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ABSTRACT

Allostery is the mechanism by which action at one site on a protein causes a functional
change at a distant site. An allosteric change can manifest as conformational change or a change
in protein dynamics. In this way, the study of allostery, protein dys®rmand structural biology
are individual, yet related fields. Progress and technical advancements in one field inform and
drive the otherdn this thesis, four protein complexeketopropyticoenzyme M
oxidoreductase/carboxylag2 KPCC), acetone carbtylase(AC), Replication protein ARPA),
and Radiation sensitive §Rad52)were studied to elucidatonformational change and
allosteryduring catalysis A variety of orthogonal biophysical approaches were used to study
these systemd.o infer changesi protein dynamics and conformation, hydrogieuterium
exchange coupled to mass spectrometry was used in three of these studies. This technique allows
for the probing of the hydrogen bonding network based on ligand binding or mutation. Probing
of AC, RPAand Rad52 has led to the description of conformational changes essential for
function.lon mobility coupled to native mass spectrometry was used to investigate the available
conformations of ZKPCC during catalysis and led to the discovery of residuesteder
modulating those conformatioriBhe concepts of allostery, conformational ensemble, and
protein dynamics have evolved since they were first described. Utilizing mass spectrometry
based techniques, my work helped expand the knowledge of seateah giystems that contain
allosteric networksvhich are necessary for function. The studies presented in this thesis increase
the understanding not only for these protein systems, but also of protein function on a deeper
level.
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CHAPTER ONE

INTRODUCTION

The study of allostery, protein dynamics, and structural biology developed hand in hand,
with advancements in one field informing and driving the others. The first structural model of a
pratein was solved for myoglobin in 1958, followed shortly thereafter by hemoglobin in'£960.
While thee first crystal structures were milestone accomplishments, pushing the limits of
biological insights, they also revealed new and exciting questio@slandmark 965paper
Monod, Changeux, and Jacob describe allostery in their introdifction:
Ever since the haeimaem interactions of haemoglobin were first observed, this
remarkable phenomenon has excited much interest, both because of its
physiologcal significance and because of the challenge which its physical
interpretation offered. The elucidation of the structure of haemoglobin has, if

anything, made this problem more challenging, since it has revealed that the haems
lie far apart from one anathin the molecule.

Since this statement was made more #@agears ago, the study of protein structure, dynamics,

and allostery have each grown into their own fields, yet continue to challenge scientists.
Structural techniques (Xay crystallography, c+rEM), biophysical techniques (mass

spectrometry, nuclear magnetic resonance, fluorescence) and the advancement of computational
techniques (molecular dynamics simulations, structure prediction) has |edauichadeeper
understandin@f protein systems. Howevarumerous nuanced and fundamenqtatstions

remain.For example:s every protein allosteri¢®ould proteins at large benefit from being
allosteic? Can we predict amino acid residues which are essential for allosteric communication?

This thesis aims to expand the study of protein conformational ensembles and allosteric networks
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by focusing on four unique systems and how structure, conformatioseinbles, and allostery

facilitate catalysis.

Protein Folding

The primary functional roles of proteins are structural, signaling, regulation, energy
production, and the synthesis and degradation of biomolecules. The functions of proteins are
dependent orheir structures which are encoded in their amino acid sequence. The amino acid
sequence of proteins is composed of twenty common amino acids which differ in physical and
chemical properties. In most cases, the amino acid sequence contains all the orfioneedied
for the protein to fold into its native structure. Multiple amino acid sequences can adopt a given
fold, which is known as sequence capaeitgniprot, a database of protein sequences and
functions, contains over 70 million proteirgsences with more being added as sequencing of
microbial genomes continuésiow do proteins fold into their native structure based solely on
the amino acid sequence? What forces define their native fold? How do they fold so fast? These
are a éw of the questions scientists have asked and that have been explored at length.

Before discussing how proteins fold, it is necessary to define the forces on the amino acid
sequence which will define the native structure. These forces are primarilynffadks forces,
electrostatic interactions, hydrophobic interactions, and hydrogen bdidimgddition, the
backbone of a protein can only adopt certain angles because of steric hindrances resulting from
sidechain clashes with the carbonyl group. Van der Waals forces are veryasigerattractive
or repulsive forces observed in neutral asofElectrostatic interactions are the attraction or
repulsion based on positive or negative charge. Hydrophobic interactions arise from the tendency

of water to exclude nonpolar molecules. For this reason, protein cores contain predominantly
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amino acids vith nonpolar sidechains (hydrophobic) and the exterior or the surface of the protein
is made up of amino acids with predominantly polar sidechains (hydrophilic). Hydrogen bonds
between the sidechains and protein backbone create a network that helpg stebilizee
dimensional structure. Together these forces lead to the native structure of a protein, but the
details of this process have remained an open question.

Levinthal proposed protein folding to be a random search problem, where all
conformations of the peptide chain, except for the native state, are equally pfdbable.
estimated that before folding, each residue in a protein can potentially take on 10 different
conformation$.If a peptide chaimf 60 amino acids were to sample all possible conformations,
it would need to sample {0conformations, and it would take years to adopt the native fold of
the protein. Proteins can fold on a microsecond to seconds timescale, so logic dictates that
protei folding is not a random search probl&t The energy landscape theory accounts for the
discrepancy in timescale. In the energy landscape thpieins fold as they travel down a
funnekshaped energy landscaffégure 1)'? The funnel is wider at the tophere more
conformational entropy and higher energy conformations are présettte protein folds, it
loses entropyhowever this is compensated for laygreater increase in the entropy of the solvent
(water). The hydrophobic effect is based on thedany of water to exclude nonpolar
molecules. In most cases, this is the major force driving protein foldsthe protein travels
down the funnel, the conformational landscape narrows and the peaggitually adoptis
native fold¥ 4 The energy landscapes can be rugged and hang em@rgy maxima and
minima. Meaningtherearemany potential pathways for a protein to fold into its native state.

Further, the bottom of the energy landscape can have multiple energy minima (valleys) separated
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by low barriers this leads to native conf@tional microstates where sample frequency is based

on the energy barriers between them.

Figure 1. Protein folding funnel depicting unfolded proteins at the top of the funnel. As the
proteins travel down the energy landscape, they fold while exhibiting intermstiitde during
energy maxima on their way to the native fold. Image taken frormeDdll, 2012 Science

The amplitude of conformational change and timescale between the conformational
microstates can be defined by the bottom of the energy landscape. Conformational microstates
can be divided into three tiers: ti@y tier1, and tier2 (Figure 2). Where tied is defined by
conformational microstates that are separated by energy barriers that are more kian one
(Boltzmans constant and absolute temperature) or greater than 4?4&X3:® Tier-0 occurs on

a relatively slow timescalaré-ms) and conformational transitions in ther are not frequent
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because of their high energy barrier. Transitions that do occur are generally large, resulting in
changes throughout the whole protein complex. Thelteend tier2 microstates occur on fast
timescales (pss) and inside the wells die tierO microstates. The energy barriers separating
these conformations are generally less tharkdr(dess than 4.11x1%kJ) and result in
conformational transitions that occur with greater frequency and smaller changes to the protein

structure®*® The conversion betweaonformational microstates within an energy landscape

manifest as protein dynamics.

Fee Energy

Conformational microstates

Figure 2. Rugged bottom of the protein folding funnel depictinglti¢ier-1, and tier2
conformational microstates. t#roccurs on slow timescales, while tleard tier-2 occur on fast
timescales. Tiell and tier2 microstates occur inside of ti@rmicrcstates. Figure adapted from
HenzlerWildmanet al, 2007 Natureand Liuet al 2012 Protein Eng
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Protein Dynamics

Interconversion between conformational microgdéads to protein motion. Protein
motion occurs over a wide range of timescalesi(isutes)(Figure 33>*®Also, the scale of these
motions occurs over a broad range, from bond vibration (fs&d imfolding (ms). Smaller
motions such as bond vibrations happen at fast timescales, while larger (global) motions may
occur on longer timescales. My work has focused on conformational changes that are associated
with the millisecond to minutes timescatehich is wellsuited to analysis by mass spectrometry

based approaché$.

Measurable by Mass Soectrometry

fsec psec nsec Ksec | msec sec min
Atomic

vibrations Molecular tumbling

" Collective motions

Protein folding

Conformational changes

Figure 3. Timescale of protein motion. Conformational change occuteqrsec to minutes
timescale. Miss spctrometryis ideally suitedo measure msec to minutes of protein motion.
Figure adapted from BeNissanet al, 2011 Chem Soc Rev

Protein dynamics describes a wide variety of motfolt one end of the continuum is
the rigid body motion of the subunits in hemdaig where thesubunitsreorientwith a pivot
motion,while thefold is relativelystatic!® Slightly more dynamic proteins can have side chains
that participate in local protein motions. When backbone dynamics become involved, larger scale

conformational changes can ocdurthecaseof alocal unfoldingeventin a protein, where
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stretches of backbone unfolésulting in dlexible disordered regiorAt themost dynamiend
of the continuum are intrinsically disordered proteins (IDPs) wbdicttain one or more stretches
of amino acids whickack a defined structurend have extreme conformational flexibility:”18
IDPshave thdreedom to saple a wide variety of conformations, making them highly dynamic.
Conformational freedom is advantageous in some protein systems because it will allow the same
sequence of amino acids to interact with high specificity with different folded domains. Protein
containing IDPs are often involved in signaling and the assembly of protein complexes. When
interacting with a ligand or target domain, IDPs will often undergo a disordered to ordered

transition1®

Allostery

Allostery as a means to describe protein function has gone so far as to be labeled the
6second s¥Arleosoérydoseidmportance in bi®dlogy
Allosteric regulation is essential for understanding a multitude of important processes, including,
signal transduction, molecular machine function, transcriptional regulation, and metabolism.
However, a clear moleculanderstanding of allostery is lacking. The definition of allostery that
| find the most informative is: allostery is ligand binding, or other energetic perturbation, that
causes a change in protein structure or dynamics at a distdlMiey models and studies have
been put forth to study allostery as we continue to elucidate the molecular understanding of
allostery.

The first observation of allostery was made by Bohr in 1903. The Bohr effect is the
decreased affinity of oxygen bimg) to hemoglobin in response to higher concentrations of

carbon dioxide and lowered blood pH2Bohr and contemporaries also reported the sigmoidal
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nature of the oxygen binding curves, which are hallmarks of cooperalilggnd or effector
binding increasing or decreasingthrobability of binding in other subunits is called
cooperativity Half a century after these observations, the concept of allostery would be used to
describe hemoglobin. The first model put forth to describe allostery was MWC (Mégiothan
Changeux), alsknown as the concerted or symmetry model (Figug#Jhe MWC modé
describes positive cooperativity in allostery. In this model the protein complex is composed of
multiple binding sites that can only be in two states, the tense (T) low binding affinity state, or
the relaxed (R) high affinity binding state. These twatestaxist in an equilibrium and all
protein subunits or binding sites remain in the same conformation. When an allosteric effector
binds to either state the equilibrium is then shifted to favor the bound state. The MWC model
fails to fully describe allostg because it does not allow for the multiple binding sites in a
protein complex to be in separate conformations. Additionally, this model does not allow for

negative cooperativity, where ligand binding decreases likelihood of subsequent binding.
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Figure4. Allowed conformational states for each allosteric model in the case of a homodimeric
protein. Squares represent low affinity states and circles represent high affinity. Blue shapes
represent ligands bound while white shapes represent unbourgldbthe protein. Figure

adapted from Hisleet al, 1996 J Mol Bio

The KNF (KoshlaneNemethyFilmer) or sequential model, is another model of allostery
(Figure 4)?1:2224_jke the MWC model, the KNF model assumes two states, high and low
affinity. However, it allows each subunit in the protein complex to undergo conforraktio
change independently. Each binding event will increase or decrease the likelihood of binding in
the subsequent subunit, but the unbound subunit will not undergo conformational change until
bound. The KNF model better describes cooperativity in alkp$uer still falls short of fully
explaining the complexity of these processes. Although neither model accurately explains all

examples of allostery, both the KNF and MW@delhave been useful in providing insight into
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the relationship between protein stture and functionOne insight gained from these models is
that the structural conformations available to a protein cannot be categorized intstatevo
model.

The concept of allostery raises an important point; proteins do not exist as static
molecules, but instead adopt an ensemble of conformations that are in equilibrium. The ensemble
allosteric model (EAM) was developed to account for conformational ensemble flexibility
(Figure 4)>>2" In the EAM model there is less importance placed on the adopted structural
changes during allostery but instead on energetic changes occurring to energy landscape of the
protein when an allosteric effector is present. Allostery was initially thicileghduce
conformational change that remdin a distinctive shapdyutthat is not always the case, and
some proteins undergo subtler conformational changes. Allosteplstame present in a protein
even in theapparenabsence ofonformationathange®131422.282Changes can be characterized
by alterations in entropy when an allosteric effector is bound. In this case the binding of the
effector does not change tagerageconformation but insted the conformational ensemble is
altered?®2°Onecommon hypothesis is that proteins contain a conserved allosteric pathway that
is responsible for transmitting the allosteric sigitah other words, the conserved allosteric
pathway is how communication occurs between distal sites. For a signal to behsephhmstes,
effector binding must alter the entropy or enthalpy, and this must then be converted into a
mechanical signal. The mechanical signal can then transmit changes in protein dynamics as well
as conformation. By tracking the changes in dynamicsantbrmation, we can probe the
allosteric network within the protein. A variety of techniques can be utilized to provide

information on the allosteric network of a protein, in this thesis | focus primarily on hydrogen
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deuterium exchange coupled to massct@metry and ion mobility coupled to mass

spectrometry, discussed more below.

Ligand bindingalters protein energy landscape

The free energy and entropy a protein exhibits are directly related to conditions such as
pH, salt concentration, andmperature. Changes to these conditions will lead to alterations in
the energy landscape of a protein (Figur&*55:2°Factors such as point mutations and ligand
binding can also alter the energy landscape and the conformational ensemble of the protein.
Three scenarios have been proposed for &éioevgy landscapes would be altered by an external
effector!®22The first occurs when one confoation of the protein is stabilized. In this scenario,
the energy |l andscape is redistributed to crea
conformation. The second case is when the energy landscape is altered such that a new
conformation becomeaccessible. The last scenario occurs when the external effector leads to
more available conformations by remodeling the energy barriers between conformations,
essentially changing the roughness of the landscape. If this leads to lower energy barriers, the
protein will sample more conformations in a given time period. My research has focused on,

ligand binding and point mutation, as effectors of protein conformational ensembles.
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Figure 5. External effectors alterations to the protein conformationainbteseA) The binding

of an effector stabilizes one conformation. B) The binding of an effector leads to distinct
conformations compared to the native structure. C) The binding of an effector leads to more
available conformations. Figure adapted from Goastea 2008 Nat Chem Biol

The description of protethgand interactionfias changedince the concept was first
proposed by Emil Fischer in 1894 (Figure’6j: One of the currently favored models, called the
conformational selection model, considers the ensemble of conformations proteins caimadopt.
the conformational selection model, ligand binding shifts the confaonadtpopulation and
redistributes the conformational states and energy landstépeways described in the
previous paragrapt?222%26-2istorically the previous models of ligand binding fell short of the
complexity of the system3he first modebf ligand bindingwaslock and key, where enzyme
and substrate exist in complimentary shapes to one arté#iéfHowever, this could not
explain enzyme promiscuity or affinities for difésmt shaped ligands. To address this the induced
fit model was conceived. In this model, ligand binding will induce a conformational change in
the protein. But this model does not allow for multiple conformations to @x¥fst>The lock

and key and induced fit models also informed how scientists first described allostery.
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Figure 6. Substrate binding models A) Lock and key model, where substrate and protein active
site are complimentary shapes. B) Indliémodel, substrate induces a change in protein active

site shape to allow binding. C) Conformational selection model, conformations of the protein
exist in equilibrium. Presence of substrate shifts equilibrium to populations which bind substrate.
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Hydrogen deuterium exchange mass spectrometry to study proteins

As described above, there are several noncovalent forces that work in concert to stabilize the
threedimensional shape of a protein. One of the most important with respextftomational
plasticity is hydrogen bonding. Hydrogen bonds are formed when a hydrogen covalently bound
to an electronegative donor is shared with an electronegative acceptor. Proteins contain many
hydrogen bond donors and acceptors, such as the angdaadoonyl groups of the peptide
backbone and polar functional groups on the sidechains of aminc*3eidgein hydrogen

bonds are generally made whenever two criteria are satisfied, the donor and acceptor atoms are
within 3.5A of each other, and the angle between them is greater thah T energy of the
hydrogen bond is dependent on the length of the bond and is norma&s/kDmott.3*

Hydrogen bonding in a protein can be thought of as a cooperative network that plays an
importantrole in the overall stability and structure of protein. Removing even one hydrogen
bond from the protein will weaken the hydrogen bonding network. Probing hydrogen bonding
networks can therefore reveal changes in overall stability, which in turn caedéousfer

changes in dynamics or conformation of a protein. One technique used to investigate hydrogen
bonding networks is hydrogeateuterium exchange coupled to mass spectrometry (NI3X
Hydrogen atoms in @, N-H, C-H and SH found in amino acidareregularly exchanged with
surrounding water moleculé$3>-*®Exposing a protein to ad®-containing bufferthe

hydrogens will be replaced with deuterium. Sidecl@iH, C-H, and SH will exchange

immediately, while the NH in the peptide backbone will exchangethe milliseconds to hours
timescale. The incorporation of deuterium into the peptide backbone can be tracked using mass

spectrometry, which will measure the net increase of one atomic mass unit (amu) per deuterium
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exchanged (Figure 7). Only exchangetlom amide backbone hydrogens will be measured by

mass spectrometry because of the slower timescale of exchange.

Deuterium
Buffer
Early Later
timepoints timepoints
Solvent accessible Structured regions
exchange readily exchange slowly
B
V(- ‘
»; A I 1
L — m/z
“{; J |
m (; ! | - A,
e 5
{
"j 52,/ m/z
HDX reaction quenched LC-MS analysis Deuterium
at specific timepoints incorporation
determined

and flash frozen

Figure 7. Overview of HDX reaction. A) Principles of HDX reaction. Protein is exposed to
deuterium buffer and solvent accessible regione®fptotein exchange quickly while structured
regions exchange slowly. B) Benchtop HDX reaction is initiated by diluting protein 1:10 into
deuterium buffer. The reaction is quencheddwyeringthe pH and temperaturehich slows the
exchange of hydrogen/deuteriiand a pepsin digestion is performed before flash freezing with
liquid nitrogen. The peptide mixture is then stored in liquid nitrogen untiMXanalysis. LE

MS allows for the determination of how much deiwe is incorporated per peptide through the
analysis of the isotopic distributions for each peptide. Figure adapted tkimina
Lukaszewskat al, 2018 Front Microbiol.

The wide range in exchange time for amide backbone hydrogens occurs because of the

structured nature of proteins. Amide hydrogens that are solvent accessible and not participating
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in hydrogen bonding will exchange rapidly. Alternatively, amide hydrogens that are participating
in hydrogen bonding will exchange more slowly. The abilityhaf amide hydrogens
participating in hydrogen bonding to exchange is related to the local fluctuations in the hydrogen
bonding network. Local hydrogen bonding fluct
amide hydrogen is participating inahydrogebond, and Aopeno to signi
no longer participating in a hydrogenboid.he r ate of conversion betw
Acl osedo states is k(open) and k(closed), res
k(exchange) is equal to k(open), this is referred to as EX1 kinetics and only one opening event
occurred before exchangélf multiple opening and closing events occurbefiore exchange
this is referred to as EX2 kinetics. EX2 kinetics are commonly used in probing structured
proteins hydrogen bonding networks.

Measuring deuterium incorporation over time enables the assessment of the stability of
the hydrogen bonding netwlo The more often local fluctuations occur, the faster the hydrogens
will be exchanged for deuterium. If the hydrogen bonding network is more stable less deuterium
incorporation will occur. Comparing different conditions, like, unbound and ligand bound
proteins, and point mutations, alterations in the hydrogen bonding network can be assessed.
Measuring deuterium exchange in an intact protein provides information on the global stability
of the hydrogen bonding network of the protein. By comparingl¢ueeium uptake curves
under different conditions, we can ascertain the global disruptions in the hydrogen bonding
network and infer disruptions in the stability, solvent accessibility, and dynamics or

conformational change of a protein. This is explored iritivd chapter in this thesis.



17

By adding a proteolytic digaeh stepto the hydrogen/deuterium exchanggperiment
thenumberof deuterium incorporateiahto a specific peptidean be measured. This locates the
exchange to the specific region of the paptiwhile intact HDXMS elucidates global, overall
changes in deuterium exchange, pept@el HDX-MS illuminate local disruptions in the
hydrogenbonding network and provide more detailed picture of regions that experience
exposure or protection froexchange’ Additionally, by examining enzymes poised with
substrate or variantgith amino aa substitutionswhich can cause local disruptions in stability,
we can infer changes in solvent accessibility and/or dynamics/conformational change of key
regions of protein that are important for catalyBisptidelevel HDX-MS is used to examine the

cdalytic cyclein thethird, fourth, and fifthchapters.

lon-mobility- native mass spectrometry to study proteins

In native mass spectrometry (NM38)hen measurements are conducted under non
denaturing conditionstructure is maintained during the desdlwaiand ionization process of a
protein or protein comple®:*°Observing proteins under natiike conditions using mass
spectrometry has been well documented and protocols for keeping proteins in their folded
structural state include appropriate salt, pH, and soft ionization tegswghen transitioning to
the gas phase. From employing these protdo@dsmationabout protein conformation can be
obtained because most Roovalent interactions are maintained, permitting secondary and
tertiary structure to be preservedass spectrogtry can distinguish between native and
denatured conformers of a protein because denaturing leads to enhanced ionization and increases

the number of sites for available protonation.
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Therefore, charge state distributions can be used to interrogate the conformations of a
protein.A more extended protein conformation will result in a higher average charge on the
protein and a broader charge state distribution; therefore, comparingatige skate distribution
of a protein under varying c¢ond(Figure@& can ai d
8B).384041 jgand binding or mutation which has an effect on the fold of the protein will produce
a change in the charge state distribution. Byygaring the unbound/WT protein with the ligand

bound/ mutant protein it is possible to determine if conformation has changed.
Charge State Distribution of Denatured Protein Charge State Distribution of Folded Protein
+21

100%
+22
+20
“l +23
““ 1L (WY
m/z m/z
20%

Figure 8. Representative charge state distributions and mobiligraBhakye statélistribution
of a denatured protetmighlighting the plethora of charges availabi). Charge state
distribution of a folded proteihighlighting the limited number of charges availalig.
Mobiligram of a foldeprotein.

A B C 1%

Mobiligrams
Drift Time (bins
=
o
Aisuayu|
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NMS can be coupled to ion mobility spectroscopy (IM).riMasureshe time it aikes an
ion to travel a drift cell filled with an inert gas, where larger ions will collide more often with the
collision gas and take more time to traverse the cell. Here at MSU the mass spectrometry facility
has a traveling wave ion mobility spectromgffyVIMS) instrument, a variation of IMS.he
drift cell of the TWIMS instrument contains aVWave mobility separator which produces an
oscillating electric field through stacked ion ring electrodes (Figure 9). In the TWIMS

instrument, the maximum RF (radi@quency) applied is 250V peds-peak with a typical
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frequency of 2.8 MHz which will produce a maximum wave amplitude of #%/These can be
adjusted to ensure proteins are remaining intact throughout the measurement. Further, the drift
gas pressure (mbar) is kept at an optimum to ensure proteins are being driven throaljlbtite
low enough to not cause fragmentation or denaturing of the protein. The time it takes for an ion
to traverse the -Wave drift cell is related to its mobilifi.lons with lower mobility will roll
over the voltage waves multiple times and take longer to traverse the cell, while ions with higher
mobility will ride the wave and have faster traverse tindsbility is related tahe size, shape,
and charge of the molecule (Figure 8C)-NWMS measurements can also provide the collisional
cross section of a protein (CCSW). The MasorSchamp equation is used to calculate CCS
(Equation 1)8In this equation the charge of electrons (e) and ions (z), buffer gsisyd@h),
mass of collision par tpnaed diftregdn temp&atdret(D) an@all 6 s ¢ o
variables related to CCS. Also, the analyte mobility) (ks considered, which is measured as a
function of temperature and pressure. Collisiamakssection relates the 3D structure and
mobility of the protein under specific instrument parameters so they can be better identified and
compared?® TWIMS wave instruments however cannot measure CCS directly and standards of

known CCS must be used for calibration.
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Figure 9. Schematic of Waters Synapt&2The sample will tnael from the sample inlet
through the ion guide, quadrupole mass analyzewwavie cell, QuanToF, and finally to the
detector. The Triwave cell contains stacked ion ring electrodes which will produce oscillating
electric field waves. Figure from SynaptS2Manual, Waters Corp 2009.
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Equation 1. Maso#schamp equation for calculating CCS. The variables of this equatios, are:
charge of an electron; z, ion charge; buffer gas density,i anal yte mobi |l ity;

of the collision partnerspk B o | t z ma n n 0 s hedrdtmegiondemperatura. Equation, t
take from Dodd<t al 2019 JASMS.

Comparisons of collisional crosections between proteins poised in different s{@gends
bound or mutationallow for the probing of protein conformations and their relative |atijoms.

IM-NMS technique is highly sensitive agdndetect changes in collisional cressctionssmall
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enough to distinguish betweeaomeric peptides. IMNMS was utilized to probe conformations

of the protein ZKPCC in chapter two of this thesis.

Summay

In this thesis Will explore the effects of ligand binding and mutation on conformational
ensemble and allostery in four different systems. éfitht two manuscripthapters | explore
the microbial carboxylasesk&topropytcoenzyme M oxidoreductasaftboxylase (KPCC)
and acetone carboxylase (ABpth enzymes undergo conformational change to produce
acetoacetate. In both studies the effect of ligand binding and mutations were explored to
understand the conformational ensembles essential for d¢atdlize last twananuscript
chapters of this thesis focus on key proteins in DNA metabolism and their conformational
fluctuations. Replication protein A (RPA) is a heterotrimeric protein which recruits and binds
over three dozen proteins during DNA metadrol The key proteins in the DNA metabolism
chapters of this thesis arfPA and its interactions with sing&randed DNA (ssDNAand
regulator of Tyl transposition 105 (Rtt105), andlidaon sensitive 52 (Rad5%)hich are
essential for a variety of asgeén DNA metabolismUtilizing mass spectrometilyased
techniques, my work helped expand the knowledge of several protein systems which undergo a

change in conformation or dynamics and have implications in carbon and DNA metabolism.
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2-Ketopropyl-coenzyme M  oxidoreductase/carboxylase
(2-KPCC) is a member of the flavin and cysteine disulfide
containing oxidoreductase family (DSOR) that catalyzes the
unique reaction between atmospheric CO, and a ketone/eno-
late nucleophile to generate acetoacetate. However, the
mechanism of this reaction is not well understood. Here, we
present evidence that 2-KPCC, in contrast to the well-
characterized DSOR emzyme glutathione reductase, un-
dergoes conformational changes during catalysis. Using a suite
of biophysical techniques including limited proteolysis, differ-
ential scanning fluorimetry, and native mass spectrometry in
the presence of substrates and inhibitors, we observed
conformational differences between different ligand-bound
2-KPCC species within the catalytic cycle. Analysis of site-
specific amino acid vardants indicated that 2-KPCC-defining
residues, Phe501-His506, within the active site are important
for transducing these ligand induced conformational changes.
We propose that these conformational changes promote sub-
strate discrimination between H' and CO, to favor the meta-
bolically preferred carboxylation product, acetoacetate.

Atmospheric carbon dioxide is a carbon source for building
biomass in plants and microbes. In plants, RuBisCO (ribulose-
1,5-bisphosphate carboxylase/oxygenase), the most abundant
enzyme on earth, catalyzes the first step in CO, fixation (1, 2).
A variety of lesser known, nonphotosynthetic microbial pro-
cesses that fix CO, or bicarbonate have also been described.
However, how these processes contribute to the global carbon
cycle and their catalytic mechanisms is not well understood
(1).

2-ketopropyl-coenzyme M  oxidoreductase/carboxylase
(2-KPCC) is a unique CO, fixing carboxylase which is part of
the flavin/cysteine disulfide oxidoreductase (DSOR) family,
members of which are best known for reducing metal ion or
disulfide substrates (3). Glutathione reductase (GR) is a well
characterized, paradigmatic DSOR that is responsible for
cellular redox homeostasis (4) (Fig. 14). Like GR, 2-KPCC is a
homodimer with a redox active disulfide/FAD cofactor in each

* For carrespondence: Brian Bothner, bbothner@montana.edu.

“ASBMB

subunit. However, 2-KPCC has distinguishing features that
appear to permit it to perform a carboxylation (3, 5, 6). Spe-
cifically, typical DSORs have a conserved His-Glu catalytic
dyad (4, 7). The conserved His serves as a source of protons
during the catalytic cycle and stabilizes an important reaction
intermediate. The conserved Glu moderates the sidechain
orentation and pKa of the conserved His (4, 7). In 2-KPCC,
this catalytic dyad is substituted by a Phe-His pair. Previous
studies have shown that the Phe-His in 2-KPCC produces a
unique reduced active form and facilitates carboxylation (8).
The reduced, reactive form of 2-KPCC reductively cleaves a
thioether substrate 2-KPC (2-ketopropyl-coenzyme M). The
product of this cleavage is an unstable enol-acetone anion,
which as a nucleophile attacks enzyme-bound CO, to form
acetoacetate (Fig. 1B). In the absence of CO, and in the
presence of available protons, acetone forms as an undesirable
side product. Therefore, 2-KPCC has a unique requirement,
compared to GR, in that it must protect the enol-acetone in-
termediate from bulk solvent to produce the carboxylation
product, acetoacetate (Fig. 1B) (1). Prior work showed that the
Phe of the Phe-His dyad suppresses protonation of the enol-
acetone intermediate (9), while the His helps stabilize ace-
toacetate (10), though whether their influence on the reaction
is wholly electrostatic or something else is not known.

The overall structures of 2-KPCC and GR are very similar.
Both are homodimers of subunits that each contain FAD
binding, NADPH binding, and interfacial domains (5, 6, 11).
Unlike GR, 2-KPCC has extended N and C termini and a 13
amino acid insertion (Fig. 2) (5). The structure of 2-KPCC has
been determined in the absence of added ligands and in several
ligand-bound states (5, 6, 10-12). The structure of 2-KPCC in
the presence of substrates and intermediates reveals confor-
mational shifts in which the substrate access channel has
collapsed. This is mainly due to differences in the conforma-
tion of the aforementioned extended N and C termini and 13
amino acid insertion not present in GR. In the presence of
substrates and intermediates, structures of 2-KPCC exist with
a smaller hydrophobic channel that we have proposed facili-
tates the access of CO, but excluding other molecules
including aqueous solvent. We have hypothesized that this
arrangement and implied conformation change is of key
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Figure 1. Reactions of glutathione reductase and 2-KPCC showing the active site residues and i di A, axidized active site of GR is reduced
by NADPH, the reduced reactive form then reacts with GSSG to make a mixed disulfide and one glutathione (GSH). Lastly, the active site retumns to its
axidized form and releases two GSH. B, oxidized active site of 2-KPCCis reduced by NADPH, the reduced reactive form then reacts with 2-KPC to producea
mixed disulfide and the Ene-intermediate (blue). The Ene-intermediate needs to be protected from protons or it will form acetone (red) instead of ace-
toacetate (green). Lastly, after carboxylation is complete, the active site returns to its oxidized form and acetoacetate and CoM are released. 2-KPCC, 2-
ketopropyl coenzyme M oxidoreductase fcarbaxylase; CoM, coenzyme M; GR, glutathione reductase; GSSG, glutathione disulfide.

importance in protecting reaction intermediates promoting biophysical techniques sensitive to conformational differences
carboxylation and the formation of acetoacetate relative to including ion mobility (IM)-native mass spectrometry (NMS),
protonation and the formation of the unproductive product limited proteolysis, differential scanning fluorimetry (DSF),
acetone (5, 6) and the computational tool, Allosteric Signaling and Mutation

To test this hypothesis and gain insight into solution Analysis (AlloSigMA). Experimental conditions include
behavior, we have compared 2-KPCC and GR using a suite of  different ligand-bound and oxidation states of the enzyme.

2-KPCC
Extended C-terminus

N-terminus

Figure 2. Structural m-&nd}maMW-Mu.&smmda hione reductase (PDB 1GRG). B, 2KPCC PDB:
1MO9) monomer highlighting extended regions, N terminus (red), C terminus (mag ded interface d (green). C, superimposed
structures of 2-KPCC and glutathione redtttase D,dmdcmxumdz-@a‘_mengionsuniquetoz-l(?cc surround the opening to the active site (black
oval). 2KPCC, 2-‘wmﬂ’qu| ¥ M oxids y GR gl gl reductase.
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One condition of particular note is the oxidized enzyme and
oxidized ligand complex, which was used to prevent product
turncver and effectively explore the conformational changes
reported in prior crystallographic work. Further, wildtype
(WT) and amino acid-substituted variants of 2-KPCC in
which one or both catalytic dyad residues (Phe501 and His506)
are exchanged for the characteristic His-Glu pair found in GR
were examined to determine whether the catalytic dyad, which
promotes formation of the carboxylation product, might
likewise play a role in producing conformational change. The
evidence indeed indicates that 2-KPCC's noncanonical
Phe501-His506 active site dyad contributes to regulating dy-
namics associated with carboxylation,

Results and discussion
Addition of 2-KPC induced a more compact 2-KPCC structure

To begin a solution phase structural investigation of GR and
2-KPCC, NMS was conducted. In NMS, noncovalent in-
teractions are maintained, facilitating an analysis of protein
conformational changes upon ligand binding (13, 14). Solu-
tions containing 5 pM GR or 2-KPCC with and without sub-
strate (2 mM 2-KPC or glutathione disulfide (GS5G) intended
to maximize the enzyme-substrate bound form) (15) were
prepared in 300 mM ammonium acetate and analyzed by
direct infusion NMS. The charge state distributions of 2-KPCC
in the presence and absence of 2-KPC indicated that 2-KPC
narrowed the distribution of charge states and shifted it to a
higher mass to charge (m/z) ratio (Fig. 34). This suggests a
more compact protein fold when 2-KPC is present. In contrast,

A

\..IT 2KPCC
+ ZHPC

GSE G

Maobiligrarms
Dirift 'I'llne [bins)

GR exhibited no change in charge state distribution upon
GSSG binding (Fig. 3A).

IM coupled to NMS was then employed using the same
experimental conditions. IM combines transfer time through
an ion mobility cell and m/z to separate ions based on colli-
sional cross section (CCS). Comparison of the observed CCS
with values calculated from structural models provides infor-
mation on protein conformation. Differences in protein
conformation are detected as a change in CCS (13, 14)
2-KPCC in the absence of 2-KPC had a longer drift time than
in its presence, corresponding to a larger CCS wvalue for
2-KPCC in the absence of 2-KPC (Fig. 3A). Also, in the
absence of substrate, 2-KPCC had a wider range of drift times,
indicating a spread in the CCS which translates to a more
diverse ensemble of conformations. This can be interpreted as
greater conformational freedom in the absence of 2-KPC. In
contrast, GR did not exhibit a shift in drift time with G55G
binding (Fig. 34}, giving strong evidence of no apparent dif-
ference in conformation.

Limited proteolysis revealed ligand-dependent protection of
two protease cleavage sites

The IM-NMS data provided evidence for a substrate-
dependent conformational change, but no information on its
nature or location. To further our investigation, we used
limited protealysis to track the rate and location of kinetically
favored sites of cleavage. The rate of proteolysis is expected to
differ between dynamic and stable regions, with unstructured/
dynamic regions of a protein exhibiting faster peptide bond
hydrolysis (16, 17). Thermolysin was selected for this

II L L". I|| hé—."ﬂ..bf.l»
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Figure 3. Mobiligrams and charge state distributions of WT, mutant 2-KPCC, and glutathione reductase. Charge state distribution of proteins in the

native state is on the bottom of each panel. lan mobility data far the spedific
lower times indicating a smaller CC5. The color scale on the right shows relat

charge species are directly above. The vertical axis is time for ion mobility with
ive intensity starting at 20%. A, fram left ta right WT 24KPCC £ 2 mM 2-KPC and

GR £ 2 mM G55G. The comparisan of WT 2-KPCC £ 2 mM 2-KPC depicts a change in ion mobility and charge state distribution based on 2-KPC binding. The
comparison of GR £ 2 mM GS5G depicts no change in ion mobility or charge state distiibution. B, from [=ft to right Phe501His, His506Glu, PhaS01-

His_His506Glu 2-KPCC + 2 mM 2-KPC. The variants showed no change in

ion mobility or charge state distribution based on 2-KPC binding. 2-KPC, 2-

coenzyme M; 2-KPCC, 2-ketapropyl coenzyme M oxidareductase fcarboxylase; OG5, collisional cross section; GR, glutathione reductase; G55G,

ketopropyl
glutathione disulfide.
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experiment because of the high frequency of potential cleavage
sites in 2-KPCC (168) and GR (149) based on predicted
sequence specificity (Fig. S1). Substrate binding can affect the
rate and pattern of hydrolysis by changing accessibility to
cleavable sites. Solutions of 2-KPCC and GR at 0.5 mg/ml were
incubated with thermolysin at a 1:100 (wt:wt) ratio of protease
to protein. To probe for substrate-induced conformational
change, each enzyme was poised with different ligands
(NADPH, 2-KPC, GSSG, and acetoacetate and NADP"). Ali-
quots were quenched for analysis at 0 min, 30 min, 2 h, and
5 h. The reaction was then visualized by SDS-PAGE.

For WT 2-KPCC, there were significant differences in the
cleavage kinetics and SDS-PAGE gel banding pattem
depending on the ligand present (Fig. 44). 2-KPCC in the
absence of ligands was completely digested within 2 h: more
rapidly than any of the conditions where a ligand was present.
This suggests that the ligand-free state of the enzyme has the
greatest conformational freedom. Further, the banding pattem
on the gel suggests there are two primary sites of cleavage in
the 2-KPCC 57 kDa monomer, termed sites 1 and 2. Cleavage
at site 1 generates a band with an apparent molecular weight
just slightly smaller than the parent protein (51 kDa), while
cleavage at site 2 gives rise to a 42 kDa band (Fig. 44). To
identify the main proteolysis cleavage sites on 2-KPCC, solu-
tion phase LC-MS and in-gel digestion were employed. Both
sites are found on the N terminus, site 1 was identified as
amino acid A26 and site 2, which gives rise to the formation of
the 42 kDa band, is F142 (Fig. 4B). The expected 9 kDa peptide
accompanying the 42 kDa fragment was too small to be
resolved by the SDS-PAGE experiment.

In sharp contrast to the ligand-free state, the presence of
2-KPC dramatically slowed proteolysis. The intact protein was
present throughout the 5 h incubation, with the 51 kDa band
present after 2-h and the 42 kDa band not appearing at all.
These data suggest that 2-KPC supplies substantial protection
from proteolysis at both cleavage positions. Binding the
products NADP* and acetoacetate had very similar effects to
2-KPC, while in the NADPH present condition, the 42 kDa
band appeared after 30 min and persisted to the 5-h time

+acelvacelate & NADP+ c

point. For GR, there was no significant change in cleavage
kinetics or SDS-PAGE gel banding pattern upon substrate
binding (Fig. 4C). In ligand-free, NADPH present, and GSSG
present GR, the intact band was present at 5 h. GR did not
exhibit change in proteolytic rate in the absence or presence of
ligands, and this suggests little conformational flexibility
regardless of ligand binding,

Collectively, the limited proteolysis data indicate that
2-KPCC underwent ligand-induced conformational changes
that restricted protease cleavage in the presence of 2-KPC,
NADPH, or the acetoacetate/NADP* products, while GR did
not. The ligand-induced conformational changes seen in
2-KPCC also depend on the ligand present, suggesting that the
conformational change undergone during reaction may follow
an ordered change which will help protect the reaction
intermediate.

Global thermal stability is increased by substrate binding in
2-KPCC

The limited proteolysis data revealed that substrate binding
altered susceptibility to proteolysis. This inspired us to probe
whether the same factors also influence global protein stability.
To investigate this, we employed DSF to provide a read out of
thermal stability of the proteins based on their melting profiles.
A hydrophobic, fluorescent dye, which is quenched in a polar
environment, is added to the protein solution. As the tem-
perature is raised, the dye binds to hydrophobic pockets that
become accessible as the protein structure denatures, pro-
ducing a melting curve (18-20). DSF reports on local and
global thermal stability. It has been shown that this technique
can be utilized to investigate ligands that alter thermal stability
(20, 21) and is particularly well-suited for protein complexes
(22, 23). Therefore, we employed it to investigate the substrate
binding effects on global thermal stability of 2-KPCC.

Reaction solutions of 025 mg/ml 2-KPCC or GR were
incubated with 50x concentration of Sypro Orange dye with or
without substrate (0-5 mM). 2-KPCC has a thermal melting
point (T ) of 65.5 °C (Fig. 54). Binding 2-KPC and NADPH

._ / _. o .74 )
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Figure 4, Limited proteolysis of WT 2-KPCC. The presence of substrate alters the kinetics and pattern of proteolysis. A, SDS-PAGE gel of limited proteolysis
Mbaﬁgpatm&mz-WCCundulga'\dﬁ NADPHbund.ZJ(PCbomd,mdmme&NAtP+mmiﬂom&SDSPAﬁEgddlmhed
of GR under ligand-free, NADPH-bound, and GSSG-bound conditions. C, structure of 2-KPCC with two thermolysin
deavage sites shown in red. hsd,acuvesne residues Phe501 and His506 (purple) and 2-KPC-bound (green) and proximity to the deavage site (red) which
produces the 42 KDa form. 2-KPCC, 2-ketopropyl coenzyme M oxidareductase /carboxylase; GR, glutathione reductase; GSSG, glutathione disulfide.
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Figure 5. Differential scanning fluorimetry curves of glutathione
reductase and WT 2-KPCC. A DSF curves showing substrate binding ef-
fects on melting curves of WT 2-KPCC. Apo (blue) Tm = 665 °C SD =
0.05, +2-KPC (gray) Tm = 67 °C SD = 034, +NADPH (orange) Tm = 70.5 °C
SD = 0.74, +acetoacetate and NADP+ Tm = 60 °C SD = 0.071. B, DSF curves
showing substrate binding effects on melting curves for GR. Apo (blue) SD =
0.013, 4GSSG (gray} SD = 0.017, +NADPH (orange) SD = 0.017 Tm = 875 °C.
Overall 2.KPCC exhibits lower melting res than glutathione
reductase. 2-KPCC, 2-ketopropyl y < ductase/carboxylase;
DSF, differential scanning fluorimetry; GR, glutathione reductase; GSSG,
glutathione disulfide.
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shifted the Ty, to 67 °C and 70.5 °C, respectively. This in-
dicates that the ligands have a stabilizing effect on 2-KPCC.
Increased thermal stability is consistent with a model in which
the substrate-bound conformation can exclude solvent and a
more compact structure is present. The stability and compact
form arise from enhanced noncovalent interactions in the
protein-ligand complex (20, 21, 24). We would expect a more
compact structure to have a higher Ty, like what is exhibited
by binding of 2-KPC and NADPH. In contrast, binding of the
reaction products acetoacetate and NADP* lowered the Tp,
This destabilization could characterize a product release form
of 2-KPCC which was too small to be seen by limited prote-
olysis. Interestingly, GR has the highest T, at 87 °C and ex-
hibits no shift in Ty, upon ligand binding but does exhibit a
local destabilization at 72 °C (Fig. 5B). Together the IM-NMS,
proteolysis, and thermal stability data reflect the crystallo-
graphic and catalytic models in which structural change is part
of the catalytic cycle. The binding of different ligands produces
different structural changes within 2-KPCC. These changes are
not shared by GR, which has a high global thermal stability
with none of the structural parameters interrogated here
altered by substrate binding.

Influence of 2-KPCC catalytic dyad on conformation

To better elucidate the cause for 2-KPCC’s conformational
changes compared to GRs static behavior, we wanted to

ZASBMB

explore amino acid-substituted variants of 2-KPCC in which
one or both catalytic dyad residues (Phe501 and His506) are
substituted by the characteristic His-Glu pair found in GR
(Phe501His and/or His506Glu). Prior work showed that the
Phe of the Phe-His dyad suppresses protonation of the enol-
acetone intermediate (9), while the His helps stabilize the
formation of acetoacetate (10). We now sought to determine if
the catalytic dyad, which is essential for promoting formation
of the carboxylation product, might likewise play a role in the
conformational changes that are proposed to exclude solvent
from the enol-acetone intermediate.

To probe the structures of these variants, NMS and IM were
employed in the presence and absence of 2-KPC. The charge
state distributions of Phe501His, His506Glu, and Phe501-
His_His506Glu were lower than WT in the absence of 2-KPC,
but not as low as WT in the presence of 2-KPC (Fig. 3B). In
contrast to the WT enzyme, the variants did not have a shift in
charge state upon addition of 2-KPC. The catalytic dyad of
2-KPCC promotes carboxylation and, when mutated, alters the
product outcome (9, 10). Our results suggest a role for the
unique catalytic dyad in carboxylation is manifested at least in
part in transducing an essential conformational change. In the
variants, the catalytic dyad stabilizes a more compact structure
even without substrate. The 2-KPCC variants were also
investigated in the presence and absence of 2-KPC (Fig. 3B).
Importantly, they did not show a decrease in drift time with
2-KPC. However, they did exhibit a wider distribution of drift
times. Taken with the NMS data, the variants appear to be ina
conformation that closely resembles WT 2-KPCC in the
presence of 2-KPC. This further implies that the Phe501His
and His506Glu substitutions alter the conformational freedom
of 2-KPCC.

Limited proteolysis indicates dyad-dependent protection of
proteolytic sites

The 2-KPCC variants were also investigated by proteolysis.
In the Phe501His variant, the ligand-free and NADPH present
states exhibit lower proteolysis than WT (Fig. 64), with the
intact protein band persisting up to the 2 h time point.
Addition of 2-KPC or NADPH extends the parent band life-
time to the 5 h mark and also stabilized the 42 kDa band so
that it was likewise observable on this timescale. The
His506Glu and the Phe501His_His506Glu reactions had intact
protein remaining at the 2-h time point in all conditions and
no observable 42 kDa species (Fig. 6, B and C). These results
suggest that the His506Glu substitution stabilized the intact
protein by limiting protease access to the helix that is cleaved
to generate the 42 kDa form, but inhibited substrate-based
protection.

The active site residues Phe501 and His506 modulated
protease access in 2-KPCC. When the active site was mutated
to the canonical DSOR catalytic dyad residues, substrate-based
protease protection was not observed in the variants with
His506Glu substitution. This suggests that the protease-
protective conformational changes could be the same as
those needed for carboxylation. The His506Glu substitution

J. Biol Chem. (2022) 298(5) 101884 5
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appeared to alter conformational freedom more significantly
than the Phe501His, as the substrate- and product-dependent
modulation of protease access was not observed for this
variant.

Active site dyad contributes to global thermal stability

The IM-NMS and limited proteolysis data demonstrated
that the active site variants alter conformational freedom. We
then employed DSF to investigate if the variants alter global
protein stability. The ligand-free His506Glu variant has a
decreased Ty, relative to the WT and other variants, witha T,
of 57 °C (Fig. 7). The His506Glu variant exhibited small shifts
to higher Tp, upon binding of 2-KPC and NADPH and a slight
shift to a lower Ty, with acetoacetate and NADP*. This sup-
ports that the His506Glu substitution structure is possibly
locked in a conformation not allowing for conformational
freedom. Also, the melting temperatures of all conditions
tested were similar to the acetoacetate and NADP* condition
of WT, which we interpret as the H506E substitution having a
destabilizing effect on protein structure. The ligand free
Phe501 His and Phe501His_His506Glu variants have a similar
Tm to WT with a Ty, of 67 °C and 66 °C, respectively. How-
ever, the Phe501His variant did not have a large shift in T,
upon ligand binding except for with acetoacetate and

6 J Bid. Chem. (2022) 298(5) 101884
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NADP* present, with a T, of 71 °C. The Phe501-
His_His506Glu variant exhibited some hallmarks of both the
single variants. A shoulder was present in some of the curves
of Phe501His and Phe501His_His506Glu 2-KPCC. This
shoulder suggests a local destabilization in the protein struc-
ture as the temperature is raised. Interestingly, GR shares this
local destabilization.

Computational analysis implicates catalytic dyad in
conformational change

To further elucidate how these active site residues influence
conformational change, we turned to a computational analysis
using AlloSigMA (25, 26). AlloSigMA uses a structure-based
statistical mechanical model of allostery to calculate the per-
residue change in free energy for all possible protein config-
urations due to interactions with ligands or mutations (27, 28).
AlloSigMA defines the protein contact network of a protein by
solving the structure-based statistical mechanical model of
allostery for all possible local configurations in all available
states. AlloSigMA defines mutations as either: UP-mutations,
which cause over-stabilizing effects on the protein contact
network, and DOWN-mutations, which cause destabilizing
effects on a protein contact network (29). To test the impact of
an amino acid substitution at a specified position, the user

SZASBMB



34

Catalytic residues and conformational change in CO, fixation

A Phe501His
@ a
2 :ngP
[ 73 -
2 +acaoaceta(e
2 & NADP+
3
w
2030
B Tempera(ure (C)
e His506Glu
Q
c
o
2
e
o
=
@
20 30 40 S0 60 70 80 90 100
Temperature (C)
g Phe501His_His506GIu
<
8
o
o
)
2
w -
20 30 40 50 60 70 90 100

Temperature (C)

Figure 7. Differential scanning fluorimetry curves of 2-KPCC variants.
A, DSF curves showing substrate binding effects on melting curves of
Phe501His 2-KPCC. N)o (blue) Tm = 67 °C SD = 0.06, 42-KPC (gray) Tm =
67.5 °C SD = 0.02, +NADPH (orange) Tm = 68 °C SD = 0.09, +acetoacetate
and NADP+ Tm = 71 °C SD = 0.05 n = 3. B, DSF curves showing substrate
binding effects on melting curves for His506Glu 2-KPCC. Apo (blue) Tm = 57
°C SD = 0.04, +2-KPC (gray} Tm = 60 °C SD = 0.26, +NADPH (orange) Tm =
58 °C SD = 0.04, +acetoacetate and NADP+ Tm =555°CSD =0.06 n =3.C,
DSF curves showing substrate binding effects on melting curves for
Phe501His_His506Glu 2-.KPCC Apo (blue) Tm = 55 & 66 °C SD = 0.06, +2-KPC
(gray) Tm = 57.5 °C SD = 0.02, +NADPH (orange) Tm = 50 °C SD =
Om,mmmdNADP-me-SG’CSD-0.0!?naB 24(PC,
2-ketapropyl coenzyme M; 2-KPCC, 2-ketopropyl ¢ M
tase/carboxylase; DSF, differential scanning ﬂuametry

selects the residue to be probed and the type of mutation to be
modeled, UP or DOWN. This information is used to predict
changes in allosteric communication across a protein model.
Allostery, in its broadest sense, is the functional change at one
site on a protein caused by a change at a distant site (28-30).
AlloSigMA interprets allostery as a change at any site in the
structure that can lead to a shift in occupancy of the confor-
mational states in which the protein can exist.

The crystal structure of 2-KPCC (PDB: 1IMOK) was
explored using AlloSigMA, where the Phe-His dyad was singly
or doubly mutated to a DOWN-mutation (destabilizing res-
idue). AlloSigMA then calculated the per-residue change in
allosteric free energy (kcal/mol) caused by the mutation. A
positive change in allosteric free energy indicates a change in
force acting on the residue because of the mutation, and it can
be interpreted as a possible increase in dynamics that could
lead to a conformational change (31). A negative change in
allosteric free energy indicates a stabilization of the residue
caused by the mutation and possibly preventing conforma-
tional change or a decrease in dynamics. DOWN-mutations at
Phe501, His506, and Phe501_His506 revealed an increase in
free energy in the active site while the rest of the protein
structure had a decrease in free energy. These values were
color coded positive (red) or negative (blue) and displayed on
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the protein sequence or the structure (Fig. 8). These results are
interpreted as an increase in conformational flexibility, where
the number of possible conformational states is increased in
the active site and a decrease in the rest of the protein. This
was exhibited by all three variants, but the most prominent
changes were seen in His506. A control experiment was con-
ducted by mutating noncatalytically active residues in the
active site and surface of the protein. These mutations pro-
duced very little change in free energy (Fig. 52).

GR was also explored by AlloSigMA with mutations to the
His-Glu catalytic dyad (Fig. S3). Interestingly, single sub-
stitutions at either residue produced similar behavior to
2-KPCC, where the active site showed an increase in free en-
ergy while the rest of the protein had a decrease. Tandem
substitutions exhibited an increase in free energy near the
active site. This further supports that the active site catalytic
dyad has an important role in modulating conformational
change in 2-KPCC and differences between the 2-KPCC and
canonical DSOR enzymes such as GR.

Conclusion

Taken together, the DSF, limited proteolysis, IM-NMS data,
and AlloSigMA analyses support a functional model of catal-
ysis in which 2-KPCC transitions between multiple confor-
mations, the equilibrium of which is controlled by substrate
and product. The IM-NMS data showed a change in confor-
mation of 2-KPCC when 2-KPC was present, and that active
site substitutions altered the conformational ensemble of
2-KPCC. Limited proteolysis allowed us to localize confor-
mational change upon binding of substrates and products to
the N terminus. A change we believe serves to exclude solvent
from the active site (see Fig. 2D). A key finding of this work is
the role of the catalytic dyad (Phe-His) in the modulation of
2-KPCC’s conformational ensemble. DSF and AlloSigMA
contributed significantly to this conclusion.

In recent years, our understanding of conformational
change and allostery has shifted to a more nuanced model in
which activity is best described in the context of conforma-
tional ensembles where population re-distributions influence
catalysis (29, 32). Here we provide evidence that 2-KPCC is
such a system, with a conformational ensemble that is influ-
enced by substrate binding and modulated by the catalytic

>1.75 kcal/mol
<1,75 kcal/mal

Figure 8. Change in free energy cakulated by AlloSigMA as a result of

mutations in the catalytic dyad plotted on structure of 2-KPCC (PDB:

1MOK). Increase in free energy (red) indicates more perturbation and

higher dynamics. Decrease in free energy (blue) indicates a stabilization and

decrease in dynamics. 2-KPCC, 2-ketopropyl coerzyme M oxidoreductase/
i SigMA, Allosteric Signaling and Mutation Analysis.
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dyad. We propose the ligand free, oxidized state of 2-KPCC
has full conformational freedom. During the catalytic cycle,
binding of NADPH and reduction of the disulfide restricts the
conformational ensemble to forms that support the binding of
2-KPC and formation of the mixed disulfide (Fig. 9). The
binding of 2-KPC results in a more compact structure that
presumably protects the active site, only allowing access of the
second substrate CO,. Carboxylation then results in a form of
2-KPCC which supports the release of acetoacetate. In this
scheme, changes to the conformational ensemble brought
upon by substrate binding, help protect the enolacetone in-
termediate and promote carboxylation. Mutations of the cat-
alytic Phe-His resulted in alterations to the conformational
ensemble of 2-KPCC, and show the important role for the
catalytic dyad in the conformational state of 2-KPCC.
2-KPCC’s mechanism is in contrast to catalysis by other
DSOR proteins such as GR, which undergoes reduction, mixed
disulfide formation, and product release with no detectable
change in conformation (33). This suggests that the carbox-
ylation is a derived function arising from adaptions by the
active site chemistry and protein conformational stability.

Experimental procedures
Expression and purification of native 2-KPCC and amino
adid-substituted variants

E. coli BL21 (DE3)pLysS cells were transformed with the
pBAD plasmid harboring the WT or corresponding 2-KPCC

A GR B

Oxidized

+Ligand Bound +NADPH

2 4

variant gene from Xanthobacter autotrophicus Py2. The
construct contained a His affinity tag, a thioredoxin tag, and a
TEV-cleavage site. Cells were plated on LB agar + kanamycin
(25 pg/ml) and grown overnight. A single colony from the
plate was used to inoculate a 5 ml ovemight culture in LB. The
5 ml overnight culture was used as the inoculum fora 500 ml
baffled flask containing 500 ml of ZYP-rich medium + kana-
mycin (25 pg/ml). Cells were grown at 37 °C with agitation at
225 rpm until the Agy reached 0.6 to 1.0. The temperature
was reduced to 25 °C, L-arabinose was added to 0.02%, and the
cells were grown for an additional 16 to 18 h. The cells were
pelleted by centrifugation, frozen, and stored at -80 °C. The
cell pellet was re-suspended in three volumes of lysis buffer
[20 mM Tris, pH 8.0, 300 mM NaCl, 5 mM imidazole, and
protease inhibitor tablets (Pierce)] and thawed at 30 °C. All
subsequent treatments were performed on ice orat 4 °C. The
resuspended cells were lysed via multiple rounds of sonication
(Branson Ultrasonifier). Cell lysates were clarified via centri-
fugation at 75,000¢ for 45 min. Clarified lysates were loaded
onto a nickel-nitrilotriacetic-resin column (Bio-Rad) via a
Bio-Rad FPLC, washed with lysis buffer, and eluted using a
0.005 to 0.4 M imidazole gradient in lysis buffer at 3 ml/min.
The eluted 2-KPCC was diluted 6-fold into buffer A (20 mM
Tris-Cl, pH 6.5, 5% w/v glycerol), applied to a Q-Sepharose
ion-exchange column (Bio-Rad), and eluted usinga 0 to 1 M
NaCl gradient in buffer A. Fractions were screened using SDS-
PAGE. Pure 2-KPCC protein was pooled and run on a
desalting column (Bio-Rad) in 20 mM Trs, pH 7.4, 10%

2-KPCC
Oxidized
Y Site 1
¥ Site 2
+2-KPC

+acetoaoqtate

His506GIu Ensemble

PheS01His Ensemble
Figure 9. Conf! i bl olGRandZ-KPCC.'*
ssimnA,GRoccwtsalinkdr f al

e
sentative conformations of 2-KPCC highlighting the avahble conformational

ff ional changes associated with catalysis. One subunit of the dimer
in the open cmfocmaoonthmughanmecaafﬂccyde(slnwnn tan). B.repte-

Jaid

in con of 2.KPCC

space
(bhdmmwnhuomsineI(ydbwm)udshez(omgesmd MngDM(p:M)laadswanaedaccastosheZanddwmsin

bie. 2-KPC bindin (gmm)ahersau:esstoﬂte‘landmeots

yet another conformational ensemble

erved conformations of 2-KPCC. Binding of acetoacetate (red) represents

product release. The Phe501His variant restricts the available conformations which are populated in the

ensemble (pwple oval). Phe501His favors the oxidized and NADPH-bound conformations. The His506Glu variant restricts the accessible confamatims
(nlow omn favomg oxidized and 2-KPC-bound conformations. 2-KPC, 2-ketopropyl coenzyme M; 2-KPCC, 2-ketapropyl ¢ yme M ox ctase/
;GR g

reductase.
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glyceral, and 200 mM NaCl. Protein was concentrated using a
30 kDa MWCO spin filter concentrator. To remove the éx-His
tag, 2-KPCC protein was incubated with TEV protease at a
ratio of 1:100 (w/w) (Millipore)} overnight at 4 *C. TEV pro-
tease was removed using a nickel-nitrilotriacetic=resin col-
umn via gravity. Fractions were screened using SD5-PAGE.
Cleaved 2-KPCC protein was pooled and concentrated using
30kDaMWCO spin filter concentrator (Millipore). Total pro-
tein concentration was determined using a BCA protein assay
{Thermo Scientific), and flavin concentration was determined
from its UV-visible absorbance at 450 nm using E45q of 11,828
M™ em™, All concentrations of protein cited in the text refer
to flavin-containing protein.

NMS and IM of 2-KPCC and GR

Protein stock solutions were made anaerobic using a
double-manifold Schlenk line with alternating cycles of argon
gas purging and evacuation. Protein stocks were buffer
exchanged into decxygenated 300 mM ammonium acetate at
pH 7.5 using 7.5 kDa mini-dialysis filters (Thermo-Fisher)
cvernight at 4 °C. Buffer exchanged proteins for bound con-
ditions were then incubated for 15 min with either 2 mM
2-KPC, 2 mM GSSG, or 5 mM NADPH. Proteins were then
loaded into in-house—prepared gold-coated borosilicate cap-
illaries prepared as outlined in Luo et al. and analyzed using a
Waters Synapt G2-5i with the following settings: capillary kV
was set to 1.75; sampling cone, 95; source offset, 70; trap
collision energy, 110 V; transfer collision energy, 105 V, source
temperature, 30 °C; and trap gas, 7.0 ml/min. Data were
analyzed using Waters MassLynx version 4.1, IM analysis was
performed under the same conditions outlined above, The
Synapt G2-Si instrument was set in IM mode, and data were
analyzed by MassLynx 4.1 and DriftScope.

Limited proteolysis and peptide mapping of 2-KPCC and GR

2-KPCC (W'T and variants) and GR samples at 0.5 mg/ml
were prepared anaerobically (Mbraun anaerobic chamber
Unilabpro) with deoxygenated buffer (200 mM Tris-HCI,
0.5 M CaCl, pH 8) and incubated with either 2 mM 2-KPC,
2mM GS5G, 5 mM NADPH, or 2 mM acetoacetate and 5 mM
NADP". Prepared reactions were then sealed using crimp seal
vials and removed from the Mbraun. Using a gas-tight syringe,
thermalysin (Promega) was added to reactions at a ratio of
1:100 (wtwt) and incubated at 37 °C. At timepoints (0 min,
30 min, 2 h, 5 h) aliquots of 9 pl were removed from the re-
action and immediately diluted into 36 pl of gel loading buffer,
vortexed, and heated to 100 °C for 5 min. Following boiling,
samples were frozen. Prior to gel loading, the frozen samples
were simultaneously boiled at 100 °C for 5 min, centrifuged,
vortexed, and maintained at 25 °C during gel loading. Samples
were run on 4% to 20% (w/v) gradient SDS-PAGE gels (Bio-
Rad) with tris-glycine buffer. Gels were stained with GelCode
blue safe protein stain (Thermao).

Proteclysis reactions for mass spectrometry analysis were
conducted identical to those for gel-based analysis except for
quenching. Quenching of proteclysis was performed by
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multiple methods, these included dropping the pH, boiling,
spotting directly onto a MALDI plate, and direct LCMS in-
jection. LC-MS analysis of proteclysis reactions was
completed on a 1200 infinity HPLC (Agilent) coupled to a
MicroTOF LC mass spectrometer (Bruker). Peptides were
separated on a size exclusion column (Phenomenex 150 x
2 mm) using a flow rate of 500 pl/min with solvent conditions
90% solvent A [0.1% FA (Sigma) in water (Thermo) and 10%
solvent B (0.1% FA in acetonitrile) (Thermo)]. Data were
acquired at 2 Hz over the scan range 50 to 1700 m/z in
positive mode. Electrospray settings were as follows: nebu-
lizer set to 3.7 bar, drying gas at 8.0 1/min, drying temperature
at 350 °C, and capillary voltage at 3.5 kV. Data processing was
carried out with Bruker DataAnalysis software. Unique pep-
tides were identified by using Peptide Analysis Worksheet
version 2000.6.8.0 with an accuracy of 100 ppm. Reactions
were also analyzed by in-gel digestion and mass spectrometry.
Protein bands from SDS-PAGE were cut and digested with
trypsin (Promega) according to a standard protocol recom-
mended by the manufacturer (1:50 wt:wt, overnight). Proteins
were identified as described in (34) using a maXis Impact
UHR-QTOF instrument (Bruker) interfaced with Dionex
3000 nano-uHPLC (Thermo). Data were analyzed and map-
ped by using Peptide Shaker, version 0.41.1, paired with
Search GUI, version 1.30.1 (Compomics).

DSF of 2-KPCC and GR

Differential reactions containing 2 pg of protein in 200 mM
Tris-HCl pH 8, a variety of ligands (2 mM 2-KPC, 2 mM
GS5G, 5 mM NADPH, or 2 mM acetoacetate & 5 mM
NADP*), and 1.2 pl of 50x stock SYPRO orange dye (Invi-
trogen) for a total reaction volume of 30 pl. The samples were
loaded into a Roto-Gene Q) instrument (Qiagen) with SYPRO
orange absorbance excited at 470 nm and the fluorescence
monitared at 570 nm as the temperature was ramped from
25 to 95 °C at 1 "C/min. All samples were run in triplicate.

AllaSigMA analysis of 2-KPCC and GR

The online computational tool AlloSigMA was used to
explore the PDB files of both 2-KPCC and GR, (PDBE: 1MOE,
and PDB: 1GRG), respectively. Published protocols were fol-
lowed for this analysis (31). Upon uploading the files, an
allosteric signaling map was calculated to exhaustively
compute the allosteric modulation of each residue due to
mutation. For 2-KPCC, calculations were computed for
DOWMN-mutations at residues, Phe501, His506, Phe501_-
His506, Leus02, and Gly3d77. For GR, calculations were
computed for DOWN-mutations of residues Hisd467, Glud72,
and His467_Glu472. The change in free energy calculated for
each mutational study was then plotted on to the PDB struc-
tures 1IMOK and 1GRG.

Source of glutathione reductase

Recombinant expressed in Escherichia coli, human GR was
purchased from Sigma-Aldrich. Cas Number: 9001-48-3.

1 Biol Chem. (022) 288/5) 101884 9
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Abstract

Acetone carboxylase (AC) is a neanonical microbial carboxylase. In contrast to other
carboxylases, it uses one ATP to phosphorylate acetone and bicarbonate to generate acetoacetate.
Phosphorylation of two intermediates from a single molecukeléf and the absence of other
cofactors make this a unique reaction. Acetone carboxylase is a large (360 KDa) dimer of trimers
with two active sites. Structural models of AC with and without ligands show that substrate
binding and phosphorylation take péae-40A from the Mn(ll) active site where acetoacetate is
formed. Based on the crystal structures, it was suggested that a significant conformational
change opens and closes a tunnel that facilitates passage of reaction intermediates between the
binding and active st. The goal of this study is to elucidate the conformational change and
allosteric communication that such a mechanism would require. In this effort we have employed
a suite of biophysical techniques, including electro paramagnetic resonance (EPR), kineti
assays, and hydrogen/deuterium exchange mass spectrometryMiSDXata from poised
ligand bound states and s#pecific amino acid variants indicate that the active site E89 residue
acts as a molecular relay, having a direct role in catalysis amstieailocommunication that is

essential for catalysis.
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Introduction

Atmospheric carbon dioxide is a source for building biomass in plants and microbes.
Carboxylases are enzymes that catalyze fi&i@y into organic substratésThe @nonical
carboxylases use biotin, or another cofactor, to derivatize their sebsdrad are well
characterized. Acetone carboxylase is a novel carboxylase that does not share sequence identity
with other carboxylaseX. autotrophicuscetone carboxylase (AC) uses a single ATP to
phosphorylate acetone and bicarbonate to form acettata@tae reaction is unique in that
biotin or other cofactors are not employed. The proposed reaction mechanism involves the
binding of acetone and bicarbonate which are then phosphorylated and traefre#Othe
substrate binding sit® an active site where they coordinate Mn(ll) and acetoacetate is formed
(Figure 1).

AC is a 360 kDa heterohexameric complex made up of alpha (75 kDa), beta (85 kDa),
and gamma (20 kDa) subunits, it &J b fashion (Figue 1). Structural models are available for
AC trapped in multiple steps in the catalytic cycle: ligand free (PDB: 5SVC),-AMd (PDB:
5SVB) and AMPRacetate bound (PDB: 5M453)hese crystal structures gjggt conformational
change occurs when ligands are bound. The binding of ATP, acetone and bicarbonate are
proposed to open up an interior channel where phosphorylated intermediates would be protected
from solvent as they travel to the Mn(ll) active sitel &@mrm acetoacetate. The presence of AMP
and acetoacetate has been proposed to induce a product release conformation of the protein.
Previous examination of the structural models suggests that E89 in the alpha subunit has an
allosteric communication pathwdetween the substrate binding site. E89 in the alpha subunit

changes coordination to the Mn metal when different ligands are bound in the beta subunit about
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~40A away in the crystal structures (Figure 1). The mechanism of communication linking these

two sites is unknown.

A

204P.

1 ATP ~o0

)?\+ 'o/(lLou s

Figure 1. Overview of acetone carboxylase mechanism and structure. A) Truncated mechanism
of acetone carboxylase showing acetone and bicarbonate becoming acetoacetate. B) Half of the
dimer of acetone carboxylase, beta sub{grgen), alpha subunit (tan) and gamma (grey).
Undergoing the proposed conformational change during reaction. C) Detailed view of E89
changing coordination during reaction. The alpha helix associated with E89 becoming a
disordered loop when coordinatedMam(l) and reforming upon acetate coordination.

This work aims to elucidate key questions raised from the crystal structures. We
hypothesize that ligand binding is essential for catalysis and that there is communication between
the ligand binding site antie Mn(ll) active site. To explore this, we employ a host of

technigues such as electron paramagnetic resonance, protein assays, and hydrogen/deuterium



45

exchange coupled to mass spectrometry. Experimental conditions include differenblogaua
states. Mtagenesis of the E89 residue was also explored using variants E89D and E89A. E89D
hasone carbon shorter in the side chain and may be able to coordinate Mn(ll), while EB9A
should not be able to coordinate Mn(ll). These variants will help us elucidatepgbeance of

E89 during catalysis.

Results

E89 is critical for Mn(Il) coordination.

It was proposed th&TP/AMP binding is communicated to the Mn(ll) site via a series of
structural changes that result in rotation of the E89 side chain into bidentatenation and
concomitant loss of alpha helical structur@@arbyresidue. To i nv &b wéEatae

using Electron Paramagnetic Resonance (EPR).
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defined hyperfine coupling of a 5/2 Mn(ll) center is observed. This has been previously observed

and is consistent with coordination of Mn by E8®hserved in the structural modél
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Figure 2. EPR reveals no change in Mn(ll) signal in EB9A when AMP isth®C contains a
Mn(ll) signal at g=2. With the addition of M@MP, more defined hyperfine coupling of the 5/2
Mn(Il) center is observed, indicating coordination of the E89 residue as observed in the crystal
structure. In the E89A variant, no spectralrades are observed with the addition of-MiIP

due to the lack of a sixth coordinating ligand. In E89D the more defined hyperfine coupling
occurs indicating coordination to the Mn(ll).
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In this study and previous studies AMP is used to explore the conformabthange in
AC caused by nucleotide binding. A change in the signal is observeda8%evariant upon
addition of MgGAMP similar to WT. This suggests that the one carbon shorter side chain of
aspartate can still coordinate with the Mn site. We testedthe E89A variant whereno
change in the EPR signal walsservediponaddition of MGAMP, indicatinga sixth coordinag
of Mn was not availabléelThe EPR data confirm that in WT AC the binding of AMP causes
Mn(Il) to change coordination. Change in coordination is also observed in the E89D variant, but
not in E89A variantThis suggestthat AMP bindingis communicated to the Mn(ll) site via the

resdue E89.

E89A exhibited no acetoacetate production.

To probe the role of E89 in the catalytic cydd,P hydrolysis and the production of
ADP, AMP, and acetoacetate were monitored in WT, E89D, and E8€&toacetate production
was measured usirggcouplel assay withh-hydroxybutyrate dehydrogenaseKIBDH) which
converts acetoacetate tdh§doxybutanoate in the reverse reaction upon the oxidation of
NADH .° Parallel assays were conducted talgpe acetoacetate production alongside ATP
hydrolysis and ADP and AMP productidn. WT, the rate of ATP consumption is 76x®!/min
and the acetoacetate formation is 38&min. The E89D was slightly more active, with a rate
of ATP consumption of 89.@8M/min and acetoacetate formation of 4&id/min. The E89A
variant does not produce acetoacetate. WT and both vanewrgshorproductive ATPase
activity, hydrolyzing ATP even in the absence of ace{@mable 1). The inactivity in the EB9A

variant suggesthe inability of the residue to coordinate the Mn(Il) during reaction is important
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mode of communication between the ligdnd n d site gnd the E89.

ATP ADP AMP |Acetoacetat ATP/Acetoacetat

(UM/min) [(UM/min) [(UM/min)| (UM/min) ratio

WT 76.3+9.9|123.7+ 4.5 67.6+9 | 33.5+1.5 0.8
WT no acetonq49.3+ 2.2|15.4+ 3.7]21.5+ 8.8 1.3+0.2

E89A 496 +5.112.1+1.151.9+2.¢ 05+0.1 1.4
E89A no acetor{50.3 + 15.{11.5+ 1.343.5+ 1.4 0.2+0.2

E89D 89.2+23 25+6.7(86.5+4.] 416+1.0 1.1
E89D no acetorf42.3 + 25.{ 14 + 0.4|41.7+0.] 0.3+0.1

Table 1.Rate of ATP consumption and rates of acetoacetate, ADP, and AMP production are
shown for the WT, E89A, E89D variant with and without acetone.

Ligand bindingalters thehydrogen bonding networdd AC.

Hydrogendeuterium exchange (HDX) can provide ingginto the effects of ligand
binding and can be used investigate protein conformational cRagiele backbone hydrogens
exchange readily with deuterium. By exposing WT AC to.@{0ontaining buffer overtime (1,
8, 20, 60, 180, 1440 minutes) the exchange can be exploited to determine changes in the
hydrogen bonding network due ligand binding (AMP or AMPacetate). By comparing the
deuterium uptake under these different binding conditions, we can ascertain the global

disruptions in the hydrogen bonding network and therefore infer changes in the stability, solvent
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accessibilityand dynamics or conformational change of a prdtéWe have employed this
technique to probe the changes in WT upon ligand binding.

Deuterium uptake was measured at multipteepoints in WT AC in unbound, AMP
bound, and AMPacetate bound conditions to examine the hydrogen bonding network in the
three subunits (alpha, beta, gamma). With AMP simulating the ATP/AMP structure where E89
should coordinate the Mn(ll) and AM&cetag simulating a product release structure where E89
is no longer coordinated to the Mn(ll). There were large differences in deuterium uptake for the

betasubunit while the alpha and gamma subunits did not show distinct changes upon ligand

binding (Figure 3)
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Figure 3. Intact hydrogedeuterium exchange highlights influence ligand binding has on
hydrogen bonding network in WT. Deuterium uptake curves over time shown for all subunits. In
the Beta subunit more uptake is seen in the AMPAdViB-acetate conditions compared to APO.
While the alpha and gamma do not see changed in deuterium uptake based upon binding

In the betasubunit, the addition of AMP lead to an increase in deuterium uptake across all
timepoints compared to the unbound (AP@While the AMPRacetate condition lead to a greater

increase in deuterium uptake than AMP alone. The difference in deuterium uptake between AMP
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and AMPacetate support that the addition of acetate leads to a unique conformation which may
be the product tease structure. Furthermore, the changes in deuterium uptake being
predominanetly in the beta subunit support the proposed rearrangement upon AMP binding to be
predominantly in the beta subunit, where binding occurs. However, the acetate binds inahe alph
subunit and no change in deuterium is observed. Perhaps the rearrangement in binding at the
alpha subunit produces a net zero deuterium incorporation (ie the areas that undergo exposure are
cancelled out by areas that are now undergoing protection)e\Wieilbeta subunit appears to

have more areas that undergo exposure under ligand binding.

Communication pathway from substrate binding to active site il\@T

To provide information on specific regions of AC that have altered hydrogen bonding
stability, pepsin digestion was added to the experiment. We can then infer changes in solvent
accessibility and/or conformational change of specific peptides that are correlated with catalysis.
Using the same conditions (APO, AMP, AMfetate) with a slightly alteretiimescale (0.5, 3,

30, 180, 1440 minutes) from the intact HDX experiment we recorded pégtieleHDX of the

WT enzyme.

Pepsinbased peptide mapping of WT AC yielded sequence coverage of the 95 % for the alpha
subunit, 96 % for beta, and 85% for gammapi@ementall). In the HDX experiments, we

focused on 33 peptides from critical locations such as the interior channel from the substrate
binding site to the Mn(ll) active site (Supplemer#al Interestingly, in the alpha subunitore
exchangevas obsergdin peptides that linéhe interiorchannelwhenAMP boundthan AMR

acetate(Figure 4).
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Figure 4. Peptidéevel HDX exchange shows specific changes upon ligand binding. One half of
the AC dimer is shown with the beta subunit (green), alpha subumjitaftd gamma (gray). A
proposed interior channel (black line) in the enzyme which leads from AMP(yellow) binding site
to the Mn(ll) active site. Histograms of % change deuterium uptake of AMP andatktiBte
compared to APO are shown of key peptides whiahthe channel. Peptides shown on the
structure in red.

We were particularly interested in peptide@which contain&89and undergoes a
helix to coil transition upon AMP bindintpat allows E89 to coordinate of Mn(IIThis peptide

shows significant differences in uptake upon ligand binding with AdMEnd having an increase
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in deuterium uptake compared to APO, while Aldéetate bound showed a decrease in uptake
compared to APO. The uptake patterns coincide with the peapchanges in the AMP bound
structure compared to the unbound. With the alpha helix of the E89 becoming disordered upon
coordinating the Mn(ll), resulting in higher exchange. While in the AddBtate bound enzyme
the E89 is not coordinated to the Mn(Ifjcathe alphdelix is intact, resulting in lower
exchange. Other peptides analyzed support AMP and-At&Rate inducing unique
conformational changes. With the peptides exhibiting opposite deuterium uptake trends when
bound.Comparing the unbound (APO) tiee AMP and AMPacetate bound conditions we have
successfully identified areas where there are changes in the deuterium exchange and infer an
interior channel in the betand alphasubunit upon AMRinding By mapping these areas on
thestructurewe canpropose wheran interior channel opens and allows for intermediates to
pass throughWe propose that these residues are not only involved in conformational change but

also for the communication between binding sites.

E89A disrupts the hydrogdmonding néwvork of AC

The E89 residue in the alpha subunit had been shown to be key for catalysis, perhaps
through Mn(ll) coordination. The variant EB9A being unable to undergo Mn(lIl) coordination is
the probe necessary to further elucidate the proposed conforalati@mge and communication
essential for catalysis. In order to do this, we repeated the intact protein and-{se@id€eD X
in the same manner as WT ARata from intact HDX showed different patterns E98A and WT

enzyme (Figure 5).
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Figure 5. Intact hyabgendeuterium exchange highlights influence on hydrogen bonding

network ligand binding and mutation has on E89A. In the Beta subunit more uptake is seen in the
amp and amyacetate conditions compared to apo, as seen inHbWever,the alpha and

gamma shunits are now also exhibiting changes due to ligand binding, which was not seen in
WT.

In all subunits there are measurable changes in deuterium incorporation based on ligand binding.
In the beta subunit the AMP and AM#etate conditions exhibited aniiease in uptake similar

to each other, while in WT the showed different deuterium uptake patterns. In the gamma
subunit the AMPacetate condition exhibited less deuterium uptake than the apo and AMP
conditions, while no change was seen in WT. In the apbanit, the bound conditions

exhibited the more uptake compared to unbound, this is in contrast to WT where no change was
seen. The changes seen in the beta subunit are similar to WT, except thacafsite not

incorporating more than AMP alone. The alaimal gamma disruptions are distinctive to the

E89A variation and suggest the E89A is disrupting the hydrogen bonding network of the protein

complex on itdéds own.
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To elucidate the specific protein regions responsible for the distinctive changes in
deuterium uptake caused by ligand binding and the E89A substitution, péetideHDX was

used.We focused our analysis on peptides that are part of the interior channel (Figure 6).
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Figure 6. Peptidéevel HDX exchange highlight exact areas of change in deatenptake due

to ligand binding in WTOne half of the dimer is shown with the beta subunit (green), alpha
subunit (tan) and gamma (gray). A proposed disrupted interior channel (black line) in the
enzyme. Histograms of % change deuterium uptake of AMPAMPRacetate compared to APO
are shown of key peptides which line the channel. Peptides shown on the structure in red.
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In the beta subunit of E89A the deuterium uptake of AMP and /AkHRate bound forms
exhibited similar patterns of exchange than the Mglind conditions. In the alpha subunit of
EB9A this also is the case with both conditions exhibiting the same trends and overall uptake. In
the E89A containing peptide &6, both AMP and AMRacetate exhibited more uptake than
APO. This is in direct cordist to the WT behavior which had AM#eetate exhibited
significantly decreased uptake than APO while AMP alone showed more uptake than APO.
Thesedata is consistent with the E89A not being able to coordinate Mn(ll), with the helix if
E89A unable to undergmonformational change. The E89A substitution alters the active site

environment as well the hydrogen bonding network around the interior substrate channel.
Discussion

AC is a large noitanonical carboxylase that manages to phosphorylate acetone and
bicarbonate in the formation of acetoacetate from a single molecule of ATP. This is done without
the use of biotin or other cofactors that canonical carboxylases empldyeif-yrevious studies
have shown AC to be a large complex protein with the ligand binding and phosphorylation take
place ~40A from the Mn(ll) active site. Conformational change was hypothesized to be
important for catalysis. We also hypothesized that camaation between these two sites must
be essential for modulating the conformational change. In this work we employed a variety of
technigues to elucidate the necessary conformations for catalysis.

All the data taken together elucidate the interior cehimthe protein which is

dependent on ATP/AMP binding and the E89 residue coordinating the Mn(ll) (Figure 7).
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Acetoacetate
release
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Figure 7. Overview of AC structural changed during reaction for WT and E89A. A) Half the
dimer of WT showing illustrating the structural chadgluring reaction. Where nucleotide
binding (yellow), where then allosteric communication occurs from that binding site to the E89
residue where then acetoacetate is formed. B) The E89A half of the dimer is shown where
nucleotide binding (yellow) invokes small change but allosteric communication is disrupted to
the E89 residue and therefore the reaction is disrupted.

EPR data highlighting changes in the hyperfine spectra of the Mn(ll) caused by AMP
binding. This is evidence of the communication betwéerligand binding site and the Mn(ll)
active site where the E89 coordinates the Mn(ll) upon ligand binding. The E89D variant
exhibited changes in the EPR spectra upon AMP binding similar to WT while the E89A did not.
This suggests the E89 residue is pathe communication between the two sites. The rates of
catalysis were measured for the WT and variants revealing the ES9A variant is inactive and does
not produce acetoacetate. This implies the ability to coordinate Mn(ll) is essential for catalysis,

perhtaps by inducing conformational change.
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To investigate ligand induced conformational change in WT AC we employed intact
protein HDX. Thesedata exhibited large changes in deuterium uptake in the beta subunit upon
AMP-binding. This was congruent with a langarrangement in the beta subunit when ligands
bind, which opens an interior channel to the Mn(ll) active site. Furthermore, the intact HDX of
the AMP-acetate bound AC produced different uptake patterns suggesting a distinctive product
release conformatiowhich collapses the interior channel. We next performed peletigé
HDX to provide amino acid level information about the interior channel to the Mn(ll) active site.
The AMP and AMPacetate conditions exhibited opposite deuterium uptake trends atong th
interior channel which runs from the substrate binding site to the Mn(ll) active site. This
highlights the opening and closing of the channel which is essential for catalysis. The peptide 85
96, which contains the E89 residue also exhibited deuteriuakeitends consistent with Mn(ll)
coordination inducing unfolding of its alpha helix upon AMP binding, and reforming upon
AMP-acetate binding. From this we propose AMP and AitBtate are exhibiting different
conformations which are both essential for lysia.

Taken a step further, the E89A variant produced distinctive conformations of the protein.
With the EPR showing the EB9A cannot coordinate the Mn(ll) and so therefore unable to
generate the interior channel. We investigated the E89A variant usaog HDX. This exposed
that the E89A variant disrupted the hydrogen bonding network of AC and exhibited distinct
uptake patterns when ligands were bound. We did not anticipate this large of disruption of the
hydrogen bonding network based on a discretatimut. This suggests EB9A may exhibit a
change to its conformational ensembles from mutation alone. To probe the available

conformations, we then preformed peptideel HDX. This provided evidence of ES9A
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undergoing conformational change that can bind AMPis not conducive for opening an
interior channel and therefore acetoacetate production. E89 is therefore essential for allosteric

communication in the protein complex and carboxylation.

Materials and Methods

Expression and purification of recombinagetone carboxylase

WT, E89A and E89DAC from X. autotrophicusvere expressed as previously described
(Mus Sci Rep 2017) and purified as previously described (Mus Sci Rep 2017) with slight
modification. TheE. colicells were lyzed by sonfication in a 2%nTris, pH 7.6, 0.1 mM
EDTA, and 20% glycerol buffer. The lysis was applied to aMi#\ column (BicRad) and
eluted with a linear gradient with an imidazole buffer (25 mM Tris, pH 7.6, 0.1 mM EDTA, 20%
glycerol, and 400 mM imidazole). Fractions containi@ were pooled and buffer exchanged
into a 20 mM Tris, pH 7.6 buffer and applied to @€pharose (BiRad) column. The protein
was eluted with a linear gradient with an NaCl buffer (20 mM Tris, pH7.6, 800 mM NacCl).
Fractions were pooled and buffer exched into a 50 mM Tris, pH 7.6, 150 mM NaCl, 10%

glycerol storage buffer and stored-& C. Concentrations were determined by Bradford assays.

EPR spectroscopy

EPR samples of gsurified WT, E89A, and E89LX. autotrophicuACs were diluted to
36 mg/mL in 50 mM Tris, pH 7.6, 150 mM NaCl buffer. For AMP containing samples, 10 mM
AMP and 1 mM MgClwere added. For metdepleted samples, 90Q aliquots of EDTA/TEA
treated AC were removed (after buffer exchanging into Afkéebuffer to remove excess

EDTA/TEA) and concentrated to 25AQ.. Final concentrations were 27 mg/mX. (
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autotrophicu$ 73 mM protein. For MnGlreconstituted samples, 9@Q aliquots of MnC#
treated AC were removed and buffer exchanged against-fregeB0OmM Hepes, pH 7.6, 150
NaCl with or without 1 mM AMP and concentrated to 280 Final concentrations foX.
autotrophicusAC were 20 mg/mL (AMP present) and 21 mg/mL (ANtBe), or 55 and 57 mM
protein, respectively.

Samples were loaded into quartz EeBes and immediately flash frozen in liquid
nitrogen. Xband EPR spectra were measured using a Bruker EMX contiuenes(CW)
spectrometer equipped with a continuous helium flow Oxford cryostat set to 12K. Normal EPR
parameters were: modulation amplitud®eG, modulation frequency 100 kHz, 2 mW power, and
microwave frequency 9.38 GHz. Spectra for the MAgbund AC samples were-reeasured
under identical conditions but 1MW power, which we had previously determined was well

below the power at which sgieal intensity saturated.

Enzymatic assays

As-purified WT, E89A, and E89DAC was assayed for acetoacetate production via a
couple assay with-hydroxybutyrate dehydrogenade KIBDH) which converts acetoacetate to
3-hydoxybutanoate in the reverse reactigon the oxidation of NADH, as previously described
(Sluis PNAS, 1997, 94, 8458461). The rate of acetoacetate is proportional to the rate of NADH
oxidization which is observed at 340 nm. Parallel assays were conducted to analyze acetoacetate
productionalongside ATP hydrolysis and ADP and AMP production. In a rubtmppered UV
Vvis quartz cuvette, the reaction components were added to a final concentration of 100 mM Tris,
pH 7.6, 80 mM KCI, 54 mM KHCg 1 mM MgCh, 343nM NADH, 2 mM acetone, 0.25

mg/mL AC and 0.05 mg/mlb-HBDH and incubated at 3€ for 4 minutes prior to initiation by
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the addition of 2 MM ATP. Once ATP was added, the cuvette was inverted to mix andia 200
aliquot was removed and quenched with 10 mM EDTA (final concentration), pH 8.0 while the
cuvette was inserted into a Cary 6000i for-Mig analysis at 340 nm. The reaction was allowed
to proceed for 1.5 minutes, upon which anotherr@0@liquot was remeed and quench with 10
mM EDTA. The 2001 aliquots were placed in a 100 kDa MWCO spin concentrator (pre
chilled on ice) and spun at 14,000xg to separate protein from reaction products. Fhe flow
through was then injected onto an HPLC (Agilent) and run avBB% methanol (buffer B) and
97% 20 mM ammonium acetate, pH 4.5 buffer (buffer A) method for 15 minutes to separate the
peaks. ATP, ADP, and AMP eluted at 2.2, 2.9, and 5.8 min, respectively. ATP, ADP, and AMP
were gquantified using a standard curve anegration of the peaks. Trials were done in

triplicate.

Intact HDX

Stock solutions of WT AC (44.8 mg/mL) and E89A AC (41.7 mg/mL) were mixed with
MgCl2(1 mM) in the presence and absenc@liP ( 10 mM) or AMRacetate (10 mM).
Reactions were then dilutel:10 into deuterated reaction buff@00mM Tris, 100mM KCI, pH
7.6) Control samples were diluted into a rdeuterated reaction buffer. At each time p¢ints,
20, 60, 180, 1440 minute$) pL of the reaction was removadd direcinjected intoLCMS.
LC-MS analysis of proteolysis reactions was completed on a 1200 infinity HPLC (Agilent)
coupled to a MicroTOF LC mass spectrometer (Bruker). Peptides were separated on a size
exclusion column (Phenomenex 150 x 2mm) usingf | ow r at e ofven500 el / mir
conditions 90% solvent A [0.1% FA (Sigma) in water (Thermo) and 10% solvent B (0.1% FA in

acetonitrile) (Thermo)]. Data were acquired at 2 Hz over the scan range 50 to 1700 m/z in
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positive mode. Electrospray settings were as follows: nebulizer 3ét tar, drying gas at 8.0
I/min, drying temperature at 350 C, and capillary voltage at 3.5 kV. Data processing was carried

out with Bruker DataAnalysis software.

Peptidelevel HDX

Stock solutions of WT AC (44.8 mg/mL) and E89A AC (41.7 mg/mL) were migdMgCl »

(1 mM) in the presence and absencAliP ( 10 mM) or AMRacetate (10 mM). Reactions

were then diluted 1:10 into deuterated reaction bytf@dmM Tris, 100mM KClI, pH 7.6)

Control samples were diluted into a rdeuterated reaction buffert &ach time pointQ.5, 3,

30, 180, 1440 minutes) pL of the reaction was removed an quenched by adding it to 60 pL of
0.75 % formic acid (FA, Sigma) and 0.25 mg/mL porcine pepsin (Sigma) at pH 2.5 Badte.
sample was digested for 2 min with vortexangery 30 s and then flaglozen in liquid nitrogen.
Samples were stored in liquid nitrogen until the-MS anaysis. The LEMS analysis of RPA

was completed as described (Patterson et al 2B2i@fly, the LGMS analysis of RPAvas
completed on a 1290RLC series chromatography stack (Agilent Technologies) coupled with a
6538 UHD AccuratdMass QTOF LC/MS mass spectrometer (Agilent Technologies). Peptides
were separated on a reverse phase column (Phenomenex Onyx Mofdlghcolumn, 100 x 2
mm)atlCus i ng a flow rate of 500 €l /min under the
9.0 min, 5 to 45% B; 9.0 to 11.8 min, 45 to 95% B; 11.8 to 12.0 min, 5% B; solvent A =0.1 %
FA (Sigma) in water (Thermo Fisher) and solvent B = 0.1% FA in acetorfifhlermo Fisher).
Data were aguired at 2 Hz 4 over the scan range 50 to 1700 m/z in the positive mode.
Electrospray settings were as follows: the nebulizer set to 3.7 bar, drying gas ati&,0dkying

temperature at 350, and capillary voltage &t5 kV. Peptides were idefiid as previously
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described (Berry et al 2018sing MassHunter Qualitative Analysis, version 6.0 (Agilent
Technologies), Peptide Analysis Worksheet (ProteoMetrics LLC)PaptideShaker, version
1.16.42, paired with SearchGUWiersion 3.3.16 (CompOmics). Deuterium uptake was -deter
mined and manually confirmed using HDExaminer, version 2.5.1 (Sierra Analytics). Hesat map

were created using MSTools (Kavan et al 2011).
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Abstract

Homologous recombination (HR) igpathway for the accurate repair of doubteanded
DNA breaks, which are resected to yield sirgfind DNA (ssDNA). Rad52 promotes HR by
facilitating formation of Rad51 nucleoprotein filaments on ssDNA. Using sipayiticle cryo
electron microscopy, wehow that Rad52 functions as a homodecaiitez.Nterminal half of
Rad52 is a welbrdered ring, while the @&rminal half is disordered. An intrinsic asymmetry
within Rad52 is observed, where oneadew of the Gterminal halves interacts with the orddr
N-terminal ring.Within the Gterminal half, wadentify two conserved charged patches that
harbor the Rad51 and RPA interacting motifiseractions betweethesetwo charged patches
promoteasymmetry and regulate a tvgtage ssDNA binding mechanismterestingly the
intrinsic asymmetryallosterically drives Rad51 binding tessangle position on the Rad52 ring
We propose &ad52 catalyzed singleosition nucleatioomodel for the formation of pre

synaptic Rad51 filaments in HR
Introduction

Homologous recombination (HR) protects genomic integrity by repairing double
stranded breaks (DSB%Y.Mutations to genes that encode for i#ated proteins are implicated
in a plethora of human cancers and genetic disofddfsr accurate repair through HR,
information from the undamaged sister allele is used as a templ&&cdharornjices cerevisige
HR progresses through a series of defined steps beginning with resection, where the DSB is
processed by the MrelRad56Nb s 1 ( MRN) compl ex vyi éThei ng 3Nj s:

transiently exposed ssDNA is coated by the +affimity ssSDNA binding protein Replication
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Protein A (RPA§’ which then recruits the Medddc2 DNA-damagesensing kinase to regulate
downstream events in H¥.

Rad51, the recombinase, catalyza@entification and pairing of the homologous sequence
in the undamaged allele. Rad51 forms a helical flament on ssDNA with definediivin
nucleation and filament growth proces$®¥.-Formation of the Rad51 filament on RRAated
ssDNA occurs during the pi/naptic phase of HR. i&e Rad51 binds to ssDNA with lower
affinity (Kp~ 10°M)*2 compared to RPA (K< 101°M)**14 mediator proteins are required to
overcome the thermodynamic barrier to facilitate SSDNA handoffHRanediators function to
promote formation of Rad51 filaments whereag-HR mediators facilitate Rad51
disassembly® In yeast, Rad52 is the sole priR mediator. In mammals, Rad52 and Brca2 play
overlapping roles in promoting Rad51 filament formatiotf.Deletion ofRad52in S. cerevisiae
has severe defects in various recombination processes including-&sutfrident allelic
recombination and RadSftdependent singistrand annealing)!’2

In terms of the mechanism of action, yeasi human Rad52 are considered to function
as heptameric ring®&2° However, structural studies of thet&minal truncated human Rad52
show that the compleis an undecaméf:?’ Recent CryeEM analysis of fullength human
Rad52 also behaves an undecamé?.Thus, the functional stoichiometry of yeast Rad52 in
solution is uncertain. Both DNA binding and protgirotein interactions are integral to the
recombinogenic functions é&tad52. When promoting Rad51 filament formation, Ra@s@ires
binding to ssDNA and substrates with a 3N ove
simultaneously bind to two strands of SSDNA or one ssDNA and another dsDNA fragment. A

new function for Rad52 in RNAemplated DNA repair was recently uncovefeéthat would
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require simultaneous binding to both DNA and RNA fragm&hEach Rad52 subunit is
composed of an orderedtdrminaland disordered @&rminal half Fig. 1a).The primary DNA
binding activity and the oligomerization regions are harbored in tfe¥minal half? whereas
Rad51 and RPA binding motifs reside in the disorder¢er@inal half of Rad53%3 A weaker
DNA binding site has also been identified in thée@minal regiort>*°Two crystal structures of
the N-terminal half of human Rad52esidues 4212) bound to sSDNA were recently solvéd.
An outer and inner DNA binding site in the orderedexminal half coordinates DNA binding in
Rad52234243

Physical interactions of Rad52 with Rad51 and RiP&essential for the mediator
functions in HR, and both binding sites reside in the disorderiedr@inal half of Rad53%3
The Gterminus also promotes phase separation of Rad52 into liquid droplets and cluster DNA
damage site¥ In addition to the above mentioned roles, Rad52 regulates the extent of DNA
resection during HR by regulating the Rgh1 helicase in fission §fastthermoe, Rad52
functions in other processes such as regulating retrotranspd8iGRISPRCas9 genome
editing#” and IgD classswitch recombinatiof® Given the emerging mufticeted functions of
Rad52, knowledge of it functions and mechanism of action is critical.

We show thaB. cerevisia®kad52 functions as a homodecamer with each subunit
possessing an orderedtdrminal and disordered-términal half. Upon ssDNA binding,
extensive conformational changes are observed in both the ordasrchial and disordered-C
terminal halves of Rad52. More interestingly, we find an intrinsic asymmetry in Rad52 imparted
by the Gterminal half. One, or a small subset of thée@nini inteacts with the Nlerminal ring

and dictates ssDNA wrapping and diffusion properties. The allostery also dictates Rad51 binding
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to a single position in the Rad52 ring and guides Rad51 filament formation. Furthermore,
interactions between Rad51 andddmind half are observed. Our findings reveal how the
ordered decameric-éérminal ring and the disorderedt€minal region cooperate to perform

the mediator role of Rad52 to facilitate Rad51 nucleation during HR.

Results

Saccharomyces cerevisiae Rad52 fumstias a homodecamer

Yeast and human Rad52 are canonically considered to function as heptamers based on
negativestain transmission electron microscopy and analytical ultracentrifugation (AUC)
analysis’®*2> However, crystal structures of thetBrminal half of human Rad52 revealed an
undecamer both in the absence or presence of s&FRlvith ssDNA encircling the ring in a
uniform mannef®2’#1Thus, to establish the functional stoichiometry, we perforsiegle
particle Gyo-EM analysis of fullengthS. cerevisia®&kad52.Recombinantly overproduced and
purified Rad52 is predominantly a single species in both mass photometry (MP) and analytical
ultracentrifugation sedimentation velocity (A9 analyses over a range of protein
concentrations testdéfig. 1B and Supplementary Fig. B small fraction (~510%) of a higher
order species is observed and corresponds to double the mass of the nkajoh@@aedicted
mass of one Rad52 subunit is 52.4 kDa and measurements from MP and AUC yield molecular
weightsof ~500kDa (~10monomers) and ~DD kDa (~19-20 monomersjor the two species,
respectively (Supplementary Tables 1 & 2). These data suggegetist Rad52 functions as a

homodecamer in solution.
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Figure 1. S. cerevisiae Rad52 functions as a homodecamer. A) Schematic representation of a

yeast Rad52 subunit depicts &hd Gterminal regions that promote DNA binding,

oligomerization, & proteirprotein interactions. B) Mass photometry analysis predominantly
shows a single Rad52 species. The major species (>85%) shows a mass of 498.4+23.8 kDa. A
minor 991.8+ 75.34 kDa species (18%) is observed along with a small fraction of free

monomers (72.943.9 kDa). C) Representative 2D classes oflanigth yeast Rad52 observed in

Cryo-EM analysis and used for determination of the structure. D) Color coded depiction of the
local resolution mapped on to the Rad52 CEM map. E) Gold Standard Fourier shell
correlation (FSC) curves estimated using Cryosparc. F) De novo built atomic model of Rad52

overlaid on the CrydeM map. G) Atomic model of a Rad52 subunit (magenta) aligned with the

crystal structure of human RAD52 (grey; PDB 1KNO) using Chimera with Reah Square

Deviation (RMSD) of

0.

849

Cryo-EM structure of fullength S. cerevisiae Rad52

for
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at oms

2D classification of Rad52 single particiesCryo-EM analysisconfirmed thatyeast

Rad52 igpredominantlya homodeameric ring (Fig. 1G& Supplementary Fig.)2 Rings with 9

or 11 subunits were also rarely observed (<0.2% of all parti@Bs)econstruction and

of
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subsequent refinemerdvealed strong density for thetBrminal half(Supplementary Fig. 3).
However, onlypartial densitywas observetbr the C-terminal half which isconsistent wittthe
disordered nature. The finelyoEMmap r econstruction reached an
with local resolutiorranging from2.97 6 (Figs. 1DF & Supplementary Table)3Using the
refined map, @e novamodel was built for the Nerminalregion encompassireggmino acidb4-
143. This regn of yeast Rad52 is structuralymilarto humanRad52(41% sequence
identity)?” with a RMSD of 0.89 fCa atomsof 87 amino acid pair§-ig. 1Gand
Supplementary Fig.)4However, &ey differencas the absence of resolvable density for the
petatlike extension®bservedaround the periphery of thigng structureof human Rad52
suggesting theidynamicnaturein yeast Rad52Fig. 1G and Supplementary Fig.&¢*The
overall charge distribution and the interfaces that coordinate oligomerization are conserved

between the two proteins (Supplementary Fig. 4).

Rad52 displays biphasic ssDNAnding activity

Next, to investigate how the Rad52 decamer binds to ssDNA, we followed the change in
intrinsic tryptophan (Trp) fluorescen¢gigs. 2A & B). We used poly(dT) or (d%) to determine
the occluded sitsize of Rad52 which is defined as the nembf SSDNA nucleotides required to
saturate all the potential binding sites on the protein. Two binding phases are obsenaed with
high affinity (Kp = 1.3x10*M) andrelatively loweraffinity (Kp = 28x10°M) site saturating at
55+£3nt and 158+3t perRad52 decamer, respectively (Fig. 2A & Ripplementary FighA &
B). In the DNA-bound crystal structures of human Ratd58epending on the mations
introduced to promote crystallization, an inner binding site was observed where a 40 nt sSSDNA

oligonucleotide wraps around the undecameric ring (~3.6 nt/subunit; Supplementary Fig. 6A)
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An outer binding site was also captured with 6 nt of sSSDNA saehat between two Rad52
undecameric rings (Supplementary Fig. 8B)n comparison, our data reveals that for yeast
Rad52 ~5.5 nt/subunit and ~15 nt/subunit are required to saturate the high and low affinity
binding sites, respectively. These data suggesethen though the Rad52 decamer contains one
subunit less as comparediioman Ridb2 the high affinity binding site is larges.5
nucleotides/subunit as compared td Bucleotides/subunit indicating that #&DNA wrapping

by yeast Rad5fhay notbe unifam as observed for human Rad52.
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Figure 2. Rad52 binds to ssDNA using multiple binding sites. Tryptophan quenching
experiments with A) poly(dT) or B) (dT)84 reveal two ssDNA binding phases for Rad52 with
sites sizes of 56+3 and 158+3, respectively. @sdphotometry analysis of (dT)84 or
Rad52+(dT)84 (1:0.1 or 1:1, Rad52decamer:ssDNA) show that a single Rad52 homodecamer
binds to (dT)84. The small fraction of the higher order Rad52 molecules also bind to ssDNA and
behave as a single DNBound complex. DTryptophan quenching of Rad52 as a function of
ssDNA length shows that DNA lengths of >(dT)45 are required to observe maximal signal
guenching.
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Two binding phases could also be explained by the accumulation of sSDNA bound Rad52
aggregates as hhsen proposed for human Rad%Z.0 investigate this paibility, we
performedVIP and AUCY analysisto ascertain the stoichiometry of yeast Rad52 decamers
bound to ssDNA. Wenbinding of Rad52 tshort (dT)s or long sSSDNA (dTy; is assessed,
stoichiometric Rad52 decamBiA complexesare observedSupplementy Fig. 5C). The
minor fraction of tweRad52 ring species also binds to equimolar amounts of ssDNANQer
(dT)e70r (dT)ks SSDNAsubstrates, predominantly 1:1 complexes are observed even under
conditions where a 1fbld excess of the Rad52 ring is peas Fig. 2C).Fluorescence
anisotropy analysis reveals that Rad52 binding to ssDNA is highly sp@iifpplementary Fig
5B), and shows hallmarks aihequilibriumprocessncluding saturation, high affinity
(Supplementary FidhA, B &C), and reversibity (Supplementary FipE). Furthermore, the
affinity for ssDNA interactions is dictated by the length of the ssDNA ang{8ding gives a
similar readout as (d3jor poly(dT) providing an independent confirmation of the binding site
size analysis (Fig. 2DY hese data suggest that there are intrinsic differences in the ssSDNA
binding properties between the yeast and human Rad52 prieixts we investigated whethe

the disordered @erminal halfof Rad52contributes to non-uniform s©NA binding.

Hydrogendeuterium exchange maspectrometry (HDXMS) reveals
conformational changes in thet€minus of Rad52 upon ssDNA binding.

While the Gterminal half of yeast Ra@5s disordered in our structure, interactions between this
region and DNA have been captufédhus, to map the overall DNA binding driven
conformationachanges and to identify other potential DNA binding regions, we performed
HDX-MS analysis of Rad52 in the absence or presence of ssD&lfteriumincorporationwas

guantifiedas a function of timér Rad52andthe Rad52ssDNA [(dT)7] complex. Peptidesivel
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deuterium uptake wasomparedetween conditions (Supplementary Figd.0J. The difference
in HDX between Rad52 and the Rad@)s7 complex(differentiatHDX) were mapped onto an
Alphafold model of the Rad52 mononmeatd shown as a heatm@pg. 3A). Regions colored
blue and red depict increased and decreased differetididl respectivelyThe Alphafold
model aligns well with the cryoEM structuoé the N-terminal half of Rad52Supplementary
Fig. 10). DifferentiatHDX changes are observed in thediminal half upon DNA binding as
well asinner, outer, and transitioegions as expected based the homologous DNA binding
regions in human RadEig. 3B-D and Supplementary Figs. 7 & &terestingly, a surprising
number of peptides in thlisordered @erminal half also show changes in differentiid X
upon ssDNA binding (Fig. 3A,4E, and Supplementary Figs. @)ne peptide in particular
(residues 383113) displays the largest HDX changes (Fig. 3E). A more detailed investigation of
the MS data for thipeptide shows an intriguing bimodal deuterium uptake pattern (Fig. 3F and
Supplementary Fig. 11). In the absence of DNA, two populations of this peptide are observed
that show low or high deuterium uptake. Calculation of the distribution based on isitinte
shows that ~70% of this peptide displays higher uptake (Fig. 3G). In the presence of SSDNA, a
loss of the higher uptake population occurs. The data suggests an intrinsic asymmetry in the
structural organization/accessibility of thet€@minal half (Ctails) of Rad52 where a small

subset of the @ails are protected from deuterium uptake.
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Figure 3. Hydrogemleuterium exchange maspectrometry reveals ssDNA driven changes in

both the N and Gterminal halves of Rad52. A) DifferentitlDX changes betwan Rad52 and

the Rad52dT)97 complex are projected on to the Alphafold predicted structurd>Q%778

F1). DNA-induced HDX changes in the known DNA binding regions (inner, outer, and transition
binding sites) are noted. Raw HDX data showing differencdsmpeptides harboring B)

Transition (R37), C) Outer (R115), and D) Inner (K134) ssDNA binding sites are shown with the
key residues highlighted in red. E) Deuterium uptake profile for peptidd B83 the

disordered @erminal half shows a significantduction in deuterium uptake upon ssDNA

binding. F) & G) A bimodal distribution of deuterium uptake was observed in the Rad52 apo
sample with least uptake by population 1 and high uptake by population 2. Population 1
represents only 30% of the total sigaaggesting that not all subunits in Rad52 are uniform in
structure or conformation

Since there is a dichotomy in the behavior eB{s, we reanalyzed our 2D classes from
the CryeEM dataset to gain further insights into this asymmetry. Several 2Beslatiow the
presence of extra bright density adjacent to one part of the decame(iBupgementary Fig.
12A). Unfortunately, detailed structural refinement was not possibtee thigs adisordered
region. Low resolution 3B¥olumecalculationsshows the extra density situated on the outer side

of the ring closer to the frminal half of one side of the Rad52 decamer (Supplementary Fig.
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12B). The data reveal an interesting structural feature where only a small subset gailse C
interact with thedecameric ring of Rad52.
Crosslinking mass spectrometry (XMS) analysis reveals interactions

between the ordered-términal and disordered-terminal halves of
Rad52

To identify the regions of the disordereed&minal half that interact with the orderisd
terminal region we performed XMS analysis of Rad52 with bis(sulfosuccinimidyl)suberate
(BS3.*° The N-hydroxysulfosuccinimide (NHS) estepssitioredat either end othe BS3
crosslinkerare spaced-8toms apart anlikely report on crosslinks whit primary amines
Rad52 that are up to 12A apdriXL-MS analysis on Rad52 ale or in complex with SSDNA
[(dT)e7] showed an extensive array of crosslifksy. 4). ~38%and ~19%of the crosslinksare
unique to the unbourahd DNA bound Rad5@onditiors, respectivelykor clarity in discussion,
we present the data from the perspecof the two halves of Rad52 and foausthe crosslinks
between the two halves (Figs. 4A & B). Specifically, 184 Lys117, and Lysl34 in the N
terminal half make contacts with a defined region in titer@inal half (residues 34880;Fig.
4C).Lys-84 and Lys117 are close to the outer ssDNA binding site whereaslByss the inner
binding site residueHig. 4C) Closer examination of the interaction region in theninal half
reveals that it harbors the Rad51 binding site. Mutations in thisregidurb Rad51 interactions

and give rise to HR defects in ye&5t! Given the abundance of conserved positively charged

amim aci d residues 1 n pokitivespatchbe g(i Sounp, p Iwveemet netranr yt hH i
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Figure 4. Cross linking masgpectrometry (XEMS) reveals interactions between theddd G
terminal halves of Rad52. A) Rad52 or B) the Ra(thP)97 complex wasubject to

crosslinking with BS3, and the resulting crosslinks were identified using MS. For clarity, data
are mapped onto the-términal (purple) and @erminal (cyan) halves of Rad52 as two distinct
regions. IntraN and intraC half crosslinks are colodgourple and cyan, respectively. Inter
crosslinks between the-ldnd Gterminal halves are colored green. C) Schematic representation
of Rad52 shows positions of the RPA and Rad51 binding regions. The proposed positive and
negative patches are denoted #rlkey crosslinks between the DNA binding sites, and the
positive patch identified in the XMS analysis are highlighted.

Comparison of the crosslinks observed in the presence of ssDNA reveals both loss and
gain of interactions (Fig 4). In particular, seal of the crosslinks observed in the positive patch
are lost (Fig 4B). These data suggest that sSDNA binding modulates interactions between the N
and Gterminal half of Rad52. In addition, substantial inf-derminal crosslinks are captured,
suggestinghat interactions within the disordered region might be important for function. We
note t hat negativepaicd er & & d d-€sninal half of Raa52 Qesidues 2280)
that harbors the site for RPA binding (Supplementary Fig31Significant crosslinks are

observed between the positive and negative patches (Fig. 4). Wis@rtbat the network of



