50 ng of this plasmid was transformed into chemically competent BL21 (DE3)
E. colicells by heat shock for 45 seconds at 42°C. Cells were then immediately
cooled on ice for 2 min and rescued with SOC media for 1 hour at 37°C. Cells were
grown on LBagar plates supplemented with 50 pg/mL kanamycin for 16 hours at

37°C to select for successful transformation. Single colonies were picked to inoculate
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5-20 mL cultures of LB supplemented with 50 pug/mL kanamycin, and were grown
overnight at 37°C. Overniglgrowth was used to inoculate 1L LB supplemented with
50 pg/mL kanamycin and 1 mM Mg land the cultures were grown to 680.8, at
which point protein expression was induced with the addition of 1 mM isopbegby|
1-thiogalactopyranoside (IPTG) at 18 for at least 16 hours for maximal yield.

Cells were harvested by centrifugation at 46&ar at least 15 minutes.
Cells were resuspended in phosphate buffered saline (PB&yll€bdium phosphate
dibasic, 1.8nM potassium phosphate monobasic,rAM potassium chloride,
137mM sodium chloride, pH 7.4) supplemented with 5 mM MgONase, 0.4
mg/mL lysozyme, 1% Triton X100, and 1 mM phenylmethylsulfonyl fluoride
(PMSF) as a general protease inhibitor. Cells were lysed by flash freezing in liquid
nitrogenand rapid thawing at 42°C, followed by sonication for 3 minutes at output 5,
duty 60% on ice. Lysate was clarified by ultracentrifugation at 48,3Dox30
minutes. Lysate supernatant was filtered through a 0.22 um membrane, then applied
to PBSequilibrated glutathione agarose beads in a gravity column at 4°C. Beads were
washed extensively with PBS, until flowthrough ran clear (usualgdLbead
volumes, performed in 3 wash steps). Bound &iBEct fusion protein was eluted
from the beads with ~30 mL 56M tris pH 8.0, 10 mM glutathione. Eluted GST
UBact was concentrated, and buffer exchanged into 50 mM tris pH 8.0 in a 10 kDa
molecular weight cutoff centrifugal filter unit to a volume of-Q.5L.

Concentrated GSUBact was incubated with 18 U bovineenterokinase
(New England Biolabs, Ipswitch, MA, USA) for® hours at 18°C to cleave UBact

from the fusion protein. Following incubation, reaction solution was diluted to ~4 mL
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with 20 mM sodium phosphate pH 8.0 and loaded onto an SPHP cation exchange
column (GE Healthcare), equilibrated in the same buffer. The column was washed
until absorbance dropped, and bound protein was eluted with a gradient to 200 mM
NaCl. Highly pure UBact eluted betwee®01150 mM NaCl(Figure §. Purified

UBact was concentrated, and buféschanged into 20 mM sodium phosphate pH 6.8
(for backbone assignment) or 20 mM sodium phosphate pH 6.8, 130 mM NacCl (for
binding studies) in a 3 kDa molecular weight cutoff centrifugal filter unit. UBact is
stable at 23°C for up to 5 days, at 4°C for @ tmonth, and for up to three
freeze/thaw cycles fror80°C. UBact was typically stored atlD mM concentration,
depending on intended usagiBact did not appear to be sensitive to added dimethyl
sulfoxide (DMSO) up to 50%, dimethyl formamide up to 5@¥anethanol up to

10%, though ndongertermstability testing was done.
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Purity was analyzed by SBRAGE (Figure7)*8and ESI mass spectrometry.

1L of cell culture typically yielded3-5 mg purified UBact.
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Point mutations M17WG63C and E64Qvere introduced using site directed
mutagenesis. UBact mutants were purified identically as above, except that 1 mM
tris(2-carboxyethyl)phosphine (TCEP) was added to cation exchange buffers and 10

mM TCEP was added to storage buffers when working wittecyscontaining
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UBact.M17W was incorporated to aid in concentration determination, as the lone
tyrosine at position 58 did not exhibit any absorbance at any concentration tested.
Lowry**® and Bradford*® dye-binding assays did not display a linear response at any
concentrations testeBosition 17 was chosen as it is between two proline residues,
and therefore might be conformationally lockedrsti@at mutation of the sidechain
does not affect surrounding residues much.

Isotopeenriched UBact species were produced identically to above, except
that the large LB culture was replaced by 1L M9 minimal media supplemented with
either 1 g/L*>®NH4Cl and4 g/L glucose fol°N-enriched UBact species 1 g/L
NH4Cl and 2 g/L3C-glucose for®N/*3C enriched UBact species. Yields typically
decreased 50% or greater per isotope added. ¥INGFC enriched growth yielded

approximately 1 mg purifietPN/*°C UBact.

2.3 Backbone Signal Assignment of UBact

TheHSQC spectrum of &N UBact samplgFigure8) shows narrow
dispersion in the proton dimension, which is often indicative of a disordered protein,
or a protein consisting of neénn t e r ehelites. Mhgnartdw spread of signals in
the proton dimension prevented easy signal assignment using a TOCSY/NOESY

walk, as too many signals overlapped to unambiguously assign connectivity.
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The backbone signal assignment of UBact was completed using a series of 2D
and 3D heteronuclear NMR experiments to determine both sequential linkages
between residues and to identify the specific type of resiguwesented by each

signal.N-edited TOCSY and NOESY, HNCO, HN(CA)CO, HNCA, HN(CO)CA,

Ks3 | Qs4 | As5 | ES6 | R57 | Y58 | RS9 | Q60 |,
HN(COfCA /-1 |
HNCA | i i-1 ! !

:
1
1
1
|
1
|
1
|
|
I
I
1
1

and HNCACB experiments were conducted on a 500'WIC UBact sample.

Fi gatExxamp| dawvifilcoheecti vities derive
experi ment pair. rHNd €COpdé& o8Bl g hsivgn
thé&f Com the -pyr ecesiage (i The HNCA sh
(i) and pyecedidge{i thethesoananrces
-1l signals were significantly weake
mani pul ated to remove ambiguities a
frequency scale in the ceaarchcemns dinmen
nitrogen di mensi ons.

Each experiment pair provides resonance for (gelf) residue, as well as thd

(preceding) esidue(Figure9). The HNCO/HN(CA)CO experiments were most

useful in helping to establish connectivity between residues. The HNCA/HN(CO)CA
experiments were less helpful, as there is significant sequence redundancy, and many

Cusignals overlapped, or conniens were unclear. The addition of the HNCACB
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clarified almost all of the connection ambiguities, as most amino acids show a
characteristic combination ofg@nd G signals. The HNCACB experiment is also
able to discriminate betweemndi-1 signals through differential intensities, as the
transfer to thé-1 residue is less efficient, leading to significantly reduced signal
intensity. Combining the characteristio &d G resonances with the TOCSY
derived number of connected protons yieldedmbiguous identification of the type

of residue, and all experiments together yielded multiple levels of confirmation of

connectivity.
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In addition to assigning the HSQC spectrum signals, which correspond only to
backbone amides, the triple resonanceserpents allowed for resonance assignment
ofthe@and CO0 backbone r es onagresaances.inshewel |
end, 397 resonances were assigned, including 94% of backbone resonances, and 45%
of residues had at least partial sidechain pragsignments. Assignments for K45
and R61 were not possible, as they overlapped too severely with other signals.

Since the HSQC spectrum is complicated by crowded signals, a carbon dir

detected CON spectrum was acquired. This spectrum dramatically increases

T
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T
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B.E 84 83 all-ie(ppm) B 80 78
Figluilencorporation of the W17 mutat:i
spectrum. Tshheirfet iisn at Hemrsgiegnal corr e
expected upon mutation. Other shift:

mut ation site.

resolution of the signals, at the cost of significant experimental tim241®urs for

a CON versus 2 hours for a HSQC or 20 minutes for a SOFAST HMQC). Since the
CON avoids staing with proton magnetization, it has the bonus of providing signals
for proline residues, which can only be detected in prstart experiments

indirectly. The fully assigned CON spectrum of UBact is shown in Figren
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theory, a full suite of carlmodirectdetected experiments for signal assignment as
well as relaxation and dynamics measurements exists. The additional experimental
time required was determined to be unneccessary for further studi&aof, U
especially in | i gthwindawfon theBele of hgtdasNM&Rr t st abi
experiments, the low yield and high monetary costs associated with addition of
multiple isotopes.

Incorporation of the M17W mutation onlgd to the disappearance of the
signal corresponding to M1@nd the appeance of a new signal corresponding to the
backboneamide of W17 Figure 11)and two sidechain indole resonancElse two
indole signals most likely result from conformational exchange from proline
isomerization

As part of the characterization of UBat\ R longitudinal and Rtransverse
relaxation rates were determinad600 and 800 MH@igure 12and Appendix Table
1 and 2. R:describes the rate for t@emagnetization to return to thermodynamic
equilibrium, or the rate at which the high energy state loses energy to the
environment. Rdescribes the rate at whiatagnetization vectors in the
perpendicular plane following excitation dephase, or the rate at which spins tansfer
energy to each otheFhese relgation processes are governed by the local magnetic
envrinoments, and thus can provide information about how a particular residue
interacts with surrounding residu@se relaxation rates are generally lower in the N

terminal half of the protein, and slitihh elevated in the @erminal half. Both Nand
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C-termini show decreased relaxation rates relative toetef the protein, which is

to be expected if the termini are flexible. Tieéaxation rates follow roughly the same
trend between experiments and at differing field strengthisolation, relaxation

rates do not mean much, iy can be helpful in preécted rotational correlation
times. However, most analyses rely on the assumption of dodaid protein with a

single overall correlation time, an assumption that is not satisfied in this case.
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2.4 Exploring the Potential for Secondary Structure in UBac

2.4a Circular Dichroism
The narrow spread of amide signals in the HSQC spectrum are often a
hallmark of disorderegroteins. Since UBact is predicted to be disordered, a circular
dichroism (CD) spectrum of UBact was acquired to try to identify any evid#gnce
secondary structure (Figui8). The CD spectrum shows no dips at 222 nm or 208
nm, which are evidence of the @ s e n hdaicalsdcondary structure. The
spectrum al so does not show the pesitive e
sheet secondary structure. Rather, the spectrum shows a strong negative band around

200 nm, which is typical of protein randarail.
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2.4b Chemical Shift Indexing

Chemical shift indexing (CSI) was used to confirm if any secondary structure

could be derived from the secondary chemical shifts of UBact resonances, even if it
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were too transient to be seen by CD. In order to avoid any bias in the CSI, random
coilchemich shi ft values based on Fl emming
were utilized*! 142 CSI supports that UBact is disordered. The region from residue
40-58 shows a smatleviation from pure random coil values (FigareA-C) which

suggest there could be some transient helix formation in this region.

2.4c Heteronuclear NOE

In order to determine just how flexible UBact was, and whether there was any real
posibility of secondry structure formation in the region suggested by CSlI, a steady
state heteronucledHi >N NOE experiment was run. The results (Figi#dD) show
many strongly negative NOEs, indicating large fluctuations in bond orientation, and
thus long regions of higiy flexible protein. A perfectly ordered, ndlexible protein
would have hetNOEs on the order of 0.8, while most stably folded regions in protein
have NOEs above ®0.7. The region from 48 shows low intensity positive NOEs,
suggesting a region thatlesss dynamic than the-ldnd Gtermini, but not truly

ordered, as would be expected a region of secondary structure, especially a helix.

2.4dDihedral Angle Prediction

As a prediction of the presence of secondary structure in this region, UBact
backbone dihedral angles were predicted from chemical shifts using TAfOBRe
output shows extended regions of high confidence of random coil, with only a very

short region of potential helix, albeit at low confidenErgygre 14 E).
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2.4eChemical Exchange Saturation Transferand Relaxation Dispersion

A check to determine if there was in fact any secondary structure present, or if
UBact sampled any conformations that were not visible on an NMR timescale, a
chemical exchange saturation tramgiCEST) experiment was run. This experiment
applies a saturating pulse at varying resonances, and other signals are watched to see
if any off-resonance signals are affected, indicating a transfer of that saturation to the
visible state. This is a poweftftechnique for determining if a protein samples NMR
invisble states, even at an extremely low population. In this case,-nesoffance
attenuations were seen, providing still more evidence that UBact does not form
secondary structure, even transiensoiution.As a final check to determine if any
alternate states could be discovered, a CPMG relaxation dispersion experiment was
conducted at 600 MHz and 800 MHghich demonstrated no field dependenc&f
R, indicative of no meaningful conformatiore@tchange.

Taken all together, the CD evidence, chemical stefived secondary
structure predictions (including predicted dihedral angles), heteronuclear NOE data,
lack of saturation transfeand lack of evidence for relaxtion dispersadinsuggest
that UBact is a highly flexible protein. Although there might be some predicted
population of helical secondary structure, none was actually observed with the suite

of experiments performed.

2.5 Conclusion

UBact fromN. nitrosawas efficiently expressed and purified at milligram
scale for initial NMR characterization. Utilizing standard experiments, the backbone

and patrtial sidechain NMRBignal assignment was completéting a variety of
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methods, UBact was determined to be hidlexible in solution, and contain no
detectable regions of secondary structtlifés work serves as the basis for further
studies of UBact and its interactions with potential binding partners, as well as the
first investigation of any constituent of thBact proteasome systeResonance

assignments were deposited in the Biological Magnetic Resonance Bank, ID 51116.

2.6 Contributions

Steven Bonn designed the project, performed all sample preparation,
experimental setup, and data analysis. David Fusluovwarsaw the project and

assisted with NMR experimental setup and data analysis.
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ChaptUBac3d: Binds to the Proteaso

3.1 Objective
Expl ore UBactodés interactrecepioramd t h t he pu
determine i f this receptor bapdeakaryotic i n a si

Rpt proteins.

3.2 Expression and Purification of the Proteasomal Gate Protein

Escherichia colioptimizedN. nitrosaProteasomal Gate Protein (PGP209
was synthesized and cloned into the pET28a expression vector between the
Ncol/BamHI restriction sites by Genscript (Piscataway, NJ, USA). The final
construct consisted of antdrminal Hig-tag, followedby a thrombin cleavage site
(LVPRI|GYS), followed by the gene sequence. Residue 209 was chosen as the final
residuedue toits predicted location in a flexible loop between elements of predicted
secondary structure based on homologdeling Figurel5). This plasmid was
transformed into chemically competéntcoliBL21 (DE3) cells as previously
described. Positive transformation was selected for by growth esgaB plates
supplemented with 50 pg/mL kanamycin at 37°C overnight. Single colonies were
pickedto inoculate &0 mL LB cultures supplemented with 50 pg/mL kanamycin
and were grown overnight at 37°C. Overnight growth was used to inoculate 1L LB
supplemented with 50 pg/mL kanamycin and 1 mM Mg@hd cultures were grown
to ODs00=0.6-1.0 at 37°C, apjpximately 3 hours, at which point protein expression
was induced with addition of 5QM IPTG at 18°C for at least 12 hours. Cells

expressing BP appeared to grow slightly faster than cells expressing other proteins
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in the lab, though growth rate was never formally quantifidi PGP was xpressed
identically to the above, except that the large culture of LB was replaced with 1L M9

minimal media supplemented with 1 gANH4CI.
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Cells were harvested by centrifugation at 46&ar at least 15 minutes.
Cells were resuspended in PBS sup@etad with 5 mM MgCGl DNase, 0.4 mg/mL
lysozyme, 0.5% Triton XL00, and 1 mM PMSF, and were lysed by flash freezing in
liquid nitrogen followed by rapid thawing at 42°C, followed by sonication for 3
minutes at output 5, duty 70% on ice. Lysate was abarifiy ultracentrifugation at
48,900 xg for 35 minutes at 4°C. Lysate supernatant was filtered through a 0.45 pum
membrane, then was loaded onto a 10 mL HisTrap column (GE Healthcare)
preequilibrated with PBS at room temperature. Initially, when all savwgudoaded,
the column was washed with 20 mM imidazole to removegpatifically bound
material, and a large amount of material flowed through the column. When
absorbance dropped, a gradient was run frola@DmM imidazole to elute bound
protein, and the was a very shallow but very broad elution ranging from3{ED
mM imidazole. SDSPAGE gel analysis showed that this broad peak was a highly
pure protein of approximately 25 kDa, the expected weight of the PGP monomer. A
significant amount of 25 kDa prEth was present in the flowthrough and wash steps
as well, suggesting that there was too much protein to bind to only 10 mL of resin.
Upon concentration and buffer exchange into 20 mM sodium phosphate pH 6.8, the
protein precipitated into a white powdeN&CI concentrations dropped below ~75
mM. The protein could be immediately redissolved if more NaCl was added to bring
the final concentration above the critical concentration. PGP was essentially infinitely
soluble and could be concentrated well pasptiiat at which it could not be
transferred in a pipette of any volume, yet it did not precipitate or aggregate. Highly

concentrated PGP is light brown in color.
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In order to shorten the amount of time required for purification, and to
dramatically reduce the elution volume, the nickel purification method was altered to
wash the column with TDmM imidazole to prevent any n@pecific interactions,
flowing until absorbance dropped, followed by a single step elution at 500 mM
imidazole to elute all bound proteinaice (Figure 16 and I7). This protein was
buffer exchanged and concentrated into 20 mM sodium phosphate, pH 6.8, 130 mM
NacCl for storage, and was stored&Q°C.

A single liter of bacterial culture could yield up to 300 mg PGP, depending on
the amount of time spent inducing @ndhe influence of IPTG. 500 uM IPTG
expressed roughly 25% more protein than either 200 uM or 1 mM IPTG, and
expression at 18°C yielded dramatically more protein than expression at warmer
temperatures. Without the use of a refrigerated incubator, roopetatare induction
was still feasible, yielding 100+ mg per liter of bacterial culture. PGP was soluble in
all nearneutral buffers tested (20 mM sodium phosphate, pH 6.8, PBS pH 7.4, with
and without high concentrations of imidazole, and 50 mM tris pHe&@ong as

ionic strength was kept above rough§0mM. Sodium chloride, sodium fluoride,
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and sodium sulfate were all appropriate for maintaining ionic strength. PGP was
soluble up to and past ~60 mM. PGP solutions alibvaM became too viscous to
handle with ap accuracy and could only be diluted by laygradditional buffer on
top of the nearly solid layer of protein and
incubating for several hours to allow for
natural diffusion of the protein through
the solution. Even at these extremely high
concentrations, PGP was stable at 37°C
for up to four days befe visible
precipitation occurred, at room
temperature for two weeks, at 4°C for
overtwo weeks, and aR0°C indefinitely,
for exactly one freeze/thaw cycle.
Freezing the protein a20°C a second
time led to immediate precipitation upon
thawing. Flash freezing in liquid nitrogen

and indefinite storage a80°C allowed
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formamide (DMF), ethanol, isopropanol, or methanol at even extremely low

concentrabns.

3.3 Determination of Oligomeric State of PGP

The Rpt proteins in the eukaryotic proteasome exist as a heterohexameric
complexX, and Mpa/PAN from the Pup proteasome system has been crystalareti
visualized using cryoEM*as a homohexamer. Structure prediction with SWISS
MODEL*49suggested that PGP would also exist as a homohexamer, just as one
would anticipate from its similarity to other proteascassociated ATPaseBigure
15).

Proteins bearing a Higag typically elute from an immobilized nickel column
upon addition of 12250 mM imidazole. The unusual elution profile of PGP, eluting
above300 mM imidazole, suggested that there were additional interactions than just a
single Hig-tag. Size exclusion chromatography revealed that a concentrated solution
of PGP eluted immediately at the void volume of the column (40 mL), whereas a 25
kDa monomewould be expected to elute closer te&DmL. Native gel
electrophoresis showed the presence of a species that barely migrated into resolving
portion of the gel. AH-®N SOFAST HMQC andH-*N TROSY of'*N-labeled
PGP show only about 40 backbone sigmather than the nearly 200 one would
expect to see based on the sequéRitpire18). The lack of signals could be due to a
larger oligomer of PGP forming in solution, as eaghmer would push the size
limits of NMR. Together, these results stronglggest that PGP forms a larger

oligomeric species in solution.
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To confirm that PGP is in fact folded in solution, a CD spectrum was
obtained. Rather than showing a strong negative band arous2D09%m (indicative
of a disordered protein), the spectrurowh the characteristic double dip at ~208 nm
and ~222 nm, indicative dfelicalcharacter (Figur&9). Spectral decompaosition with
Dichroweld®®1*?suggests roughy 1 0 % h estrand 18% Bufh%andiB6% other

structure or unordered. This is essentially identical to the secondary structure
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breakdown when the predicted structUfgy(re B, truncated at position H20%)
used to predict a CD spectriand that spctrum is used to predict secondary
structuré®,

In order to determine what size oligoni®BP formed in solution, analytical
ultracentrifugation (AUC) was employed. Sedimentation veld8%) experiments
suggested a large population with a molecular weight of 150 kDa, a hexamer of PGP,
with a small population of lower weight oligoméFgure20A). Sedimentation
equilibrium experiments support this conclus(éigure20B). Global and single
experiment fits suggest a molecular weiil#2+ 1.5kDa) approaching that of PGP
(151 kDa)for all concentrations tested. This is consistent with buoghptedicted
structure of a homohexamer, as well as comparisons to other proteassooated
ATPases which exist as hexameric structures. The construct under study is predicted

to exclude the @erminal ATPase domain, indicating that theéddminal porton is
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sufficient for oligomerizationThere is a population of interconverting lower

oligomers, though they are estimated to represent less than 10% of the population at

the relatively low concentrations tedte
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3.4 UBact Binding to PGCan Be Measured by NMR

3.4a UBact Signals Attenuate Upon Titration of PGP
In order to qualitatively determine if there UBact binds to Pi@Rolution, a
concentrated solution of PGRas titratel into al°N UBact solution, and SOFAST

HMQC spectra were acquired at each titration point. Rather than observing chemical
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shift perturbations (CSPs), which are a typical measurement of binding seen in NMR
experiments, signals from thetdrminus of UBachalreadyattenuatedt low
concentrations of PGPC-terminal signals attenuated, though not nearkyaaly in
the titration(Figures 21 and22). At apparent saturation, only signals from the C
terminal half of UBact remain visibléhough thessignals arsomewvhatattenuated
This attenuation is indicative of binding between UBact andsP&tel theesidue
specificity indicates that the binding is selective (versusgpatific,Residues
precedingd39 are generally attenuatedith theexceptionof E26) while the
following resonanceare still visible. E25 appears to remain visible, but this is most
likely due to overlap with Q60he attenuated region most likely represengs th
interface between UBact and P&P

A CEST experiment was also conducted to try and identify any states that

were invisible by usual methoddsing a high concentration of UBaantd low
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concentration of PG&Psaturation of the invisibleoundstate and a long mixing time
should allow for that saturation to transfer to the visible state and display some
amount of signal attenuatioBEST experiments have been used to identifysible
population states with as low as 2% abund&iee identify exchange rates and
chemial shifts between statddo visible resonances were influenced by off
resonance saturatioand thus no apparesiifts could be identified to assist in

binding quantification.

3.4b Transferred RelaxationCan Be UsedTo Quantify UBact:PGPs

Binding

NMR signal attenuation is often due to signal broadening as a result of faster
T, relaxation times, as signal width is inversely proportional#8°>TIn generalshort
To is associated with larger molecular weight and therefore slower tumbling (and thus
the practical upper limit of molecular weight for NMR detection of roughly 50 kDa).
Since PGPRis a 150 kDa complex, any UBact binding to R@®uld effectively
increase the apparent molecular weight, so this signal attenuation is to be expected,
though inconvenient.

In 2007, Gottfried Otting presented a method by which binding could be
measured by transferred relaxatihnSince UBact is much smaller than RGRis
method is, on its face, appropriate. Essentially, in agashhanging system, the
observed UBact relaxation rates at varying titration points withsRG®uldreflect
the presence of even small populations of bound UBactRGfortunately, the
experiment set is costly both in terms of material and experimental time, as relaxation

experiments require generally high concentrations or many scans to generate
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accetable signal to noise for accurate rate determination from peak intensity
changes.

Separate samples of 300 uM UBact M1¥W&re prepared with increasing
concentrationsf PGR. °N T relaxation was measured at each titration palpbn

titration with PGR, 1°N T» relaxationtimesdecreasedndicative of an increase in

apparent molecular siZ€igure 23) N-terminal residues that attenuate showed more

dramaticshorteningof relaxation times aswould be expected by themore dramatic

attenuations, while the-@rminal residues show lessened relaxation enhancement.

Some relatively simple algebra is required to configure change in relaxation

for fitting to a binding curve.
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wherepree andpooundare the population in either free or bound staspectively Robs

is the relaxation rate observed at each titration pBit,is the relaxation rate of free
UBact, Ruoundis the relaxation rate of UBact upon saturated binding tosRf#Raxis

the change in relaxation upeompletebinding, Tiee is the relaxation time (inverse of
the rate) of free UBact, arldosis the observetklaxation time at each titration point.
These can be fit to a quadratic equation to solve for the dissociation constant using
the inrhouse Matlab program kd_ .

Fitting individual residues to the quadratic equation referenced shows two
general regions of interaction: residue3ashow dramatic decrease inp, While the
residues & and36-64 showa dramaticalljessened response. It is reasonable to
believe that the-85 region is the primary point of contact between UBact andPGP
with the T2 of residues 3®4 more influenced by being anchored to P&® not
directly interacting with the hexamérhe fact that the relaxation times do not
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dramatically decrease suggests that these residues are probably still mostly free in
solution.A global fit of representative residuessisown inFigure 2. Error was
calculated by fitting residues individually, then determining the standard deviation of
those fits.

The residuals dboththeindividual and globafit suggest that UBact binds
with a 3:1 stoichiometry, with three identical binding stesPGR. With a Kp of
150.95+ 16.90uM, this interaction is observed to be three times weaker than that of
Pup for the coilegoil of Mpa, and substantially weakidyan that of Pup for full
length Mpd?®, Based on the structural homology and the knoweraution of Pup
and Mpa fromMycobacteria it would be reasonable to assume that UBact interacts

with the coiledcoil domain of PGR as in the Pup:Mpa interactih Since there are
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predicted to be three coilabil regions, it makes sense that UBact could bind at each
coiled-coil. In this case, it appears that three UBact molecules can bind
simultaneously, and that the region of interaction istmzloser to the Nerminus in

the UBact system. These differences could arise from differences between the two
systems, or the results could be influenced by the use oftamiihal truncation of
PGR. Experiments with the full length PGProtein wouldclarify this difference.
Interaction with fultllength PG might allow for UBact to bind into the central pore

of the protein, and thus preclude interaction of three UBact molecules simultaneously.
Presenting that additional binding surface could alsceserincrease the affinity of
UBact for PGRto be more in line with literature values for Pup interacting Wigia

if they really are similar systems.

To better understand how UBact interacts with §@Rpin label could be
attached to PGRo provide pugh distance information from UBact to the spin label.
Site-specific attachment & (1-oxyl-2,2,5,5tetramethy2,5-dihydro-1H-pyrrol-3-
yl)methyl methanesulfonothioate (MTSL3 nitroxidecontaining compoundgesults
in resonances up to ~25 A awayperience paramagnetic relaxation enhancement
(PRE) and a decrease in signal intensity due to faster relaX&tibinus, attachment
of MTSL at various sites on PG®ould yield attenuations in the UBact signals if
they were within the 25 A radius of the nitroxide functional group. Placing MTSL at
multiple sites in PG§&could help to create a rough map of which region of &P
involved in interactions with UBact. MTSL attachment at a region directly involved
in interacting with UBact would yield dramatic signal attenuations in UBact, while

MTSL at a position far away from UBact would have little influence on UBact
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signals. Attempts to attach MTSL RGR via a disulfide linkage resulted in the
immediate precipitatin of the protein at all concentrations tested. This was most
likely due to sensitivity to the methanol solvent of MTSL, rather than any induced
insolubility from MTSL attachmenihis sensitivity to noraqueous solvents could
pose a barrier to further sties using various extrinsic labels with marginal solubility
or stability in water, such as fluorophores or other paramagnetic labels.

3.5 UBact Binding to PGFConfirmed by Orthogonal Methods

Since transferred relaxation is nowalely utilizedmethod, orthogonal
techniques were attempted to confirm the NblRived dissociation constaif.
addition, this analysis gave residsigecific dissociation constants, rather than a
single unified numbeto characterize the interaction. Utilizing methods that
characterize the interaction as a whole will provide a singlari{l lend support to
the use of transferred relaxation as a viable method for measimitigg. Surface
plasmon resonance (SPR) hasvously been used to quantify the binding between
Pup and Mp&®, showing a sub micromolardIsothermal titration calorimetry
(ITC) has also been previously used to characterize the binding between Pup-and full
length Mpd?®, yielding a K of ~4 uM. This wassubsequently confirmelly

fluorescence anisotrop?.

3.5a Surface Plasmon Resonance

SPR is a fantastic technique for determining the kinetics of biomolecular
interactionsSPR measures the on and off rates of interactions by tracking the
increase in response upon thieding of an analyte to its immobilized binding

partner. In this case, immobilized UBact can be used as bait fay. BBPe UBact is
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very small relative to PGPthe response should be much langgon bindingof
PGR. Attempts to immobilize UBaain aCM5 chipby amine couplindgor SPR
resulted in no discernable immobilization at any concentrations attempted, as

determined by a lack of any persistent response following the binding reaction.

3.5b Fluorescence Quenching

Fluorescence quenching is a faislyaightforwardand sensitive technique to
determine the interaction between two molecules. Fluorescence is highly dependent
on the local environment of the fluorophore, and changes to that environment, such as
direct contact in binding, reduction in matyi| or change in solvent exposure, can
alter the fluorescence profile. Changes in fluorescence could be seehaagen
emissionintensityor a shift in the wavelength of maximal emission.

The incorporation of tryptophan at position 17 provides tarmal
fluorophore, and the NMR signal attenuations suggesthbka¢gion containing

160000 rseidud.7 is involved in binding to

140000 PGR; thus, it serves to reason that
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tryptophan without bleeding over into exciting any tyrosine residues, of which there
are 30 per BP hexamerndeed, there is modest emission from the tryptophan on
UBact upon excitation at 295 nwith maximal emission at 360 nidowever, there

is still emission from tyrosine residues with a local maximum around 340 nm.
Altering the excitation wavelgthor narrowing excitation bandwidimmediately
abolisheaall emission Subtraction of PG4only spectra at each concentration and
correction for the inner filter effect did not yield any dalegendent change in
tryptophan emission from UBadtluoresence emission jumped up and down at each
point tested, and there was no trend to any change in the emission, nor was there a

red or blueshift in the emission maximuffrigure ).

3.5c Isothermal Titration Calorimetry

ITC is a powerful tool for determing the thermodynamic parametefs
intermolecular interaction$TC automates a titration and measures how much heat
must be added or removed from a system in order to maintain a constant temperature.
This directly measures the heat of the interactionasydconformational changes that
take place upon bindirgccording to:

YO Y'Yb¢ YO "YY P
Where Gs the Gibbs free energy of a reacti®is the ideal gas constaitjs the
temperature in Kelvinka is the association constant of a binding reactiphis the
enthalpy andg Ss the change in entropy. C directly measures the heat of
interaction, and by integrating the injection peaks and plotting the molar ratio of
interacting species agairgtH  kcal/mol), Ka and stoichiometry can be

determinedIn addition, solving for enthalpy reveals the degree to which hydrogen
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bondingand van der Waals forces amgolved in the interaction, while solving for
entropy reveals the influence of hydrophobicriatéions (due to excluded wateh).

test to scan near the range of the SieRved ko value of ~106200 nM for the

Pup:Mpa interactiot?® yielded no heat of binding at all, suggesting that there is no
meaningful interaction at such low concentrations, consistent with the NMRrdata.
order to test a 23200 uM Kp on the VPITC machine, one would neetremendous
amount of material (upwards of 50 mg UBact per run), assuming 1 UBactsl PGP
stoichiometry Thus, it was decided to take advantage of the National Cancer

Il nstitutebds Biophysical Resourcebds 1 TC200,
atthe cost of sensitivitySeveral experiments yielded very small heats of binding, and
no meaningful estimate of stoichiometiyhen testing for 25-100 uM Kp, no tests

ever approached saturatjoror was the data generated ever sufficieestanate

binding affinity or stoichiometry. Interestingly, upon titration of UBact into a solution
of PGR, there was an initial hepeak consistently followed by a secoathaller
peak(Figure26). The first peak is most likely the heat of binding as tiBad PGP
interact, and the second peak could be a conformational shift in UBact as it adopts a
binding-competent structure, possibly a h&lfxThe extremely high viscosity of
concentrated PGprevented its use as the material in the syringe, so a reverse

titration could not be attempted.

3.5d Analytical Ultracentrifugation

Analytical ultracentrifugatior(AUC) is a useful tool for determininiipe
hydrodynamic properties of a species in solut®dC is particularly powerful when

determining the interaction between two species of very large size difference, as is the
56



8.20 8.20 +
8.18 +
815 o 816 -

8.14 + \

8.10 4 812 -

DP (pcalls)

8.10 o

Injection 5 **1 Injection 6

8.05 4

8.19 4
818 o
817 o

e | ™~
%8.12 814 <
813 o

**1 Injection 7 ° =2 1 Injection 8
o 11I00 12.00 13.00 12'00 13'00 14'00 15l00

Time (sec) Time (sec)
Fi g2a6Tevo heat peaks appear suoplount itasnt 1
The first peak is most | ikeley The 9
peak, denoted by the arrow, could b
peak per si st eRde parcersoesnst aatlilv et riinglesc.t i

case between UBact and P&Phe use of differential detection for each spgcie

allows for the tracking of an apparent change in molecular weight of each species,
which can be used to determine the strength of a binding interaggdimentation
equilibrium (SE) is a method in which a sample is allowed to reach diffusional
equilibium, at which point the dispersion of molecules in the sample is determined.
This is done at several different rotor speeds, allowing for accurate determination of
hydrodynamic properties such as molecular weight. The primary downside of SE
experiments ishe extremely long time it can take for species to reach equilibrium,
and the relatively low number of data points acquired as compared to sedimentation
velocity (SV) experiments. The long times to equilibrium can be shortened by using a
reduced cell length, which has the bonus of allowing for more samples to be run

simultaneously. Using the longer 12 mm cell lengths can lead to equilibration times
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up to twodays per rotor speed tested, while using the 3 mm cells can allow for
equilibrium to develop in as little as several hoeiglft and ninehourtests are
standard). The advantage is that because SE is an equilibrium method, many
components of analysis gty cancel each other out, leading to a straightforward
analysis. SE is also more forgiving of hydrodynamic-m®ality, in which
diffusional transport is influenced by concentratiS& also allows for molecular
weight determination independent of moliecishape, which is important as most SV
models are tailored to globular proteiddJC has been used to determihe strength
of interactions between molecules across nine orders of magnitude, from low
nanomolar dissociation all the way to molay. Khe development of fluorescence
detection systems is extending this capability torsaomolar range.

In order to utilize SE AUQo characterize the binding between UBact and
PGR, a specific label needs to be attached to UBact, since that will theoretically
undergo the larger molecular weight shift (7.9 kDa to ~150 kDa upon complexation
with PGR). A cysteine was incorporated atgition 63 in UBact, and fluorescefa
maleimide was conjugated at this position. Since the binding site of UBact was
already mapped by NMR, position 63 was chosen to keep the fluorophore away from
PGR and prevent it from influencing the interaction in anganingful way.
Fluorescein absorbs at 494 nm. In this case, emission was not measured, as the
instrument utilized does not have fluorescence detection capabilities. However, the
large absorbance at 494 nm allowed for tracking of UBact specifically, Bsdees
not absorb at all near that wavelength. In addition, measurements were taken at 280

nm, though these would be increasingly influenced by increasing concentrations of
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PGR. Excess tag was removed frahe solutiorby extensive buffer exchange in 3
kDa MWCO filters.Multiple attempts at tagging showed that this is a low efficiency
reaction, with only 280% of cysteine being tagged, as determinedldsprbance,
and utilizing the correction factors provided by the manufacturer. The fluorescein
tagged WBact construct did not fly on E®MIS. Dissolving the fluorophore in DMSO
to a relatively high 10 mM concentration gave the highest yield, significantly higher
than using a DMHlissolved tag.

Upon titration of PGPRinto solutions of UBaefluorescein (UBatF),
absorbance at 494 nm increased at increasing radius, suggesting an increase in the
molecular weight of the species absorbing at 494Atrhigher concentrations of
PGR and higher rotor speeds, essentiallythe absorbance was piled apthe
outemost radius of the cell, and the data was unusable. At lower molar ratios and
relatively sl ower rotor speeds, fitting of
interaction modelusing the dimeric PGP as the competent binding gate a
binding constant 0154+ 4.54 ¢ M(Figure27). This number is consistent with the
global fit of the NMR relaxation dat&ince SEAUC is a weltknown and robust
method for quantifying binding across a wide range of affinities, its agreement with
thetransferred relaxation method lends credence to the applicability of the NMR

methodology.

3.6 Conclusions

NMR titration studies show that UBact and RGPecifically interact along
the Niterminus of UBact, while the-@rminus remains essentially flg@earranging

in solution.SE AUC confirmed the NMRlerived kKb numbers asobustand show the
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usefulnes®f using transferred relaxation to expand the range of molecular sizes that
can be studied by NMRhe Ko is different fromthe observed Kof Pup inteacting

with thefull length Mpa or theN-terminal coiledcoil domain fragment of Mpa. The
PGR construct utilized here contains the same putative coidddand two putative
b-barrel domains responsible for oligomerization, but not the largggriinal

ATPase domain. Full length Mpa binds Pup approximately five times more tightly
than the coileetoil domain, suggesting that there are interactions between Pup and
the more @erminal domains that are vital for full functionality. In the case of UBact,
there could be more interactions between UBact and the RGRase domain, which
could be probed ifuture experiments utilizing thfalll -lengthconstruct.

The regions involved in the interaction with the proteasomal receptor proteins
are slightly different between UBact and Pup. Pup interacts primarily with residues
through its middle and-@&rminus ofthe protein, while UBact utilizes its-drminal
half. Again, this apparent difference could be due to the use of different proteasomal
receptor constructs, or it could reflect a fundamental difference in the Pup and UBact
systemsThe longer regionof M e r mi n a l residues that appear
system could be residues that sit inside the central pore of the Mpa hexamer,
facilitating transport through the pore and into the 20S CP of the proteasome, while
the extreme @erminus remains covalently atthed to a substrate and drags that
substrate to its ultimate degradatifurther experiments with fulength PG could
clarify this discrepancy in apparent affinity and binding site. If alanlgth PGP
construct shows a similar binding site andraffi as that of Pup:Mpa, then perhaps

this truncated construct demonstrates an aborted binding event, where an initial
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lower-affinity interaction facilitates ATRlependent translocation into the central pore

of PGR and therfurther down into the 20S CP.
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3.7 Contributions

Dorothy Beckett (UMD, NIH) performed sedimentation velocity and
equilibrium experiments on PGBorothy Beckett is currently the Director of the
BBCB Division of NIGMS, NIH. This work is not endorsed by erthiee NIH or
NIGMS. Connor Donahue and Guanghui ZditdvD) provided advice for SPR
experimental design and operated the BiagcwsgumentSergey Tarasov (NCI) set
up and performed ITC experimems the ITC20Gand assisted with data analysemn
Ferencz (UMD) assisted in setting up-8HC titration experimentsSteven Bonn
designed the overall project, performed all sample preparation, perfornotioleal|
experiments, and handled all data analysis. David Faslowersaw the project and

assisted with data analysis.
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ChaptAdrt edmpt ed Expressi on, Pur i f |

Characterization of UBact Ligase

4.1 Objective
Express, purify, and determine the activity of the putative enzymes involved

in UBact ligation to and deamidation/removal from substrates.

4.2 Identification of the Ligase and Deamidase Enzymes

In the Pup proteasomal operon, the ligase (PafA) and deamidase (Dop) are
sequentially and structurally very similar to each other. The putative genes encoding
the corresponding UBact ligase and deamidase enzymes are very similar as well and
cannot immedialy be differentiated. Themainsequence and structural difference
between the two genes is the presence of an additional loop irtétenMus of Dop
(and probably the UBact deamidase) that is thought to potentially block substrate
binding'?® 1% In arder to identify the putative ligase enzyme from the UBact operon,
both putative enzyme genegre alignedFigure B) andwere run through SWISS
MODEL4¢ 148 14%nd the resulting structures were compdFégure B). The
primary sequences are 45% identieadd share many chemically conserved regions
as wellThe predicted structures are essentially tleesand they overlay extremely
well with previously solved crystal structures of PafA and botably, structure
prediction and sequencagmentshowthe presence of a loop inserted near the N
terminus of thegutativeUBact deamidase enzyme (shown in re#figure29). This

is enough of a prediction to differentiate the putative ligase and deamidase enzymes.
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4.3 HisLigase Initial Tests

4.3a Expression
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Fi ga90verl ay of the predicted struc-
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of crystalizedMPabArantibbBbbopgef UBmc't
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bet ween the two domains of the prot

E. coli optimizedUBact ligase gene (Uniprot accession number
AOA0S4L4F5) was synttsized and cloned into pET15b between Ncol and BamHI
sites by Genscript (Piscataway, NJ, USM)e final construct contained an N
terminal Hig tag, a thrombin cleavage site, and then the ligase §eraberculosis
andM. smegmati®afA (Pup ligase) anddp (deamidase of Pup) have both been
expressed in a soluble form in b&hcoliandM. smegmatisvith the Hiss tagunder

a variety of different condition&. This plasmid was transformed into BL21 DE3
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cells as previously described, and successful transformation was selected by plating
on LB-agar plates supplemented with 100 pg/mL ampicillin. Sieglenies were
picked and grown in 5 mL overnight culture. An expression test was performed to
determine optimal expression temperature and IPTG concentr@igare30). The
test showedhat there was generally leaky expression, but that addition of 1 mM
IPTG at 18°C overnight gave the strongest band by gel.

5 mL smal cultures were used to inoculate 1L LB large cultures
supplemented with 100 pg/mL ampicillin. Cultures were grown t@d¥P0.6, then

were induced were induced with 1 mM IPTG at 18°C to grow overnight.

4.3b Nickel Affinity Purification

Cells were harvested by centrifugation at 46&0fer 20 minutes at 4°C.
Cells were resuspend®&@ mM tris pH 8.0, 500 mM NacCl, 5% (v/v) glycer@l) mM
MgCl., DNase, 0.4 mg/mL lysozyme, 3 mM PM3Rd 1% Triton X-100, and were

lysed by flash freezing iliquid nitrogen and thawing at 30°C, followed by light
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sonication at output 4, duty 30% for three cycles of 1 minute on, 3 minutes off on ice.
Lysate solution was clarified by ultracentrifugation at 48,9@dor 30 minutes at

4°C. Supernatant was filtetlethrough a 0.45um membrane, and the filtered
supernatant was loaded onto a HisTrap nickel affinity column (GE Healthcare) pre
equilibrated with 50 mM tris pH 8.0, 500 mM NaCl, 5% (v/v) glycefdle column

was washed until absorbance dropped, then aagradias run from %00 mM
imidazole.There was an elution almost as soon as imidazole hit the column, but no
further evidence of protein elution at higher imidazole concentrations.

SDSPAGE analysis of the lysis and nickel purification steps revealedhthat
strong band corresponding to Higjase was present in the crude lysate samples but
not in the supernatant. When the pellet resulting from ultracentrifugation was
dissolved in 7 M urea, a strong band at ~60 kDa was seen, most likely corresponding
to the HisLigase construcfThe pellet was white, which is indicative of the presence
of inclusion bodiegIBs) of insoluble protein. Lysate pellets without inclusions are

typically dark gray or brown.

4.3c Inclusion Body Purification

To attempt to purify Hi-Ligase from inclusion bodies, fresh cultures were
grown and harvested as aboGells were lysed by more harsh sonication for five
rounds of 3 minutes on, 5 minutes off at output 5, duty 50% on ice. Lysate was
ultracentrifuged as above to pellet cell deland inclusion bodies.

Lysate pellet was resuspended in 50 mM tris pH 8.0, 1 M urea, 2% Trton X
100 and incubated with shaking for one hour. Supernatant was set aside. Following

shaking, pellet wash solution was ultracentrifuged at 48,3p8gain. The resulting
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large pale white pellet was resuspended in 50 mM tris pH 8.0, 7 M urea, 500 mM
NaCl, 3 mM MgC4, 5 mM TCEP by pipetting up and dowrhe ®lution was
incubated with sharking at 4°C overnight to fully dissolve inclusion body material.
Following incubationthe urea solution was ultracentrifuged at 95,8@dor one

hour at 4°C to pellet any remaining insoluble mateAamall pellet formed, about
the consistency of a thick jelly.

Our lab has had success with@siumn refolding prelously'®:. On-column
refoldingis a relatively fast and robust method for removing urea and gradually
allowing a protein to refold. Immobilization exolumn also prevents aggregation that
can occur during refolding process@s-column refolding has the added bonus of
not requiring extasive concentration steps upon completion, as the bound protein can
be eluted with a small volume of solv&it

The uea solution supernatant was then loaded octidypre-equilibrated
nickel column. When all solution was loaded, the column was wasite0 mM
tris pH 8.0, 7 M urea, 500 mM NacCl, 3 mM MgCh mM TCEPuntil absorbance
dropped. At that point, a gradient was run to remove the 7 M urea and add 5% (v/v)
glycerol at 0.3 mL/min over 300 mEollowing this gradient, a second gradient was
run from 6500 mM imidazole to elute tHeoundprotein from the columnThere was

no elution from the column at any point over the entire run.
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were attemptedis the soluble fraction showed no evidence of protein by gel analysis.

4.3d Dilution Refolding Attempt

Since oncolumn refolding did not work at allefolding by dilution was
attempted. Refolding by dilution involves the rapid dilution of the denaturedip
to avoid aggregation while simultaneously decreasing the amount of denaturant
present in the local environment. Chaperone molecules such as glycerol, sucrose,
arginine,and other amino acids, as well as redox reagents can be added to the
refolding huffer to facilitate refolding. Refolding can be a relatively slow kinetic
process, and thus it is vital to keep the protein solutions dilute to allow for proper
folding. The primary disadvantages of this method are that the protein ends up
extremelydiluted, and the resulting concentration steps can take a tremendous
amount of time, and that refolding buffers must be attempted purely through trial and
error. There is no method for predicting which buffers or additives might facilitate
efficient and corredlding of a given protein, and a buffer system that works for one
protein might not work as well or at all for another prot&ir®*

Several buffers were prepared for use in dilution refolding: 20 mM sodium
phosphate pH 6.8, 200 mM NaCl, 3 mM MgQ0 mM sodium pbsphate pH 6.8,
130 mM NaCl; 50 mM tris pH 8.0, 5 mM Mg£R20 mM sodium phosphate pH 6.8,
130 mM NaCl, 5 mM MgG& 20 mM sodium phosphate pH 8.0;, 20 mM potassium
phosphate pH 6.8; 50 mK4(2-hydroxyethyl}1-piperazineethansulfonic acid
(HEPES)pH 7.6, 500 mM NacCl, 20 mM imidazole, 1 mM TCEP, 5% (v/v) glycerol.

His-Ligase urea solution was diluted 250X (200 pL inton0) in each of the

cold refolding buffers, pure water, and a 70% solution of perchloric acid (as a positive
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precipitation control)No precipitate formed immediately upon addition to any of the
refolding solutions, but precipitate did form when proteirs wdded to water and
perchloric acidAll solutions were incubated at 4°C for 30 minutes, at which point
solutions turned cloudy. Solutions were centrifuged to pellet precipitate. Solutions at
pH 6.8 contained a larger volume of precipitate than solutibhasic pH, suggesting

that the HisLigase construct is less amenable to slightly acidic conditielteted
precipitate contained all traces of protein. No protein was detected in the supsrnatant

by gel or by absorbance at 280 nm.

4.3e Size ExclusiorM ediated Refolding

Refolding by running a diluted, denatured protein solution over a size
exclusion columr{SEC)is thought to facilitate refolding. The slow flow rate and size
separation allow for buffer exchanging and removal of the denaturant, while als
theoretically separating misfolded, aggregated, or unfolded protein molecules from
the properly folded moleculdmsed orsize®> 156

A small amount of the Hikigase urea solution was dilut&é@X with 50 mM
tris pH 8.0, 130 mM NacCl, 10 mM MgglIThis slightly diluted solution was loaded
ontoa size exclusion column and run at 0.5 mL/rfinere was a large elution peak
around 40 mL, suggesting that a large protein had eluted. This was followed by a
broad, low intensity elution over the followid§ mL (Figure33). SDSPAGE
analysis revealed the presence of a band corresponding to thgyais construct in
the large elution peak, with essentially nothing in the broad elution peak (BRjure
Fractions from the large elution peak were pooledcamtentrated, but after

concentration there was no absorbance at 280 nm, indicating that there was no protein
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present. Nevertheless, a small amount of the concenfiatiegime solution was

added to an NMR sample BN UBact M17W with 1 mM adenosine triphphate

(ATP) and 1 mM lysine as a model substt&tat both pH 6.8 and pH 8.0. No shifts

in UBact peaks were seen, nor was any chantgieeiftP 1D spectrum of ATP, nor

was there any change in thé 1D spectrum that showed primarily ATP and lysine. If
there were activity, it woule expected that signals in UBact would shift, and there
would be definite changes in both sets of 1D experiments as ATP were consumed and
lysine was attachééf. The results were inconclusive, however, as no enzyme could

be definitively detected following SEC.

4 .3f Alternative Cell Lines

Since the basic BL21 DE3 cell line was showing expression into inclusion
bodies, alternative cell lines were explored so try to slow dowprtiduction of

enzyme so that it might remain in a soluble form, even at the cost of decreased yield.
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The pET15b Hid.igase plasmid was transformed into chemically competent
BL21 Gold DE3 and BL21 DE3 pLysS cells as detailed above. Successful Gold cell
transformation was selected for by growth on ampicitlontaining plates, and pLysS
cell transformation was selected for by growth on ampieiiimd chloramphenicel
containing platesSubcultures and large cultures were grown as above.

The Gold cell cultues yielded exclusively inclusion bodies at 200 uM, 500
UM, and 1 mM IPTG concentrations at-18°C. Thus, attempts with Gold cells were
abandoned. pLysS cell cultures yielded no visible inclusion batli@sy IPTG
concentration tested. Cells were lysediascribed abovend clarified lysates were
applied to a nickel column. An initial wash step showed a large elution (typically
nonspecifically bound proteins) that also included the lHisase as determined by
SDSPAGE. A longer gradient showed no etutti Thus, it can be concluded that the
N-terminal Hig tag is at least partially occluded by other protein structures.

Since the nickel affinity purification did not yield pure protein, as might have
been suggested by previous studies with homologousrazythe nickel
flowthrough samples were exchanged into 20 mM tris pH 8.0 and applied to a QFF
anion exchange column, which should retain thellitimse constructis-Ligase
eluted from the anion column in a broad peak along with numerous other proteins.
While these samples were not very pure, they were concentratedeuhtb run
another NMR test as above. Again, there were no changfeslid, 3P, or'H-1°N

spectra following an overnighime course
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4.3g Lysate Tagging

TheM. tuberculosiPup proteasmal pathway has been reconstructeH.in
coli and demonstrated to tag and degrade n&iveli proteinsin vitro, despiteE.
coli lacking a proteasomal syst&h In order to test if lysine was simply not a valid
model substrate of the UBact ligase enzyarel if the M17W mutation was
significantly affecting ligase activityand to potentially identify any substrates that
might be redtively easy to purify fronk. colilysate, ewgenoussST-UBact 10 mM
ATP, and 3 mM PMSHhkvere added to a pLysS cell lysate expressinglLitjase.The

lysate was incubated for several hours at room temperatitee.70 hours
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incubation, the supernatant was loaded onto a GSTrap column (GE Healthcare)

bind anything that might have been ligated to thei@inus of UBact. PafA interacts
with Pup along the @erminal portion of Pul§’, and thus it is expected that an N
terminal GST domain will not significantly interact or preclude enzymatic activity in
the analogous UBact systebipon elution with glutathione, the GST domain was
removed withenterokinas¢o providebetter resolution of potential tagged substrates.
SDSPAGE revealed no additional eluted bands of protein, beyond small degradation

products from the GST fragmefiigure 34). There was also minimal expression of
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the HisLigase construcfThe lack of any discernable activity at any pH tested, using
the model lysine substrate and ATP in massive molar excess, as well as testing on cell
lysate and the resulting lack of tagg, suggests that the enzyme is still not properly
folded (even if it is soluble), or does not participate in UBact ligation to a substrate.
In order to test if the Hikigase construct actually encodes the putative
deamidase (and thus the initial assumption of gene identity was incorrect), an E64Q
mutation wasntroducedn UBactM17W to test deamidase activity. A SOFAST
HMQC spectrum of°N UBact M17W/E64Q shows a new signal in the bottom of the
spectrum, where a-@rminal signal is generally expected to appear, as well as the
disappearance of the E64 sigaad small shifts corresponding to other residues at
the extreme @erminus of UBat. Additionally, there are two new sidechain amide
signals, from the incorporation of the glutamine sidecffigure &). A fresh batch

of His-Ligase was prepared by nickel affinity and anion exchange chromatography,

A Amide sidechains . . B
£ '8
g .2
, 64 sidechain §; ’ E
o 1w
Blue: 15N UBact M17W/E64Q |
Red: 15N UBact M17W _
5% (ppm) “ © SWippm)
Fi g3isCcompari s®ANoSOFAST HMQC spect
(blue) and withoutA)lr€khe¢e¢ s$shee &l6bdiQl
the presence of two new S|gnals,-
terminal backboneeamldedsrghative
uni gue resonances, and the presen
i mportant for tracking any po-tenim
as Q64 and E64 would noct. be diffe

76



then a small amount of the resultiogncentrated solution was added to the sample of
UBact M17W/E64Q. If there is deamidase activity, thtefninal signal of Q64

would be expected to disappear and the E64 signal should reappear. Tests at pH 6.8
and pH 8.0, with and without 1 mM ATP and ap2t mM lysine with both Q64 and

E64 UBact species showed no change in any spectra, even after overnight incubation.

Thus, it was concluded that this Higjase construct was not active.

4.4 GSTlLigase and GSDeamidaseConstructTests

4.4aConstruct Design

Since the Hid.igase construct was deemed to be inactive in both ligation and
deamidation activitiesnew constructs were designed to ideally express both putative
enzymes in a soluble form. G€hzyme constructs with extendeatker regions
between the two domains should allow for the extreme solubility of GST to pull the
enzymes into solution. The linker region should allow for ndtkesinteraction with
substrates, and activity can be tested both with and without the G&dirdwith the
incorporation of specific protease cleavage sites.

E. colioptimized gene sequences of both UBact ligase (Lig) and UBact
deamidase (DEAM; Uniprot accession numBBA0S4L717 were synthesized by
Genscript and cloned into the pET41a expresplasmid between the Spel and Xhol
restriction sitesThe final construct contained antBrminal GST domain, followed
by a thrombin cleavage site, Eigg, enterokinase cleavage site, andéogiisite
enzyme genetach construct would have a molecwaright of ~85 kDa, which is

convenient as the gel ladder utilized has a band of exactly 85 kDa, making
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identification and tracking of expression and purification more straightforward. The
slightly larger size also has the advantage of avoiding the infuginttie 60 kDa
GroL chaperone protein that is natively expressds. ioolithat might have unduly

influenced the appearance of expression of the_igiase construct.

4.4b Expression and Purification Tests

Plasmids were transformed as above Bit@1 DE3 and BL21 DE3 pLysS
cells and grown as described abgyeysS cellsappeared to display a small amount
of protein with an 85 kDa weight by SEFFAGE, but no material ever stuck to
immobilized glutathione, either as beads (in batch or gravity colomin)a pre
packed column. Attempted ammonium sulfate precipitation and subsequent anion
exchange chromatography never yielded any enrichment in purity of this protein, and
NMR tests using crude fractions with lots of impurities never displaye@\ddgrce
of reaction. There was no change in UBact signals (for either E64 or Q64) and no
change ir*'P or'H spectra under any conditions samplBuus, it was concluded that
pLysS repression was too strong under all conditions tested, and that no meaningful
amount of protein had been expressed in the cell line.

BL21 DE3 cellsdid show expression of protein, though the 85 kDa protein
was trafficked to inclusion bodies in a similar fashion to the pET154.igese
construct from above. No material from clarifigdate was able to stick to
immobilized glutathiongand thus there was no trace amount of soluble material that
might be concentrated for studyhus, the primary goal of utilizing a GST fusitmn

increase solubilityvas for naught.
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4.4c RefoldingAttempts

Refolding attempts began agamth the thought that GST refolding might
drag the rest of the protein along a proper folding pathwagt least into solubility.

In general, cells were lysed by heavy sonication similar to above, then the lysate was
ultracentrifuged to pellet cell debris and inclusion bodld® pelletwas washed with
buffer and 750 mM urea with 2% Triton-200 to solubilize most of the cell debris,
leaving only inclusion bodies after a further ultracentrifugation step.

Inclusion bodks were resuspended and solubilized in 50 mM tris pH 8.0, 500
mM NaCl, 7 M urea, 20 mM Mg@gJ| 10% glyceral This served as the starting point
for numerous dilution test®efolding buffers tested included each combination of the
following components: 50 mM tris pH 8.0, 130/500 mM NacCl, 500 mtdinine,

10% glycerol, 20 mM MgG| 10-50 mM sucrose, 100 mM glutamate, 5 mM
glutathioneand5 mM TCER A gravity column was uskto add protein urea solution
dropwise to the refolding solution, diluting the protein urea soltitsHX with

stirring at 4°C.There was no apparent precipitation immediately upon dilution.
Refolding solutions were concentratéthugh this process wagny time consuming,
at which time there was significant irreversible precipitation.

In order to determine if the process of concentration was simply taking too
long and the refolded enzymes were losing stability during that process, which could
take seval days, refolding solutions were concentrated using an Amicon stirred cell,
which uses positive pressure to force the solution through a low molecular weight
cutoff filter, in this case retaining anything above 10 kDa, while simultaneously

stirring the c# to keep protein components relatively dilute. Retained sample showed
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very little protein upon concentration, and the small amount that was present
appeared to forma flaky white precipitatéhat could not be resuspended.

Rather than concentrating thdaleling solutionagain the solution was
loaded onto a GSTrap column, with the thought that properly refolding GST fusion
protein would stick to the column, and that properly folded GST might facilitate
refolding of the enzyme domaimhere was a very smalution from the column,
though upon concentration this sample did not show any bands by gel, nor was there
any apparent activity or interaction detectable by NM&an additional test for
activity, samples were checked by mass spec, which again sinovetginge from
the mass of UBact.

Since dilution refolding appeared to yield only precipitated materiahid
C-terminal His tags were incorporated to facilitatecotumn refolding. The N
terminal (HN}tag was introduced with nemverlapping primer egnsion
mutagenesis. An HiXag is more able to be expressed on the surface of a protein than
the basic His tag and is able to bind to nickel more effici&ith?® The Gterminal
tag was already present in the synthesized plasmid, though it was not expressed as
part of the construct following a stop codon. Simply removing theczidpn allowed
for addition of the @erminal His tagimmobilization on the nickel column could
allow for removal of the denaturant over a gradient and allow for refolding followed
by a relatively concentrated elution directly into a relevant buffeplication of
either Histag variety did not appear to confer affinity to a nickel column following

removal of any amount of denaturant.
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Since ureanediated denaturation did not yield any active prote#sic pH
was utilized to assist in inclusion bodglubilization. Basic conditions have been
demonstrated to increase solubility without complete denaturation, and in some
instances has been shown to allow for persistence of some secondary structure of
proteins. In addition, lower concentrations of deratt can be added to increase the
solubilization of inclusion bodies without completely denaturing the resulting
proteins.

100 mM tris pH 12.5, 200 mM NaCl was unable to efficiently solubilize the
inclusion bodies of GSTig or GST-DEAM. The additionof 2 M urea allowed for
complete solubilization of the inclusion bodi€sRemoval of urea at pH 12
immediatelyled to precipitation. Dilution int@ moreneutral pH buffer immediately
led to precipitationDialysis to incrementally lower the pH, both in the presence and
absence of urea, lead to precipitation after overnight incubation.

Ammonium sulfée precipitation was attempted to salt out protein from urea
solutions and facilitate refolding. While the G8fzyme constructs did differentially
precipitate from solution upon addition of increasing concentrations of ammonium
sulfate (up to 2 or 2.5 MNH4)2SQs), protein did not resolubilize upon dilution with
any of the refolding buffers tested.

Addition of organic solutes has been utilized to refold denatured proteins.
Addition of molar concentrations ofdropanol have been shown to assist in
solubilization of some inclusion bodies while maintaining secondary structure
elements of the proteliff. Concentrations up to 6 Mpropanol were unable to

solubilize GSTenzyme inclusion in this cadeimethyl sulfoxide (DMSO) is also
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useful for assisting in solubilization of a variety of chemicalduiding proteins, yet
concentrations up to 100% DMSO did not demonstrate any ability to solubilize the
inclusion bodiesUse of thregphase portioning using ammonium sulfate and tert
butanol did not yield any fraction of soluble proté'’3 The interfacial layer that
should contain the precipitated protein was unable to be resoluhikzsgl any
methods beyond addition of high concentrations of (Fepire ¥).

Sodium dodecyl sulfate (SDS) has been shown to be an effdetnaturant
andis widely used in biochemistry to denature protein samples. Extremely low
concentrations of SDS are required for denaturation, with as low as 0.4% (w/v) being
utilized in SDSPAGE. SDS binds directly to proteins, which can sometimes cause
problems when tryig to remove SDS from a solution. A 2% (w/v) SDS solution was
utilized to assist in inclusion body solubilization at pH 8.0, without the need for high
pH or high concentrations of urea. Lower concentrations of SDS did not produce
efficient solubilization. Following solubilization, excess SDS was removed from the
solution by the addition of 400 mM KCI, which forms insoluBBSKCI crystals.

While SDSprecipitation has been shown to precipitate significant amounts of the
resolubilized protein, occasionalpme properly refolded protewill remain in

solution in the absence of solubilizing factétsAddition of KCI to the SDS

solubilized inclusion body solution did immediately form precipitate, but no material
was able to md to immobilized glutathione following removal of supernatant.
methyt2, 4pentanediol (MPD) is often utilized as a precipitant in crystallography
experiments ang generally thought to stabilize folded protein states by preferential

hydration of the pptide backbone. MPD is also able to bind to hydrophobic
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sidechains, allowing it to act as a weak denatdifarfthis ability to bind directly to
hydrophobic surface area allows for competition between MPD and SDS for protein
interaction, and MPD is able to decrease the binding of SDS to a denatured or
partially denatured protein and can facilitateolgiihg following solubilization of

inclusion bodies by SO%. In this case, addition of concentrations of MPD up to 2 M
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simply caused irreversible precipitation of the solubilized protein. No evidence of

protein binding to immobilized glutathione was detected.

4.4dArctic Express Cell Line

Since all attempts at refolding yielded more precipitation and aggregation,
another attempt was made with a new cell IAxetic Express DE3 (Agilent)These
E. colicells express chaperones Cpnl1l0 and Cpn60 @tmspira antarctica which
assist in prot@ folding at lower temperatures than the native GroEL/ES system is
capable of functioning. The Cpn10/60 system displayed high refolding activity at
temperatures as low as 4°C. The GS8kyme constructs were transformed into the
chemically competent ArctiExpress cells, and successful transformation was
selected by growth on media containing 20 pg/mL gentamycin and 50 pg/mL
kanamycin. Expression tests at 4°C showed no protein production atvedill as
dramatically slowed growth. Tests at 8 and 12°Qdge insoluble inclusions at all
IPTG concentrations tested, including simply relyingconstitutive leaky
expressionAn added disadvantage of this cell line was th@m@zipitation of
Cpn10/60 into the inclusion bodies. @arification of these chapanes is a common
problem during soluble protein purification, though they can be efficiently removed
by incubation with ATP and K&I’ or low concentrations of ur®d However, the
presence of the chaperones in the inclusion bodies simply presents another barrier to
refolding by any means.

Attempts with all cell lines tatilize 0.5% and 1% (w/v) glucose solutions to
suppress constitutive expression of bothrHgase and GS-Lig/DEAM vyielded

inclusion bodies as welhddition of 1M NacCl to large cell cultures did not yield any
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soluble proteinGrowth in M9 minimal media h 3.3 g/L(NH4),SQvand 5 g/L D
glucose as the sole source of nitrogen and carbon, respectively, supplemented with 1
mM MgClz in order to slow down cell growth and therefore production of protein

resulted in reduced overall yield of inclusion bodies.

4.5 Alternative Constructs

4.5a Maltose Binding Protein

Since all attempts at refolding htuus farfailed to produce soluble, active
enzymes, it was decided to attemptitilize maltose binding protein (MBP)MBP
has been widely demonstrated to increhsesolubility of fusiorpartners antias
also been shown to act as a chaperone and assist in the folding of a fusion partner,
possibly through interactions along its binding grodBP contains a signal peptide
that encodes for excretion fron coli cytosol into the periplasmic space, whitan
both slow down the folding process during transport across the membrane and deliver
the protein to an oxidizing environment, allowing structurally important disulfide
bonds to formDeletion of the signal peptide prevents this export, but the high
sdubility and apparent chaperone activity of MBP sti# useful in expression and
folding of fusion partnerdVIBP also presents a single step affinity purification

utilizing immobilized amylose, to which MBP preferentially binds. Following a wash
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pET4la pET41a
pRSF MBP-Spel Ligase DEAM

SpelI - + - + + +
Xhol - - + + + +

pET41a GST-DEAM 7273 tgp
pET41a GST-Ligase 7255 bp
PRSF MBP-hDdi1 6718bp| 2

pRSF MBP 4701 bp| 2

DEAM Spel-Xhol 1590 bp
Ligase Spel-Xhol 1572 bp

PRSF Spel-Xhol1477 bp| 2
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step, the bound protein can be eluted with an excess of maltose to disrupt the

interaction to the resin. This presents MBP as a desirable fusion partner.

The ligase and deamidase constructs were cloned into the pET41a vector

between Spel and Xhol restriction sitAsSpel restriction site was mutated into a

pRSFDuetl plasmid at the end of the MBP domain to facilitate insertion of the genes

into thepRSFvector. pET41a GSTenzyme constructs and pRSkpel were each

incubated with Spel and Xhol to release the genes and prepare pRSF for ligation.

Reactions were separated by agarose gel electrophdfiggise(¥), and individual
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component bands were excised anttacted. Ligase and deamidase genes were
mixed with the digested pRSF plasmid with T4 DNA ligase to ligate the overlapping
ends of the DNA strands together. The reaction was transformed into chemically
comp et e EtcolibelHsmhdl successful transfuation (and therefore ligation)

was selected by growth on Et&jar plate supplemented with 50 pg/mL kanamycin.
After numerous attempts, only a small number of colonies ever grew, and the only
successful growth came from constructs prepared with the desmgdae.

Miniprepped pRSHDEAM never returned the high yields of DNA commonly seen
with the NEB Monarch system (~3M ng/puL pRSF vs. 15000 ng/uLfor other
plasmids from the labMiniprepped plasmid also was never successfully transformed
into any exprssion strain, suggesting that these growing colonies seene kind of
contaminantExperimental repeats with different concentrations of plasmid for
digestion, differing load amounts of ligation, and differing transformation loads never

yielded positive @sults.Fresh reagents did not produce positive results.

4 .5b PGPs Fusion

Since the PG§ronstruct overexpressed so well, was well folded, and was
extremely soluble, it might make a good fusion partner, dragginfuaion partners
into solution. While tlere almost certainly will not be any chaperone activity, the high
solubility might help, as well as the extraordinarily easy purification.

The pET28a Hi?GP plasmid does not share a common set of restriction
enzyme sites with the pET41a enzyme plasntidsmutation of a single nucleotide
will incorporate a BamHI si Da@ingnear t he

mutagenesis, the primer bound to both thehd Gterminal His tag sequences,
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resulting in looping out the enzyme genes, essentially producing an empty pET41a
vector with no multiple cloningegion

To avoid the His tag overlap,Spel sitewasimor por ated i nto the
the pET28a Hig°GP construct. This mutagenesis was successful, although attempted

ligation with the excised enzyme gemwess agairunsuccessful.

4.6 Conclusionsand Future Perspectives

All attempts to produce soluble, actiMe nitrosaUBact ligase and deamidase
enzymes were unsuccessful. Protein refolding is notably difficult and conditions
producing favorable outcomes cannot be predicted with any certainty. Much of the
literature concerning protein refolding conditions centn the use of model systems
such as lysozyme, which are purified in a soluble form and then denatured and
refolded, or proteins such as insulin that are expressed in an insoluble form but have
been shown to refold under a variety of conditi@®iace paitive results rely on a
certain amount of luck to obtain properly folded, active protein, one can spend years
attempting to find the optimal conditions that provide for the correctly folded
proteins, a process that is costly in both time and reagentg &anevidence of
folded, active protein was ever found, it was decided to abandon this stage of the
project.

In the future, if this project were to be revisitacdhew expression system
could be explored. Firssince the inception of this project, atsrsspecies tél.
nitrosahas been isolated and culturéd.inopinatacells are available, and growth
conditions havéeenoptimized. This species could present a prime opportunity for

vivo characterization of the UBact proteasomal operon, as well as provide a platform
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for expression of each of the components (including the enzymes) under native
conditions.The primary disadvantage of this species is that it is very slow growing,
often takirg several weeks to generate substantial biomass, and the culture does not
grow turbid as the cells grow. Growth can only be indirectly observed by measuring
the balance of ammonium, nitrite, and nitrate in solution. THusjopinatashows

promise forin vivo studies, but does not appear to be a viable source of proteins in the
amounts required for structural studies.

Saccharomyces cerevisimeanother model organism for protein expression,
possessing the ability to make ptisinslational modificationghat may be vital to
protein folding and stability, as well as expressing chaperones capable of facilitating
proper folding.S. cerevisiaés relatively easy to manipulate agtbw andgrows only
slightly slower thark. col..

A final species that could heilized would beMycobacterium smegmatis,
nonpathogenic, rapidly dividing cousin bf. tuberculosisAs a member of the
Mycobacteria, M. smegmatixpresses the Pup proteasome system, and thus is
already capable of expressing enzymes putatively gitoildne UBact ligase and
deamidaseThus, it is not a stretch to imagine tihét smegmatisvould have little
troubleexpressing solubjdolded UBactsystem enzymes$l. smegmatiss used in
many labs as a model organism, and protocols are widely avaNaldenegmatis
grows more slowly thak. coli butcan growin a variety of media conditions and still
reaches high cell density in as little as three days (as compared to several weeks for

M. tuberculosis).
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4.7 Contributions

Sashika Fernanduarticipated in several attempts at expression and
ammonium sulfate precipitation of the enzyme constructs. Steven Bonn designed the
project, performed the experiments, and analyzed data. David Fushman oversaw the

project.
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ChaptMMR 5as atTuodoyl Dieoubi qui ti nase

5.1 Objective
Utilize NMR to determine the relative rates and directionalitglisdssembly

of polyubiquitin chains by isopeptide bond cleavage.

5.2 Different Deubiquitinase Enzymes Serve Different Physiologiual

PathophysiologicaRoles

5.2a OTUB1

Otubain 1 ¢gvariantumor ubiquitin-aldehyde binding proteify OTUB1)is a
DUB expressed in a wide range of tissuesreasedTUB1 activity is assoated
with a variety of cancers, and a large body of work is dedicated to elucidating its role
in cancer patholody®!8. Identified in 2002%2, OTUBL1 is a DUBWith specificity for
cleavingK48-linked polyUb chain¥?, while other DUBs in the OTU family display
different linkage preferencéer little preference at all>. The DUB recognizes two
ubiquitin units at distinct sites, with the isopeptide bond located near to the active site
to facilitate isopeptidase activif. Ther e are conflicting report
DUB activity and whether it is able to remove a singleuitin moiety or if it must
cleave a diubiquitin uniOTUB1 DUB activity has been identified in numerous
pathways, with OTUBHisassembling48-polyUb from conjugated substrates and
preventing their proteasomal degradation. OTUB1 prevents apoptosibibiyisth
the cellular inhibitor of apoptosis complex by removing polyUb chains that would

otherwise encode for its destruction, and thus is able to help cancerous cells avoid
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programmed cell deat¥f. It can also remove polyUb from the intracellular donat
PD-L1, preventing its degradation and allowing a cancerous cell to escape immune
detection®.

In addition to proteolytic DUB activity, OTUB1 also interantscovalently
with Ubc13 to inhibit propagation &€63-linked polyubiquitin chains during the
DNA damage signatig cascadé€®. OTUB1 appears to bind to a variety of-BB
conjugates to prevent ubiquitinatibg mimicking theproduct state 0dk48-polyUb
DUB activity in the active site of OTUBIhe DUB inserts itself to disrupt the £2
Ub interface, though Ub remains covalently bound to thé’Baterestingly, several
crystal structures of OTUBE2~Ub complexes show a free ubiquitin binding to
OTUBL1 in the same position that a k#iBked distal unit would be positioned, and
modeling of a K48 isopeptide bond is readily possible in those structures without
disrupting any main chain structut®s'®’ Functional studies suggest that OTUB1
shows a preference for cleaving from the middle of chains to release a diubiquitin
unit*®® Thus, OTUBIcanplay both an active and passive role in downregulating
ubiquitination of several varietie§his wideranging canonical and neoanonical
DUB activity, and OTUB16s implication

target for drug developméft.

5.2b IsoT

Isopeptidase T (IsoT; Usp®jas discoered in 199%°and thoroughly
charactered in 1995° IsoTshows a high preference for cleaving polyUb chains
with a free Gterminus on the proximahost Ub subunjtand any modification of

G76, either by attachment to a substrate or by chemistry, dramatically reduces
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cleavage activit?™. IsoT is capable of cleavirgl polyUb linkage$®?, though it
prefers unanchored K48 chalfs1soT is vital to maintaining appropriate levels of
free ubiquitin by breaking up thesehound chains, allowing free ubiquitin to be
recycled and utilized by the cell rather than repeatedly degraded-aadskted.

IsoT has been implicated in a variety of pathological conditibhe
Drosophilahomologue of IsoT is required for proper dipment, especially of the
eyes¥ andmutation/deletion igventudly lethal due to improper ubiquitin
homeostasi$®. IsoT is required for efficient DNA double stranded break repair,
where the enaye is responsible for disassembling polyUb chains at the site of DNA
damagé®®. IsoT has also been identified as a possible therapeutic target in several
different types of cancelsoT is dramatically overexpressed in hepatocellular
carcinoma (HCC), and is able to protea 8LUG transcription factor, which
facilitates HCCO6s abi?liSimyartd @QTUBAj highlyat e an d
elevated IsoT levels lead to deubiquitination and stabilization elf BDacilitating
nonsmall cdl lung cancer propogatidff. Knockdown of elevated IsoT levels using
siRNA in pancreatic cancer sensitizes the cell to apoptosis due to cell cycle blockage
at G1/3°. IsoT has also been associated with the experiengainfands thus a

new target for pain management theradfes

5.2c Ubp6

S. cerevisia&Jbp6 (homologue of humanggl4) is a proteasorr@ssociated
DUB?1: 202 Ubp6 contains an &erminal UBL domain and a-@rminal USP
catalytic domaif®. The UBL doman is responsibland sufficienfor association to

the proteasome, where it interacts with the base of the 19&HPe it binds to
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Rpn¥%. Ubp6 also interacts primarily with Rpt1, where it binds and precludes Rpni11
access to ubiquitinated substrates, thereby reducing Rpnl DUB &@tivity

RecombinantUbp6/Usp14 display low levels activity in the absence of the
proteasome, despite their active site catalytic triad being positioned for proteolysis.
Structural studies reveal that there are two loops, BL1 and BL2, which overlap the
active site and preclude ubiquitin access to thalytic triact®. These two loops shift
upon binding to the Rpt base of the proteasome, and ubiquitin binding to Ubp&/Usp1
is stabilized in this conformation, which in turn further enhances Ubp6/Usp14 affinity
for the proteasont®® 2°7 Full DUB activation is only achieved upon interaction with
the proteasme. Interestingly (poly)Ub or inhibitorbound UbpBJspl4stimulates
proteasomal ATPase activity and activates degradation by facilitating proteasomal
gate openingallowing easier access to the catalytic 208°€Bonversely, there is
evidence that Ubp6 also slows down the processing of ubiquitinated substrates,
possibly acting as a timer &low for removal of ubiquitin units beyond a certain
critical length prior to Rpn11 engagenm@htin the context obinding to thel9S RP,
Ubp6 preferentially cleaves the distal ubiquitin units from a polyUb étfatfi’

Since Ubp6/Uspl4 acts immediately upstream from the final steps of
proteasomal degradation, dysregulation is associated with a huge number of disease
statesThe DUB hagolesin gluconeogenesi¥’, insulin resistané&’, and other

diabetic pathologi€?213,

5.2d Usp2

Usp2 isa DUB that has been implicated in facilitating the spread of prostate

cancef!“. Several splice variants have been identified, witteiinal regulatory
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elements ranging from six 868 amino acids followed by the catalyBd7 amino
acid USP doma#ft®. Ubiquitin binds inside a defined pocket on UsjpRe bound
ubiquitin unit represents the distal unit in a ubiquitin chain, with ther@inus
resting inside the active sft& Modelling suggests that deubiquitinase activity
requires an open conformation of k#8ked diubiquitirf'® 217 Involvement of the
distal ubiquitin unit in binding, and the general exclusion of the proximal unit
suggests that Usp2 might cleave polyUb chains from the distal end inward.
Physiological Usp2 expression is CLO@&gulated in both liver tissue and
the suprachiasmatic nucleus (location in the brain facilitating circadian rhythm),
indicating that Usp2 probably plays a role in maintaining circadian rhythm
throughout the body® ?*°by protecting BMAL1 fom proteasomal degradatféh
Usp2 is overexpressed irvariety of cancerLCyclin D1 degradation can be
prevented by Uspthediated deubiquitination, allowing unchecked advancement
through cell divisiof?’. Usp2 protects fatty acid syntha®S) from ubiquitin
mediated degradatipwhich allowsoverexpresseBAS*??to continue synthesis of
fatty acids and assist prostatecancer propagation and survi#dlby inhibiting
apoptosi&“ Usp2mediated FAS sbilization was implicated in glionf&>. Indeed,
Usp2 has been identified as a biomarker in some types of €é&kéetUsp2 also
influences celllar apoptosis. Knockdown of isoform Uspdy siRNA increased
apoptosis in prostate cancer lifi€swhile upregulation of isoform Usg2 increased
apoptosis in HeLa cef®. Usp2 kno&out mice displayed infertility due to reduced

sperm motility and failure to penetrate the ovyoossibly due to proteasomal

dysregulatio®”>Us p26és role in such a wide variety

95



significant relation to cancer pathologies, suggest that it could be a viable

chemotherapeutic targtr several different cancer types

5.2e PLpro

Thepapainlike protease (PLpro) from SARSoV 2 (SARS2)is one of two
proteases encoded by the viral genome, along with the chymotfigesmain
protease (3CLpro/MproRart of nonstructural protein 3 (Nsp3) of the SARS
proteomePLproparticipates in vl maturation by cleaving three nonstructural
proteins from the larger viral polypeptide. Interestingly, PLpro recognizes the site
LXGG|XX for cleavage, which is identical to thet€minus of ubiquitin and many
ubiquitin-like proteins.n addition to itsrole in viral maturation, PLpreerves a
secondary role helping PLpro to avoid frontline immune responses by acting as a
deubiquitinase and d&Gylase. This secondary activity serves to protect SARS
proteins from degradation by the proteasome by redogrof K48 linked polyUb
chains, and to prevent signaling by the attachment of ISG15 (integnoulated
gene 15), a protein consisting of two UBL domains that can be attached via
isopeptide bond to a substrate lysine residue in a similar fashionouaturbiWhile
the 1ISG15 signaling pathway has not been definitively explored, it is thought to be
involved in immune signaling and serves a protective role in theS#&RSCoV2
PLpro is analogous to the PLpro proteins from both SARS CoV and MERS
with all three PLpro species displaying slightly different preferences foipéfJb
or ISG15 recognitionwWhile the worldwide push to develop vaccines for SARS2 has
been largely successful in stemming the tide of widespread infection, there is still a

needto treat acute SAREoronavirus disease (Covid) infections. Mpro has been the
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primary target of drug discovery efforts, given its importance in cleaving the vast
majority of the viral polypeptide into its constituent individual proteins. The approval
of Palovid from Pfizer as the first oral antiviral treatment for Copidves that the

viral proteases are viable targets for therapeutics. The search for additional treatment
modalities continues, with PLpro presenting another promising target. Disrupting
both maturation and immune escape (via DUB andiS&ylase activity) would

provide additional protection in the event of acute Covid. As an individual or
combination therapy, inhibition of PLpro could provide for a secondary treatment
against new strains ofARRS2 as it might evolve to avoid either the current suite of
vaccines or Paxlovid treatmeim. addition,the discovenpf effective PLpro

inhibitors could provide a head start for treatment discovery of the next coronaviral
pandemic, should one occur.

SARS2 PLpro specifically recognizes the diubiquitin moiety across its two
recognition sites, with the proximal ubiquitin domain binding to the S1 site, the distal
ubiquitin domain binding to the S2 site, and the isopeptide bonded substrate
interacting throup the active site and across the S1* $tepro specifically removes
diubiquitin units from viral protein substrates, preventing their recognition and
degradation by the proteasomal machinery. Though the understanding of polyUb
attachment to SARS2 subgtra is incomplete, protection of the viral proteins from

proteolysis could play an important role in the viral lifecycle.
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5.3NMR Can Track Multiple Cleavage Sites Simultaneously

5.3aSynthesis of Triubiquitin Chains

For ease of discussiok48-linked Uks with 1°N-labeled middle Ulwill be
referred to simply as mi¢PN-Ubs in this chapterProximal, middle, and distal are
used to denote the relative positions of various ubiquitin units in a @figure 38)
where proximal is the unit expected to be closest to a substrate (directly connected via

an isopeptide bond), and distal the furthest away in a chain from the substrate.
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In order to study DUBnediated cleavage at multiple sites at the same, t
mid-1°N-Ubs was synthesized through sequential enzymatic addition of ubiquitin
subunitg’. Briefly, >N Ub with a Gterminal D77 residue was enzymatically linked
to unenriched UbK48R (with free-@rminal G76) with E25K. The reaction was
guenched with addition of 10 mM DTT, andalgtic amounts oS. cerevisiae
ubiquitin Gterminal hydrolase 1 (Yuhlyere added to remove the D77 residue. The
resulting K48Ub; with free G76 was purified by cation exchange, and then was
reacted with unenriched UbD77 to form ririN-Ubs, which was shsequently
purified by cation exchange andncentratedand buffer exchanged into DUB
reaction buffer (50 mM tris pH 7.5, 100 mM NaCl, 1 mM TCH®)rity was verified

by SDSPAGE.

5.3b Proximal and Distal Isopeptide Bonds can be Tracked

In a'H-1>N SOFAST spectrum of mi¢PN-Ubs, reporter groups for the
proximal and distal isopeptide linkages are visible. The signal for G76 reflects its
isopeptidebondedposition and is shifted upfield in the nitrogen dimension relative to
its free (nonisopeptideihked) position, which reports on the proximal isopeptide
bond. The distal isopeptide bond is directly observed, asighal of the">N -dbhide
appears af.91 ppm in théH dimension and 120.5 ppm in th dimension
Additionally, the isopeptidéondead K48 backbone signal shows a distinct shift from
its unconjugatedesonanceRigure 3®). R74 also shows a shift upon isopeptide
formation, making this a viable secondary reporter groygon cleavage of either
isopeptide bond, their corresponding repasignals will decrease, and the figtate

signals will appear and increase in intensity as cleavage proceeds. Thii\uiok
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is a prime model substrate to track consecutive cleavage events in owétpot
reporer groups for both decrease of isopeptidajugated substrate and appearance

of free ubiquitin(Figure40).

5.4 Quantification of DUB Cleavage and Determination of Directionality

Since NMR is a relatively slow technique, taking tens of minutes to acquire
single time points, care was taken to utilize enzyme concentrations that would both be
fast enough to observe cleavage while still being slow enough to gather several time
points with enough signal to noise to accurately quantify the rates of cleavabes To

end, several tests were run with varying concentrations of the enzymes to be studied
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to determine optimal conditions. Unlabeled K4B,was incubated with the enzymes
and time point samples were run on a gel. Enzymatic activity drops over time, so
there was a balance to be struck between the long measuring times required of NMR
and the lifespan of the enzyme

In order to quantitatively study DUB cleavage, catalytic amounts of the
various DUBs described above were added to 100 pM'PhidJbs samples, and
SOFAST spectra were acquired at various time pointe&xfected, reporter signals
for both isopeptide linkages decreased over time, while the free signals increased
(Figure4l).

Qualitatively, IsoT displayed the fastest cleavage, despite laiting second
lowest concentration of any of the DUBs assayed. Uipéved the slowest cleavage,
despitehavingthe highest concentration of enzyme utilized. PLpro was the only
enzyme that did not appreciably cleave one of the bonds, preferentially cleaving the
proximal isopeptide and only cleaving the distal after alrabbstf the proximal

bondshad been cleaved.
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5.4a Intensity-Derived Results

NMR signal intensities are often used as a starfdr the number o$pins
(andtherefore moleculegjresent in a given state, as they are easy to quantify and
readily observable by ey&his holds true when the species under observation does
not undergo any large changedurelaxation as is the case with most small
molecules oenzymatic reactions where only specific residues are affected. Large
changes iransverseelaxation alter the signal linewidth, and thus the observed
intensity, rather than necessarily reflecting a change in popul&moaller molecules
tumble faster irsolution, producing generally longes fielaxation timeglower
relaxation rates)and therefore sharper signals.

Unfortunately when using miel°N-Ubs, DUB cleavage results in a dramatic
change in relaxatioratesas U is cleaved into UbandjustUb in the end At each
step, molecular tumbling becomes faster, giving rise to slower relaxatesand

thus sharper signals. Thus, upon initial cleavagelbdsignals actually increase in
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intensity as tumbling speeds, st the same timihe bond the signals report on is
actually cleaved

In order to compensate for this apparent increase in intensity, all signals were
scaled using the intensity of lle30wall-resolvedsignal that does not shift upon
interaction with a B or shift uporncleavagdrom Ubks to Ubp to Ub.11e30 is a
buried residue that is spatially distant from site of most Ub interactions, and thus
appears unaffected by any factors other than changing relaxattésdue to change
in tumbling.Applying thisscaling factomppears to compensate for changes in

relaxation among the three polyUb species under observation.

5.4b Volume Derived Results

In contrast to signal intensities, NMRegratedsignal volumes are directly
proportionalto the number of spinzresent in a given statdssuming all other
experimental parameters are identical across a set of experiments, any difference in
volume is due exclusively to a change in the populaiwen in a scenario where
relaxation rates are changidgamatically, as in cleavage of tJibhe linewidth
difference between each state would not affect the total integrated volume of a signal.
Thus, even though a signal might change intensity because linewidth changes, the
volume would remain the same betwdled two signals. This fact makes volume
integration a powerful tool for studying kinetics. Integration of 1D signals is a routine
part of basic NMR interpretation to determine population sizes and solve the
structures of small molecules, but 1D signatgration is problematic in larger
molecules that show many overlapping signals at lower resolution, such as proteins.

Multidimensional NMR can improve resolution by separating signals into multiple
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dimensions, but integration of multidimensional NMR signala complex

undertaking. While 1D integration can be done mathematically by fitting the

lineshape and integrating, performing this calculation in two dimensions is more
complicated, and most programs simply use a boxdafuntensitieso estimate

volume. This might be passable in scenarios where relaxation rates are not
significantly different between reactant and product, but in the casesof Ub

degradation, it presents the same problems as simply using calculated intensity, as the
box sum of intensitieare still influenced by changes in relaxation.

In order to overcome the challenge of multidimensional signal integration,
several different programs were utilizeditdhe peaks and mathematically integrate
the signals. Most programs did not produgeroducible results or results that made
sense, or the process of peak selection and integration was too cumbersome and time
consuming to be viable for multiple experimemstably, Bruker Topspin signal
integration gave reproducible results, but at aménse time cost and no
straightforward way to export those integrations. One program claiming to integrate
signals by mathematically fitting the lineshape produced volumes up {00
lower than the calculated intensity of the same peak.

In the end, NNRFAM-SPARKY?%? proved to be the most useful program for
generating reproducible volume3pectra from each enzymatic time course were
processed identically in Topspin using a €aan window function, then were
opened in Sparky. Individual peaks were selected and iteratively integrated as
Gaussian functions. Sparky includes a feature to remove integrated peak volumes

from a spectrum, and thus accurate integration can be dirbstiywed if all apparent
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peak volume is removed. By mathematically integrating peaks, Sparky is also able to
avoid including contributions from nearby overlapping peaks. Peaks were iteratively
integrated until all visible volume was removed from the spettayven at lowered
contour levels.

Integrated peak volumdsom the first five time points collectemere fit to a
first orderexponential decay cur &igure 42)

Yo 06Q 6 pC

where [UR] is the amount of Upat a give time point,Ais the initial concentration
of mid-1>*N-Ubg, k is the first order rate constanis the time, and is a baseline
constantNotably, there is a disagreement between the disappearaisop&pbtide
linked signals and the appearance of free signals, as it appears freesigrgis

dramatically faster than bdedsignals disappear. In addition, since the total
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population of thesystem does not change, only thadkedvs free ratio, the additive
sum of the bndedand free volumes should remain constant. Instead, the sum of the
volumes increases over time until it reaches a plateau.

This apparent increase in populateimost certainly reflects the influence of
changing relaxation rate, though this time it is overly influenced by a change in T
relaxation. The SOFAST experiment is designed witiihortened recycling delay to
allow for more scans per unit tintlean the comparable HSQC experimenithe
disadvantage of this method is that it does not allow for full regeneration of
magnetization between scans, and thus the changibgtween Uk, Ubp, and Ub is
able to influence the apparent signahfortunately, utilizinga longer recycling delay
would dramatically decrease the number of scans possible, and thussigndktoo
low or time intervals too lontp accurately quantifg rate

To overcome this, the bdedsignal volumes were again scaled by the 1le30
volume This allowed for compensation for changingr@laxation ratesand
generally led to agreement betweemdedsignal disappearance rates and free signal
appearance ratésigure43 andAppendixTable3 and 4. The free signals were not
scaled, as thegre alreadyinfluenced by the change in relaxatiddl signals were
normalized to the largest volume signal, and free signals that appeared were
rearranged into a decay curve by subtracting the normalized volumes fidrask.
values were fit to the exponil decay curve (Equation 12), and their rates plotted as

a function of reporter grou@ppendixTable4).
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5.5 Different DUBs Display Different Directional Cleavage Preferences

OTUB1 cleaved the distal domain of bJapproximatelywice as fast as

cleaving the proximal domaimligtal0.016mint vs proximal0.0073min ™). This
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work and others show that OTUBL1 is capable of radgasonoUb species during
cleavage, and that there is a clear preference for cleaving from the distal end of a
chain, in contrast to a previous rep8ttNMR studies and formation of a covalent
adduct show that there are indeed two Ub binding sites on OF8B1

IsoT cleaved both bonds at roughly the same(chstal 0.0133nin vs
proximal 0.012MminY). Wi | ki nsondés fluorescenlsoE exper i me
cleaves the proximal unit from free chains, but that any modification to-the C
terminus of that proximal unit decreased proces8inghe presence of D77 on the
proximal unit of the miel®N-Ubs construct presents just such a modificatiarthis
case, the presence of D77 (or any other modification) could simulate ubiquitin
conjugatedo a substrate, rather than a ffemating chain, andhus physiological
cleavage is disrupted, giving rise to this apparent lack of cleavage preféreisds.
consistent both with the initial study of IsoT suggesting that the enzyme was
incapable of removing ubiquitin from substrdfeand a followingstructural study
showingthat the diglycinanotif at the Cterminus of the most proximal ubiquitin unit
binds deep within the ziAinger binding domain of Iso®4 The enzyme has three
more ubiquitin binding sites in addition to the highly selective-fimger binding
domairt®, and longer chains would probably be expectdarid more tightly ande
cleaved even more quicklit.is worth notingthat IsoT, despite being present at the
secondowest concentration in the reaction among all the DUBs tested, showed the

236

highest average rate of cleavagensistent with its publishédpuM Ky<°°and vey

high keat of 40 mint for polyUb chain.
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Ubp6 cleaved the proximal bond twice as fast as the distal (distal (1igt4
vs proximal 0.003minY). This contrasts with existing literature, which suggested
that Ubp6 wouldoreferentiallycleave more distal units from a chain during a process
of slowing down substrate transfer to the 19S RP. This could be due to the absence of
19S RP in the reaction, which has been demonstrated to be required for full Ubp6

activity?%

. Ubp6 showed the lowest cleavage m@spite being present at the highest
concentration in the reaction relative to the other DUBs teatsd consistent with
the documented low activity of recombinartipb/Uspl4awithout Rpnlin fact, at
the timepoints analyzed, the proximal bond had been completely cleaved, while the
distal bond had not yet been fully digested

Usp2 cleavedhe distal bond approximately twice as fast as the proximal
(distal 0.0080 mirt vs proximal 0.0037 mif). The construct utilized here consisted
of only the catalytic USP domaiwith anyN-terminalregulatory elements having
been removedlhe shortest isoform of Usp2 consists of the catalytic domain with an
N-terminal six amino acidxtension, so it is a reasonable assumption that the
catalytic Usp domain alone would make a good model for sArlyition of the
regulatory elements could alter the apparent preference for cleaving the distal domain
from chains.

It is worth noting that PLpro concentrations werettereslower than all
other enzymes, as cleavage of the proximal bond proceeds too quickly to measure by
NMR at higher concentrationBLpro cleavedhe proximal isopeptidthree times

faster than the dtal (distal 0.0022nin™? vs proximal 0.0063min%), as essentially no

distal bond cleavage was detected until a majoffityhe proximal signal had decayed.
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In this case, the appearance of the free K48 signal was excluded from the analysis, as
normalizingthe signal would give the false impression that cleavage of the distal

bond was completén additionall6-hourincubation allowed for complete cleavage

of the distal isopeptide bon@leavage of the proximal isopeptide bond at a much

higher rate isconsit ent wi t h P L ptwodJb/dBLda@nmeainssgthe t i on of
primary high affinity substraté®, and provides furthezvidence towards itson

canonicalphysiological roleas a deubiquitinase.

5.6 Conclusion

An NMR-based activity assay to quantify DUB activity was utilized to
determine directionality of cleavage for a variety of DUB enzymes. Linkpgeific
relative clavage rates are readily determined from extracted peak volumes. The
disappearance of isopeptitieked signals and the appearance of free sigraisits
for simultaneousrackingof reactantonsumptiorand product formatigrallowing
for robust twesidedanalysis Previous assays to probe DUB directionality have
required the use of extrinsic labels such as fluorophores to differentiate the different
Ub units that would otherwise be essentially equivalent. This doek not rely on
modifications beyond @ope labeling, resulting in native isopeptioilkagesthat can
beobservedn real time.The results (except for Ubp@&hich is removed from its
vital physiological contextare consistent with previously published reports, further
demonstrating the vality and robustness of this methd@istal preference, proximal
preference, and no cleavage preference results are easily detefrhiseaksay can
be expanded to utilize substrdtendedubiquitin units, either in the native isopeptide

linkage or utilizhg a model nosto-t a raminolinkage, to better model removal of
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Ub species from a substrate. It can also be utilizédrtber explore DUB preference
for both linkage type and directionality.

The primary downsides of the experiment beyond NMR ingiglipment
costs are the lengthy amount of time required to extract NMR signal volumes
manually. Accurate volume determination is a prerequisite for accurate analysis, and
no methods currently available allow for automated volume extraction using
integraton of a fit curve. Automated besum volume extraction exists through a
variety ofprograms butvas inadequate for this analysis due to the required
compensation for changing relaxation rafdse design of a robust automated volume
extraction method wouldllow for higher throughput and would expand this method
further.However, once volume extraction is completed, the remainder of the analysis

is trivial and provides easily comparable results.

5.7 Contributions

Benjamin Lanham assisted in trimer synthesis, and prepared all-Rilated
samples and performed all PLprelated experiments. Steven Bonn performed trimer
synthesisOTUBL, IsoT, Ubp6, and Uspgi&eparation, DUB cleavage assays by gel
and NMR, and anafed data. David Fushman assisted in experimental design and

supervised the project.
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Chapt®malél: Mol ecul e I nhibitors o
Proteasome System Studied by NMF

Chapter 6 is adapted frotwo manuscripts:

Nakasone MAgt al. Structural Basis for the Inhibitory Effects of Ubistatins
in the UbiquitinProteasome Pathwa$tructure2017;25(12) 18391855

Nawatha Met al De novo macrocyclic peptides that specifically modulate
Lys48linked ubiquitin chainsNat Chen019;11: 644-652.
6.1 Objective

Utilize NMR as a tool to study the interactions of ubiquitin with small

molecule systems that inhibit ubiqguitimediated prteasomal degradation.

6.2 Ubiquitin as a Druggable Target

Ubiquitin is involved in a multitude of different cellular pathways. The most
well-characterized is proteasomediated protein degradatidroteasomal
degradation of specific substrates is reggiifor advancement through the cell cycle,
and dysregulated control of this system is associated with a variety of cancers. In
addition, the aberrant function of the ubiquitin tagging and removal systems is
associated with cancers and metabolic diseasecdimmon denominator among
these systems is ubiquitin itsdlfbiquitin is highly conserved across all eukaryotes,
with only three conservative mutations differentiating yeast Ub from humamhikb.
high level of conservation across such vast evolutiospage suggests that ubiquitin
is not tolerant of mutations, and that mutations which help escape a therapeutic
treatment might be | ikely t#Thdseubiguitoy ubi qu

presents an interesting target for therapeutic development.
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6.3 Ubistatin

Ubistatins(Figure44) were identified in a 200dhemical genetiscreen to
block mitotic exit by inhibiting cyclin B degradation by the proteasomenopus
extract$® In addition to arresting the cell cycle, these small molecules prevented
ubiquitin-dependent proteasomal degradation of a ubiquitinated sulfSicatbutdid
not influence Ubindependent proteasomal degradati@el mobility shift assays
determined that ubistatins bound specifically to Hiaed polyUb chains, and NMR
CSPs verified that they bind at the interface between twoli#8d Ub unitg®.

A more recent study in 2017 determined the structure of a-hleistiatin upon
interaction with ubiquitif®®. Hemi-ubistatin is effectively half of the full ubistatin

molecule and effectively binds in 1:1 stoidmetry though with an extremely weak
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interaction (k=590 + 290 uM) as determined by NMR C&#sFull ubistdin B
binds much martightly, with Kp on the order of 145 uM, as measured by NMR
CSPs and fluorescence anisotrofyFluorescence anisotropy also verified that
ubistatin B binds to K4&b, roughly ten times as tightly as other Ainkages
(Kp=262 + 23 nM for K4dinked, 210 uM for other linkagesy°® Functional studies
revealed that ubistatin B binding inhibited proteasomal degradatidUB
activity.
As stated above, many ngonservative mutations in ubiquitare not
tolerated in yeast, and are either fatal or dramatically reduce yeast?fitnessrder
to fully determine the interactions responsible for the tight ubistatin B binding,
mutations to R74 were made74 was involved in binding to ubistatin B, as shown
by the relativly large CSPs and signal attenuations upon titration of ubistatin B into a
K48-UbysolutionnR746s positive charge could interac
charges, stabilizing uMakagtetpoinhmugt®ds i nter ac
R74A would eliminatethis charge, disrupt that interaction, and should weaken the
overall interaction of uistatin B with ubiquitin, if not completely abolish WT
monoUb binds ubistatin B withd& 14 £ 1.6 uM, while incorporation of the RX4
mutation results in binding that almost threéimes weaker, with K=40+ 15 pyM

(Figure4bs).
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6.4 Cyclic Peptides

Cyclic peptides represent a growing area of drug developifieistclass of
molecules typically presents a large surface area for interaction, whikgrrgdu
conformational mobility and maintaining a relatively small sieading to higher
selectivity for a targéf®. These peptides are typically cell permeable yet non
cytotoxic, since thie degradation products are jashino acid4''. They are relatively
easy to synthesize, screen and customize, and incorporation-pfatemogenic
amino acids can allow fautocyclization upon synthesisd enhanced selectivity.
Numerous cyclic peptide drugs are availdbteé*? and approximately one new drug

per year is approved in the United States.
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Recently, de novo macrocyclic peptides have been discovered that are capable

of selectively binding to polyUb chains of varying length and link&g&’. The

Ub2ii peptide Figure %) was found to selectively and tightly bind ki, by

SPR, In order to fully understand this interaction, Ub2ii was titrated intotigis

of isotopically enriched K4&by. Interestingly, the resulting spectra show

text book

appearFigure 4). This is consistent with the slow eaffites seen by SPR. In order to

Asl ow exchan g digsappeavahddourd sigrals

unboun

determine the extent of CSPs and accurately map the binding interface, a backbone

signal assignment was completed of fully saturated-WB8 Theassignment of the

fully saturated K48Jb, revealed that Ub2ii interacts across the hydrophobic patch of

each biquitin unit, with large CSPs across those residB&gire 8)%*8. The

hydrophobic patch (L844-V70) is the interface betwedhe two ubiquitin domains,

OH

FigaesSeructure of the Ub2ii

peptide
sol ubl e

p-&p.Thd
i's very hydroplwabiecsbhaedtr

i n DMSO.
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as well as the site of most ubiquitiaceptor interactiorts 2*° as well as the same
location as ubistatin bindigf. This suggests that Ub2ii is able to intercalate between
the two ubiquitin domains. The appearance of a single set of bound sigheddes

that Ub2ii binds to a single site and in only one orientafitwe. particularly large

CSPs are most likely due to an induced ring current effect in the many tryptophan
moieties of Ub2A°C. Importantly,Ub2ii does not display the same interaction with
either monoUb or K6&Jby, showing onlybroadattenuations of free signals and no
appearance of unbound signals, possibly indicative of induced nonspecific

oligomerization.

Fi gaa70Cv er |H-YN 0FOFAST HMQC spédnN-Ka-8bforf
(blaumed saturated with 1 molar equi v
residues are | hBbghkdghtaad. shhnfsest aa
exchange pattern of Q40 upon increa
decays as the new Aboundo signal ap
from NawdfUlsa& de twniashs ipoern.
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