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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 dynamics, and structural biology 

are individual, yet related fields.  Progress and technical advancements in one field inform and 

drive the others. In this thesis, four protein complexes 2-ketopropyl-coenzyme M 

oxidoreductase/carboxylase (2-KPCC), acetone carboxylase (AC), Replication protein A (RPA), 

and Radiation sensitive 52 (Rad52) were studied to elucidate conformational change and 

allostery during catalysis. A variety of orthogonal biophysical approaches were used to study 

these systems. To infer changes in protein dynamics and conformation, hydrogen-deuterium 

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, RPA and Rad52 has led to the description of conformational changes essential for 

function. Ion mobility coupled to native mass spectrometry was used to investigate the available 

conformations of 2-KPCC during catalysis and led to the discovery of residues essential for 

modulating those conformations. The 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 several protein systems that contain 

allosteric networks which 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 

protein was solved for myoglobin in 1958, followed shortly thereafter by hemoglobin in 1960.1,2 

While these first crystal structures were milestone accomplishments, pushing the limits of 

biological insights, they also revealed new and exciting questions. In a landmark 1965 paper 

Monod, Changeux, and Jacob describe allostery in their introduction:3 

Ever since the haem-haem interactions of haemoglobin were first observed, this 

remarkable phenomenon has excited much interest, both because of its 

physiological 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 another in the molecule. 

Since this statement was made more than 60 years ago, the study of protein structure, dynamics, 

and allostery have each grown into their own fields, yet continue to challenge scientists. 

Structural techniques (X-ray crystallography, cryo-EM), biophysical techniques (mass 

spectrometry, nuclear magnetic resonance, fluorescence) and the advancement of computational 

techniques (molecular dynamics simulations, structure prediction) has led to a much deeper 

understanding of protein systems. However, numerous nuanced and fundamental questions 

remain. For example: Is every protein allosteric?4 Would proteins at large benefit from being 

allosteric? 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, conformational ensembles, 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 on their 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 information needed 

for the protein to fold into its native structure. Multiple amino acid sequences can adopt a given 

fold, which is known as sequence capacity.5 Uniprot, a database of protein sequences and 

functions, contains over 70 million protein sequences with more being added as sequencing of 

microbial genomes continues.5 How 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 few 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 primarily van der Waals forces, 

electrostatic interactions, hydrophobic interactions, and hydrogen bonding.6,7 In addition, 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 very short-range attractive 

or repulsive forces observed in neutral atoms. Electrostatic 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 with 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 helps stabilize the three-

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 probable.8 It is 

estimated that before folding, each residue in a protein can potentially take on 10 different 

conformations.9 If a peptide chain of 60 amino acids were to sample all possible conformations, 

it would need to sample 1060 conformations, 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 

protein folding is not a random search problem.10,11 The energy landscape theory accounts for the 

discrepancy in timescale. In the energy landscape theory, proteins fold as they travel down a 

funnel-shaped energy landscape (Figure 1).12 The funnel is wider at the top where more 

conformational entropy and higher energy conformations are present. As the protein folds, it 

loses entropy, however, this is compensated for by a greater increase in the entropy of the solvent 

(water). The hydrophobic effect is based on the tendency of water to exclude nonpolar 

molecules. In most cases, this is the major force driving protein folding. As the protein travels 

down the funnel, the conformational landscape narrows and the protein eventually adopts its 

native fold.9–14 The energy landscapes can be rugged and have many energy maxima and 

minima. Meaning there are many 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 



 

 

4 

by low barriers this leads to native conformational microstates where sample frequency is based 

on the energy barriers between them.6 

 

 

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 intermediate states during 

energy maxima on their way to the native fold. Image taken from Dill et al ,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: tier-0, tier-1, and tier-2 (Figure 2). Where tier-0 is defined by 

conformational microstates that are separated by energy barriers that are more than one kT, 

(Boltzmans constant and absolute temperature) or greater than 4.11x10-24 kJ.6,15 Tier-0 occurs on 

a relatively slow timescale (s-ms) and conformational transitions in this tier 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. The tier-1 and tier-2 microstates occur on fast 

timescales (ps-ns) and inside the wells of the tier-0 microstates. The energy barriers separating 

these conformations are generally less than one kT ( less than 4.11x10-24 kJ) and result in 

conformational transitions that occur with greater frequency and smaller changes to the protein 

structure.6,15 The conversion between conformational microstates within an energy landscape 

manifest as protein dynamics. 

 

 

Figure 2. Rugged bottom of the protein folding funnel depicting tier-0, tier-1, and tier-2 

conformational microstates. tier-0 occurs on slow timescales, while tier-1 and tier-2 occur on fast 

timescales. Tier-1 and tier-2 microstates occur inside of tier-0 microstates. Figure adapted from 

Henzler-Wildman et al, 2007 Nature and Liu et al, 2012 Protein Eng. 
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Protein Dynamics 

Interconversion between conformational microstates leads to protein motion. Protein 

motion occurs over a wide range of timescales (fs-minutes)(Figure 3).15,16 Also, the scale of these 

motions occurs over a broad range, from bond vibration (fs) to local unfolding (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 timescale, which is well-suited to analysis by mass spectrometry-

based approaches.16 

 

 
 

Figure 3. Timescale of protein motion. Conformational change occurs on the µsec to minutes 

timescale. Mass spectrometry is ideally suited to measure msec to minutes of protein motion. 

Figure adapted from Ben-Nissan et al, 2011 Chem Soc Rev . 

Protein dynamics describes a wide variety of motion.13 At one end of the continuum is 

the  rigid body motion of the subunits in hemoglobin, where the subunits reorient with a pivot 

motion, while the fold is relatively static.13 Slightly more dynamic proteins can have side chains 

that participate in local protein motions. When backbone dynamics become involved, larger scale 

conformational changes can occur. In the case of a local unfolding event in a protein, where 

fsec psec nsec µsec msec sec min

Atomic 
vibrations Molecular tumbling

Collective motions

Protein folding

Conformational changes

Measurable by Mass Spectrometry
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stretches of backbone unfold, resulting in a flexible disordered region. At the most dynamic end 

of the continuum are intrinsically disordered proteins (IDPs) which contain one or more stretches 

of amino acids which lack a defined structure and have extreme conformational flexibility.13,17,18 

IDPs have the freedom to sample 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. Proteins 

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 

transition.18 

Allostery 

Allostery as a means to describe protein function has gone so far as to be labeled the 

‘second secret of life’.19 Allostery’s importance in biology has been known for over 50 years.20 

Allosteric regulation is essential for understanding a multitude of important processes, including, 

signal transduction, molecular machine function, transcriptional regulation, and metabolism.  

However, a clear molecular understanding of allostery is lacking. The definition of allostery that 

I find the most informative is: allostery is ligand binding, or other energetic perturbation, that 

causes a change in protein structure or dynamics at a distal site.19 Many 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 binding to hemoglobin in response to higher concentrations of 

carbon dioxide and lowered blood pH.21,22 Bohr and contemporaries also reported the sigmoidal 
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nature of the oxygen binding curves, which are hallmarks of cooperativity. Ligand or effector 

binding increasing or decreasing the probability 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 (Monod-Wyman-

Changeux), also known as the concerted or symmetry model (Figure 4).3,23 The MWC model 

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 two states exist 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 allostery 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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Figure 4. 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 unbound forms of the protein. Figure 

adapted from Hisler et al, 1996 J Mol Bio. 

The KNF (Koshland-Nemethy-Filmer) or sequential model, is another model of allostery 

(Figure 4).21,22,24 Like the MWC model, the KNF model assumes two states, high and low 

affinity. However, it allows each subunit in the protein complex to undergo conformational 

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 allostery but still falls short of fully 

explaining the complexity of these processes. Although neither model accurately explains all 

examples of allostery, both the KNF and MWC model have been useful in providing insight into 

MWC allowed states

KNF allowed states

Ensemble allowed states
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the relationship between protein structure and function. One insight gained from these models is 

that the structural conformations available to a protein cannot be categorized into a two-state 

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).25–27 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 thought to induce 

conformational change that resulted in a distinctive shape, but that is not always the case, and 

some proteins undergo subtler conformational changes. Allostery can also be present in a protein 

even in the apparent absence of conformational change.4,13,14,22,28,29 Changes can be characterized 

by alterations in entropy when an allosteric effector is bound. In this case the binding of the 

effector does not change the average conformation but instead the conformational ensemble is 

altered.28,29 One common hypothesis is that proteins contain a conserved allosteric pathway that 

is responsible for transmitting the allosteric signal.25 In other words, the conserved allosteric 

pathway is how communication occurs between distal sites. For a signal to be sent between sites, 

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 dynamics and conformation, 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 I focus primarily on hydrogen-
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deuterium exchange coupled to mass spectrometry and ion mobility coupled to mass 

spectrometry, discussed more below. 

Ligand binding alters protein energy landscape 

The free energy and entropy a protein exhibits are directly related to conditions such as 

pH, salt concentration, and temperature. Changes to these conditions will lead to alterations in 

the energy landscape of a protein (Figure 5).24,26,30 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 how energy landscapes would be altered by an external 

effector.13,22 The first occurs when one conformation of the protein is stabilized. In this scenario, 

the energy landscape is redistributed to create a single “deeper” energy leading to a favored 

conformation. The second case is when the energy landscape is altered such that a new 

conformation becomes accessible. 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 conformational ensemble. A) 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 Goodey et al, 2008 Nat Chem Biol. 

The description of protein-ligand interactions has changed since the concept was first 

proposed by Emil Fischer in 1894 (Figure 6).30,31 One of the currently favored models, called the 

conformational selection model, considers the ensemble of conformations proteins can adopt. In 

the conformational selection model, ligand binding shifts the conformational population and 

redistributes the conformational states and energy landscape in the ways described in the 

previous paragraph.13,22,25,26,28 Historically the previous models of ligand binding fell short of the 

complexity of the systems. The first model of ligand binding was lock and key, where enzyme 

and substrate exist in complimentary shapes to one another.24,26,32 However, this could not 

explain enzyme promiscuity or affinities for different 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 exist.24,26,32 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) Induced fit model, 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. 

 

 

 

 

C) Conformational selection model

B) Induced fit model

A) Lock and key model
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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 

three-dimensional shape of a protein. One of the most important with respect to conformational 

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 amide and carbonyl groups of the peptide 

backbone and polar functional groups on the sidechains of amino acids.33 Protein hydrogen 

bonds are generally made whenever two criteria are satisfied, the donor and acceptor atoms are 

within 3.5 Å of each other, and the angle between them is greater than 90.34 The energy of the 

hydrogen bond is dependent on the length of the bond and is normally 20-25 kJ mol-1.34 

Hydrogen bonding in a protein can be thought of as a cooperative network that plays an 

important role 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 can be used to infer 

changes in dynamics or conformation of a protein. One technique used to investigate hydrogen 

bonding networks is hydrogen-deuterium exchange coupled to mass spectrometry (HDX-MS). 

Hydrogen atoms in O-H, N-H, C-H and S-H found in amino acids are regularly exchanged with 

surrounding water molecules.33,35,36 Exposing a protein to a D2O-containing buffer, the 

hydrogens will be replaced with deuterium. Sidechain O-H, C-H, and S-H will exchange 

immediately, while the N-H in the peptide backbone will exchange on the 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 exchange on the amide backbone hydrogens will be measured by 

mass spectrometry because of the slower timescale of exchange. 

 

 

Figure 7. Overview of HDX reaction. A) Principles of HDX reaction. Protein is exposed to 

deuterium buffer and solvent accessible regions of the protein exchange quickly while structured 

regions exchange slowly. B) Benchtop HDX reaction is initiated by diluting protein 1:10 into 

deuterium buffer. The reaction is quenched by lowering the pH and temperature which slows the 

exchange of hydrogen/deuterium and a pepsin digestion is performed before flash freezing with 

liquid nitrogen. The peptide mixture is then stored in liquid nitrogen until LC-MS analysis. LC-

MS allows for the determination of how much deuterium is incorporated per peptide through the 

analysis of the isotopic distributions for each peptide. Figure adapted from Tokimina-

Lukaszewska et 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 ability of the amide hydrogens 

participating in hydrogen bonding to exchange is related to the local fluctuations in the hydrogen 

bonding network. Local hydrogen bonding fluctuations have been termed “closed” to signify the 

amide hydrogen is participating in a hydrogen bond, and “open” to signify the amide hydrogen is 

no longer participating in a hydrogen bond.33 The rate of conversion between the “open” and 

“closed” states is k(open) and k(closed), respectively. If the rate of deuterium exchange 

k(exchange) is equal to k(open), this is referred to as EX1 kinetics and only one opening event 

occurred before exchange.33 If multiple opening and closing events occurred before 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 network. 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 comparing the deuterium 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 in the third chapter in this thesis. 
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By adding a proteolytic digestion step to the hydrogen/deuterium exchange experiment, 

the number of deuterium incorporated into a specific peptide can be measured. This locates the 

exchange to the specific region of the peptide.  While intact HDX-MS elucidates global, overall 

changes in deuterium exchange, peptide-level HDX-MS illuminate local disruptions in the 

hydrogen-bonding network and provides a more detailed picture of regions that experience 

exposure or protection from exchange.37 Additionally, by examining enzymes poised with 

substrate or variants with amino acid substitutions, which 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 catalysis. Peptide-level HDX-MS is used to examine the 

catalytic cycle in the third, fourth, and fifth chapters. 

Ion-mobility- native mass spectrometry to study proteins 

In native mass spectrometry (NMS), when measurements are conducted under non-

denaturing conditions, structure is maintained during the desolvation and ionization process of a 

protein or protein complex.38,39 Observing proteins under native-like 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 techniques when transitioning to 

the gas phase. From employing these protocols information about protein conformation can be 

obtained because most non-covalent interactions are maintained, permitting secondary and 

tertiary structure to be preserved. Mass spectrometry 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, comparing the charge state distribution 

of a protein under varying conditions can aid in determining a protein’s fold (Figure 8A & 

8B).38,40,41 Ligand binding or mutation which has an effect on the fold of the protein will produce 

a change in the charge state distribution. By comparing the unbound/WT protein with the ligand 

bound/ mutant protein it is possible to determine if conformation has changed. 

Figure 8. Representative charge state distributions and mobiligram. A) Charge state distribution 

of a denatured protein highlighting the plethora of charges available.  B) Charge state 

distribution of a folded protein highlighting the limited number of charges available. C) 

Mobiligram of a folded protein. 

NMS can be coupled to ion mobility spectroscopy (IM). IM measures the time it takes 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 spectrometry (TWIMS) instrument, a variation of IMS. The 

drift cell of the TWIMS instrument contains a T-Wave mobility separator which produces an 

oscillating electric field through stacked ion ring electrodes (Figure 9). In the TWIMS 

instrument, the maximum RF (radio frequency) applied is 250V peak-to-peak with a typical 

m/z

Charge State Distribution of Denatured Protein

+23

+22

+21

+20

Charge State Distribution of Folded Protein

m/z

A B C
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frequency of 2.8 MHz which will produce a maximum wave amplitude of 40V.42–44 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 through the cell but 

low enough to not cause fragmentation or denaturing of the protein. The time it takes for an ion 

to traverse the T-Wave drift cell is related to its mobility.43 Ions 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 times. Mobility is related to the size, shape, 

and charge of the molecule (Figure 8C). IM-NMS measurements can also provide the collisional 

cross section of a protein (CCS or ). The Mason-Schamp equation is used to calculate CCS 

(Equation 1).38 In this equation the charge of electrons (e) and ions (z), buffer gas density (N0), 

mass of collision partners (µ), Boltzman’s constant (kb) and, drift region temperature (T) are all 

variables related to CCS. Also, the analyte mobility (K0), is considered, which is measured as a 

function of temperature and pressure. Collisional cross-section relates the 3D structure and 

mobility of the protein under specific instrument parameters so they can be better identified and 

compared.45 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 G2-Si. The sample will travel from the sample inlet 

through the ion guide, quadrupole mass analyzer, Tri-wave cell, QuanToF, and finally to the 

detector. The Triwave cell contains stacked ion ring electrodes which will produce oscillating 

electric field waves. Figure from Synapt G2-Si Manual, Waters Corp 2009.42 

Equation 1. Mason-Schamp equation for calculating CCS. The variables of this equation are: e, 

charge of an electron; z, ion charge; N0, buffer gas density, K0, analyte mobility; μ, reduced mass 

of the collision partners; kb, Boltzmann’s constant; and T, the drift region temperature. Equation 

take from Dodds et al 2019 JASMS. 

Comparisons of collisional cross-sections between proteins poised in different states (ligands 

bound or mutation) allow for the probing of protein conformations and their relative populations. 

IM-NMS technique is highly sensitive and can detect changes in collisional cross-sections small 
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enough to distinguish between isomeric peptides. IM-NMS was utilized to probe conformations 

of the protein 2-KPCC in chapter two of this thesis. 

Summary 

In this thesis I will explore the effects of ligand binding and mutation on conformational 

ensemble and allostery in four different systems. In the first two manuscript chapters I explore 

the microbial carboxylases 2-ketopropyl-coenzyme M oxidoreductase/carboxylase (2-KPCC) 

and acetone carboxylase (AC). Both 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 catalysis. The last two manuscript 

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 metabolism. The key proteins in the DNA metabolism 

chapters of this thesis are RPA and its interactions with single-stranded DNA (ssDNA) and 

regulator of Ty1 transposition 105 (Rtt105), and Radiation sensitive 52 (Rad52) which are 

essential for a variety of aspects in DNA metabolism. Utilizing mass spectrometry-based 

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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CHAPTER TWO 
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Abstract 

Acetone carboxylase (AC) is a non-canonical 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 molecule of ATP 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 place  ~40 Å from the Mn(II) 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 sites. 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), kinetic 

assays, and hydrogen/deuterium exchange mass spectrometry (HDX-MS). Data from poised 

ligand bound states and site-specific amino acid variants indicate that the active site E89 residue 

acts as a molecular relay, having a direct role in catalysis and allosteric communication 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 fixing CO2 into organic substrates.1 The canonical 

carboxylases use biotin, or another cofactor, to derivatize their substrates and are well 

characterized. Acetone carboxylase is a novel carboxylase that does not share sequence identity 

with other carboxylase. X. autotrophicus acetone carboxylase (AC) uses a single ATP to 

phosphorylate acetone and bicarbonate to form acetoacetate.2 The 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 travel ~40 Å from the 

substrate binding site to an active site where they coordinate Mn(II) 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, in a (αβγ)2 fashion (Figure 1). Structural models are available for 

AC trapped in multiple steps in the catalytic cycle: ligand free (PDB: 5SVC), AMP-bound (PDB: 

5SVB) and AMP-acetate bound (PDB: 5M45).2 These crystal structures suggest 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(II) active site and form 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 pathway between 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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~40 Å away in the crystal structures (Figure 1). The mechanism of communication linking these 

two sites is unknown.  

 

 

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 subunit (green), 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 coordinated to Mn(II) 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 and the Mn(II) active site. To explore this, we employ a host of 

techniques such as electron paramagnetic resonance, protein assays, and hydrogen/deuterium 
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exchange coupled to mass spectrometry. Experimental conditions include different ligand-bound 

states. Mutagenesis of the E89 residue was also explored using variants E89D and E89A. E89D 

has one carbon shorter in the side chain and may be able to coordinate Mn(II), while E89A 

should not be able to coordinate Mn(II). These variants will help us elucidate the importance of 

E89 during catalysis. 

Results 

E89 is critical for Mn(II) coordination. 

It was proposed that ATP/AMP binding is communicated to the Mn(II) site via a series of 

structural changes that result in rotation of the E89 side chain into bidentate coordination and 

concomitant loss of alpha helical structure in nearby residues.2  To investigate this, we began 

using Electron Paramagnetic Resonance (EPR). EPR is a technique for studying unpaired 

electron spins and is used to provide information on the structure and bonding of a molecule. 

Unpaired electrons, like those found in transition metals, have both orbital and angular spin 

momentum which will generate a magnetic dipole moment.3 In a basic EPR experiment this is 

achieved by irradiating the sample with a set frequency of microwaves and sweeping a constant 

magnetic field. The electrons will align (parallel or antiparallel) to the magnetic field and have a 

specific energy which is proportional to the magnetic field’s strength and the first derivative of 

the absorption of electromagnetic radiation will be reported. When transition metals with 

unpaired electrons are exposed to an external magnetic field, this can be exploited to determine 

the metal's identity, its oxidation state, and local symmetry. Furthermore, the types of nuclei 

interacting with the metal can be determined. In studying metalloproteins, EPR is advantageous 

because there is no limit to the protein size that can be probed, and many different paramagnetic 
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metal centers can be poised in varying oxidation states to provide information on substrate 

binding and catalysis. AC is large protein with an Mn(II) active site that contains five unpaired 

electrons, which can be investigated by EPR to provide information on the Mn(II) coordination 

inside the protein environment. Analysis of AC in the absence of AMP, revealed a 6-line Mn(II) 

EPR spectra centered at at g=2 (Figure 2, Supplemental Figure 1).4 A 6-line EPR spectra 

coincides with Mn(II) based on the equation 2NI+1= number of lines in EPR spectra where N is 

number of nuclei ( N=1) and I ( I=5/2) is electron spin. With the addition of Mg-AMP, more 

defined hyperfine coupling of a 5/2 Mn(II) center is observed. This has been previously observed 

and is consistent with coordination of Mn by E89 as observed in the structural model.4,5 

Figure 2. EPR reveals no change in Mn(II) signal in E89A when AMP is bound. AC contains a 

Mn(II) signal at g=2. With the addition of Mg-AMP, more defined hyperfine coupling of the 5/2 

Mn(II) center is observed, indicating coordination of the E89 residue as observed in the crystal 

structure. In the E89A variant, no spectral changes are observed with the addition of Mg-AMP 

due to the lack of a sixth coordinating ligand. In E89D the more defined hyperfine coupling 

occurs indicating coordination to the Mn(II). 

2500 G 

2500 G 

2500 G 

2500 G 

4000 G 

4000 G 

4000 G 

4000 G 

4000 G 

4000 G 

2500 G 

2500 G 



 

 

47 

In this study and previous studies AMP is used to explore the conformational change in 

AC caused by nucleotide binding. A change in the signal is observed in the E89D variant upon 

addition of Mg-AMP similar to WT. This suggests that the one carbon shorter side chain of 

aspartate can still coordinate with the Mn site.  We next tested the E89A variant, where no 

change in the EPR signal was observed upon addition of Mg-AMP, indicating a sixth coordinate 

of Mn was not available. The EPR data confirm that in WT AC the binding of AMP causes 

Mn(II) to change coordination. Change in coordination is also observed in the E89D variant, but 

not in E89A variant. This suggests that AMP binding is communicated to the Mn(II) site via the 

residue E89. 

E89A exhibited no acetoacetate production. 

To probe the role of E89 in the catalytic cycle, ATP hydrolysis and the production of 

ADP, AMP, and acetoacetate were monitored in WT, E89D, and E89A. Acetoacetate production 

was measured using a coupled assay with -hydroxybutyrate dehydrogenase (-HBDH) which 

converts acetoacetate to 3-hydoxybutanoate in the reverse reaction upon the oxidation of 

NADH.5 Parallel assays were conducted to analyze acetoacetate production alongside ATP 

hydrolysis and ADP and AMP production. In WT, the rate of ATP consumption is 76.3 M/min 

and the acetoacetate formation is 33.5 M/min. The E89D was slightly more active, with a rate 

of ATP consumption of 89.2 M/min and acetoacetate formation of 41.6 M/min. The E89A 

variant does not produce acetoacetate. WT and both variants have non-productive ATPase 

activity, hydrolyzing ATP even in the absence of acetone (Table 1). The inactivity in the E89A 

variant suggests the inability of the residue to coordinate the Mn(II) during reaction is important 
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for the carboxylation activity of the enzyme. From these data we then sought to elucidate the 

mode of communication between the ligand binding’s site and the E89. 

 

 

ATP 

(µM/min) 

ADP 

(µM/min) 

AMP 

(µM/min) 

Acetoacetate 

(µM/min) 

ATP/Acetoacetate 

ratio 

WT 76.3 + 9.9 23.7 + 4.5 67.6 + 9 33.5 + 1.5 0.8 

WT no acetone 49.3 + 2.2 15.4 + 3.7 21.5 + 8.8 1.3 + 0.2  

E89A 49.6 + 5.1 12.1 + 1.1 51.9 + 2.6 0.5 + 0.1 1.4 

E89A no acetone 50.3 + 15.6 11.5 + 1.3 43.5 + 1.8 0.2 + 0.2  

E89D 89.2 + 2.3 25 + 6.7 86.5 + 4.1 41.6 + 1.0 1.1 

E89D no acetone 42.3 + 25.3 14 + 0.4 41.7 + 0.7 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 binding alters the hydrogen bonding network of AC.     

Hydrogen-deuterium exchange (HDX) can provide insights into the effects of ligand 

binding and can be used investigate protein conformational change.6 Amide backbone hydrogens 

exchange readily with deuterium. By exposing WT AC to a D2O-containing buffer overtime (1, 

8, 20, 60, 180, 1440 minutes) the exchange can be exploited to determine changes in the 

hydrogen bonding network due to ligand binding (AMP or AMP-acetate). 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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accessibility, and dynamics or conformational change of a protein.6,7 We have employed this 

technique to probe the changes in WT upon ligand binding. 

Deuterium uptake was measured at multiple timepoints in WT AC in unbound, AMP-

bound, and AMP-acetate 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(II) and AMP-acetate simulating a product release structure where E89 

is no longer coordinated to the Mn(II). There were large differences in deuterium uptake for the 

beta-subunit while the alpha and gamma subunits did not show distinct changes upon ligand 

binding (Figure 3).  

Figure 3. Intact hydrogen-deuterium 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 AMP and AMP-acetate conditions compared to APO. 

While the alpha and gamma do not see changed in deuterium uptake based upon binding. 

In the beta-subunit, the addition of AMP lead to an increase in deuterium uptake across all 

timepoints compared to the unbound (APO). While the AMP-acetate condition lead to a greater 

increase in deuterium uptake than AMP alone. The difference in deuterium uptake between AMP 
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and AMP-acetate support that the addition of acetate leads to a unique conformation which may 

be the product release 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 in the alpha 

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). While the beta subunit appears to 

have more areas that undergo exposure under ligand binding.  

Communication pathway from substrate binding to active site in WT AC 

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, AMP-Acetate) with a slightly altered timescale (0.5, 3, 

30, 180, 1440 minutes) from the intact HDX experiment we recorded peptide-level HDX of the 

WT enzyme.  

Pepsin-based peptide mapping of WT AC yielded sequence coverage of the 95 % for the alpha 

subunit, 96 % for beta, and 85% for gamma (Supplemental 1). 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(II) active site (Supplemental 2).  Interestingly, in the alpha subunit more 

exchange was observed in peptides that line the interior channel when AMP bound than AMP-

acetate (Figure 4). 
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Figure 4. Peptide-level HDX exchange shows specific changes upon ligand binding. One half of 

the AC dimer is shown with the beta subunit (green), alpha subunit (tan) and gamma (gray). A 

proposed interior channel (black line) in the enzyme which leads from AMP(yellow) binding site  

to the Mn(II) active site. Histograms of % change deuterium uptake of AMP and AMP-acetate 

compared to APO are shown of key peptides which line the channel. Peptides shown on the 

structure in red. 

We were particularly interested in peptide 85-96 which contains E89 and undergoes a 

helix to coil transition upon AMP binding that allows E89 to coordinate of Mn(II) . This peptide 

shows significant differences in uptake upon ligand binding with AMP-bound having an increase 
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in deuterium uptake compared to APO, while AMP-acetate bound showed a decrease in uptake 

compared to APO. The uptake patterns coincide with the proposed changes in the AMP bound 

structure compared to the unbound. With the alpha helix of the E89 becoming disordered upon 

coordinating the Mn(II), resulting in higher exchange. While in the AMP-acetate bound enzyme 

the E89 is not coordinated to the Mn(II) and the alpha-helix is intact, resulting in lower 

exchange. Other peptides analyzed support AMP and AMP-acetate inducing unique 

conformational changes. With the peptides exhibiting opposite deuterium uptake trends when 

bound. Comparing the unbound (APO) to the AMP and AMP-acetate bound conditions we have 

successfully identified areas where there are changes in the deuterium exchange and infer an 

interior channel in the beta- and alpha- subunit upon AMP binding. By mapping these areas on 

the structure, we can propose where an interior channel opens and allows for intermediates to 

pass through. We propose that these residues are not only involved in conformational change but 

also for the communication between binding sites. 

E89A disrupts the hydrogen-bonding network of AC 

The E89 residue in the alpha subunit had been shown to be key for catalysis, perhaps 

through Mn(II) coordination. The variant E89A being unable to undergo Mn(II) coordination is 

the probe necessary to further elucidate the proposed conformational change and communication 

essential for catalysis. In order to do this, we repeated the intact protein and peptide-level HDX 

in the same manner as WT AC. Data from intact HDX showed different patterns E98A and WT 

enzyme (Figure 5). 
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Figure 5. Intact hydrogen-deuterium 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 amp-acetate conditions compared to apo, as seen in WT. However, the alpha and 

gamma subunits 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 AMP-acetate conditions exhibited an increase in uptake similar 

to each other, while in WT the showed different deuterium uptake patterns. In the gamma 

subunit the AMP-acetate condition exhibited less deuterium uptake than the apo and AMP 

conditions, while no change was seen in WT. In the alpha subunit, 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 the AMP-acetate not 

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

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

complex on it’s 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, peptide-level HDX was 

used. We focused our analysis on peptides that are part of the interior channel (Figure 6). 

 

Figure 6. Peptide-level HDX exchange highlight exact areas of change in deuterium uptake due 

to ligand binding in WT. One 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 AMP and AMP-acetate 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 AMP-acetate bound forms 

exhibited similar patterns of exchange than the WT bound conditions. In the alpha subunit of 

E89A this also is the case with both conditions exhibiting the same trends and overall uptake. In 

the E89A containing peptide 85-96, both AMP and AMP-acetate exhibited more uptake than 

APO. This is in direct contrast to the WT behavior which had AMP-acetate exhibited 

significantly decreased uptake than APO while AMP alone showed more uptake than APO. 

These data is consistent with the E89A not being able to coordinate Mn(II), with the helix if 

E89A unable to undergo conformational 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 non-canonical 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 employ. Further, previous studies 

have shown AC to be a large complex protein with the ligand binding and phosphorylation take 

place ~40 Å from the Mn(II) active site. Conformational change was hypothesized to be 

important for catalysis. We also hypothesized that communication between these two sites must 

be essential for modulating the conformational change. In this work we employed a variety of 

techniques to elucidate the necessary conformations for catalysis.  

All the data taken together elucidate the interior channel in the protein which is 

dependent on ATP/AMP binding and the E89 residue coordinating the Mn(II) (Figure 7). 
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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 changed during 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 a 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(II) caused by AMP 

binding. This is evidence of the communication between the ligand binding site and the Mn(II) 

active site where the E89 coordinates the Mn(II) 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 part of the communication between the two sites. The rates of 

catalysis were measured for the WT and variants revealing the E89A variant is inactive and does 

not produce acetoacetate. This implies the ability to coordinate Mn(II) is essential for catalysis, 

perhaps by inducing conformational change. 
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To investigate ligand induced conformational change in WT AC we employed intact 

protein HDX. These data exhibited large changes in deuterium uptake in the beta subunit upon 

AMP-binding. This was congruent with a large rearrangement in the beta subunit when ligands 

bind, which opens an interior channel to the Mn(II) active site. Furthermore, the intact HDX of 

the AMP-acetate bound AC produced different uptake patterns suggesting a distinctive product 

release conformation which collapses the interior channel. We next performed peptide-level 

HDX to provide amino acid level information about the interior channel to the Mn(II) active site. 

The AMP and AMP-acetate conditions exhibited opposite deuterium uptake trends along the 

interior channel which runs from the substrate binding site to the Mn(II) 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 deuterium uptake trends consistent with Mn(II) 

coordination inducing unfolding of its alpha helix upon AMP binding, and reforming upon 

AMP-acetate binding. From this we propose AMP and AMP-acetate are exhibiting different 

conformations which are both essential for catalysis.  

Taken a step further, the E89A variant produced distinctive conformations of the protein. 

With the EPR showing the E89A cannot coordinate the Mn(II) and so therefore unable to 

generate the interior channel. We investigated the E89A variant using intact 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 discrete mutation. This suggests E89A may exhibit a 

change to its conformational ensembles from mutation alone. To probe the available 

conformations, we then preformed peptide-level HDX. This provided evidence of E89A 
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undergoing conformational change that can bind AMP but is 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 recombinant acetone carboxylase 

WT, E89A and E89D AC from X. autotrophicus were expressed as previously described 

(Mus Sci Rep 2017) and purified as previously described (Mus Sci Rep 2017) with slight 

modification. The E. coli cells were lyzed by sonfication in a 25 mM Tris, pH 7.6, 0.1 mM 

EDTA, and 20% glycerol buffer. The lysis was applied to a His-NTA column (Bio-Rad) 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 containing AC were pooled and buffer exchanged 

into a 20 mM Tris, pH 7.6 buffer and applied to a Q-sepharose (Bio-Rad) column. The protein 

was eluted with a linear gradient with an NaCl buffer (20 mM Tris, pH7.6, 800 mM NaCl). 

Fractions were pooled and buffer exchanged into a 50 mM Tris, pH 7.6, 150 mM NaCl, 10% 

glycerol storage buffer and stored at -80C. Concentrations were determined by Bradford assays. 

EPR spectroscopy  

EPR samples of as-purified WT, E89A, and E89D X. autotrophicus ACs 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 MgCl2 were added. For metal-depleted samples, 900 L aliquots of EDTA/TEA 

treated AC were removed (after buffer exchanging into AMP-free buffer to remove excess 

EDTA/TEA) and concentrated to 250 L. Final concentrations were 27 mg/mL (X. 
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autotrophicus) 73 mM protein. For MnCl2 reconstituted samples, 900 L aliquots of MnCl2 

treated AC were removed and buffer exchanged against metal-free 50 mM Hepes, pH 7.6, 150 

NaCl with or without 1 mM AMP and concentrated to 250 L. Final concentrations for X. 

autotrophicus AC were 20 mg/mL (AMP present) and 21 mg/mL (AMP-free), or 55 and 57 mM 

protein, respectively.  

 Samples were loaded into quartz EPR tubes and immediately flash frozen in liquid 

nitrogen. X-band EPR spectra were measured using a Bruker EMX continuous-wave (CW) 

spectrometer equipped with a continuous helium flow Oxford cryostat set to 12K. Normal EPR 

parameters were: modulation amplitude 10 G, modulation frequency 100 kHz, 2 mW power, and 

microwave frequency 9.38 GHz. Spectra for the Mn(II)-bound AC samples were re-measured 

under identical conditions but 10 µW power, which we had previously determined was well 

below the power at which spectral intensity saturated.  

Enzymatic assays 

As-purified WT, E89A, and E89D AC was assayed for acetoacetate production via a 

couple assay with -hydroxybutyrate dehydrogenase (-HBDH) which converts acetoacetate to 

3-hydoxybutanoate in the reverse reaction upon the oxidation of NADH, as previously described 

(Sluis PNAS, 1997, 94, 8456-8461). 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 

production alongside ATP hydrolysis and ADP and AMP production. In a rubber-stoppered UV-

vis quartz cuvette, the reaction components were added to a final concentration of 100 mM Tris, 

pH 7.6, 80 mM KCl, 54 mM KHCO3, 1 mM MgCl2, 343 M NADH, 2 mM acetone, 0.25 

mg/mL AC and 0.05 mg/mL -HBDH and incubated at 37C 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 and a 200 L 

aliquot was removed and quenched with 10 mM EDTA (final concentration), pH 8.0 while the 

cuvette was inserted into a Cary 6000i for UV-vis analysis at 340 nm. The reaction was allowed 

to proceed for 1.5 minutes, upon which another 200 L aliquot was removed and quench with 10 

mM EDTA. The 200 L 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. The flow-

through was then injected onto an HPLC (Agilent) and run with a 3% 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 quantified using a standard curve and integration 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 

MgCl 2 (1 mM)  in the presence and absence of AMP ( 10 mM) or AMP-acetate (10 mM).  

Reactions were then diluted 1:10 into deuterated reaction buffer (100mM Tris, 100mM KCl, pH 

7.6) Control samples were diluted into a non-deuterated reaction buffer. At each time point (1, 8, 

20, 60, 180, 1440 minutes) 10 µL of the reaction was removed and direct injected into LCMS. 

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 × 2mm) using a flow rate of 500 μl/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 
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positive mode. Electrospray settings were as follows: nebulizer set to 3.7 bar, drying gas at 8.0 

l/min, drying temperature at 350 C, and capillary voltage at 3.5 kV. Data processing was carried 

out with Bruker DataAnalysis software.  

Peptide-level HDX 

Stock solutions of WT AC (44.8 mg/mL) and E89A AC (41.7  mg/mL) were mixed with MgCl 2 

(1 mM)  in the presence and absence of AMP ( 10 mM) or AMP-acetate (10 mM).  Reactions 

were then diluted 1:10 into deuterated reaction buffer (100mM Tris, 100mM KCl, pH 7.6) 

Control samples were diluted into a non-deuterated reaction buffer. At each time point (0.5, 3, 

30, 180, 1440 minutes)10 µL of the reaction was removed an quenched by adding it to 60 µL of 

0.75 % formic acid (FA, Sigma) and 0.25 mg/mL porcine pepsin (Sigma) at pH 2.5 on ice. Each 

sample was digested for 2 min with vortexing every 30 s and then flash-frozen in liquid nitrogen. 

Samples were stored in liquid nitrogen until the LC-MS analysis. The LC-MS analysis of RPA 

was completed as described (Patterson et al 2020). Briefly, the LC-MS analysis of RPA was 

completed on a 1290 UPLC series chromatography stack (Agilent Technologies) coupled with a 

6538 UHD Accurate-Mass QTOF LC/MS mass spectrometer (Agilent Technologies). Peptides 

were separated on a reverse phase column (Phenomenex Onyx Monolithic C18 column, 100 x 2 

mm) at 1 C using a flow rate of 500 μl/min under the following conditions: 1.0 min, 5% B; 1.0 to 

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 acetonitrile (Thermo Fisher). 

Data were acquired at 2 Hz s-1 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 at 8.0 L/min, drying 

temperature at 350 C, and capillary voltage at 3.5 kV. Peptides were identified as previously 
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described (Berry et al 2018) using MassHunter Qualitative Analysis, version 6.0 (Agilent 

Technologies), Peptide Analysis Worksheet (ProteoMetrics LLC), and PeptideShaker, version 

1.16.42, paired with SearchGUI, version 3.3.16 (CompOmics). Deuterium uptake was deter- 

mined and manually confirmed using HDExaminer, version 2.5.1 (Sierra Analytics). Heat maps 

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

Homologous recombination (HR) is a pathway for the accurate repair of double-stranded 

DNA breaks, which are resected to yield single-strand DNA (ssDNA). Rad52 promotes HR by 

facilitating formation of Rad51 nucleoprotein filaments on ssDNA. Using single-particle cryo-

electron microscopy, we show that Rad52 functions as a homodecamer. The N-terminal half of 

Rad52 is a well-ordered ring, while the C-terminal half is disordered. An intrinsic asymmetry 

within Rad52 is observed, where one or a few of the C-terminal halves interacts with the ordered 

N-terminal ring. Within the C-terminal half, we identify two conserved charged patches that 

harbor the Rad51 and RPA interacting motifs. Interactions between these two charged patches 

promote asymmetry and regulate a two-stage ssDNA binding mechanism. Interestingly, the 

intrinsic asymmetry allosterically drives Rad51 binding to a single position on the Rad52 ring. 

We propose a Rad52 catalyzed single-position nucleation model for the formation of pre-

synaptic Rad51 filaments in HR.  

Introduction 

Homologous recombination (HR) protects genomic integrity by repairing double-

stranded breaks (DSBs).1-3 Mutations to genes that encode for HR-related proteins are implicated 

in a plethora of human cancers and genetic disorders.4,5 For accurate repair through HR, 

information from the undamaged sister allele is used as a template. In Saccharomyces cerevisiae, 

HR progresses through a series of defined steps beginning with resection, where the DSB is 

processed by the Mre11-Rad50-Nbs1 (MRN) complex yielding 3′ ssDNA overhangs.1 The 

transiently exposed ssDNA is coated by the high-affinity ssDNA binding protein Replication 
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Protein A (RPA)6,7 which then recruits the Mec1-Ddc2 DNA-damage-sensing kinase to regulate 

downstream events in HR.8,9  

Rad51, the recombinase, catalyzes identification and pairing of the homologous sequence 

in the undamaged allele. Rad51 forms a helical filament on ssDNA with defined ATP-driven 

nucleation and filament growth processes.10,11 Formation of the Rad51 filament on RPA-coated 

ssDNA occurs during the pre-synaptic phase of HR. Since Rad51 binds to ssDNA with lower 

affinity (KD ~ 10-6 M)12 compared to RPA (KD < 10-10 M)13,14, mediator proteins are required to 

overcome the thermodynamic barrier to facilitate ssDNA handoff. Pro-HR mediators function to 

promote formation of Rad51 filaments whereas anti-HR mediators facilitate Rad51 

disassembly.10 In yeast, Rad52 is the sole pro-HR mediator. In mammals, Rad52 and Brca2 play 

overlapping roles in promoting Rad51 filament formation.15,16 Deletion of Rad52 in S. cerevisiae 

has severe defects in various recombination processes including Rad51-dependent allelic 

recombination and Rad51-independent single-strand annealing.3,17-21  

In terms of the mechanism of action, yeast and human Rad52 are considered to function 

as heptameric rings.22-25 However, structural studies of the C-terminal truncated human Rad52 

show that the complex is an undecamer.26,27 Recent Cryo-EM analysis of full-length human 

Rad52 also behaves as an undecamer.28 Thus, the functional stoichiometry of yeast Rad52 in 

solution is uncertain. Both DNA binding and protein-protein interactions are integral to the 

recombinogenic functions of Rad52. When promoting Rad51 filament formation, Rad52 requires 

binding to ssDNA and substrates with a 3′ overhang. During strand annealing, Rad52 must 

simultaneously bind to two strands of ssDNA or one ssDNA and another dsDNA fragment. A 

new function for Rad52 in RNA-templated DNA repair was recently uncovered29,30 that would 
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require simultaneous binding to both DNA and RNA fragments.31 Each Rad52 subunit is 

composed of an ordered N-terminal and disordered C-terminal half (Fig. 1a). The primary DNA 

binding activity and the oligomerization regions are harbored in the N-terminal half32 whereas 

Rad51 and RPA binding motifs reside in the disordered C-terminal half of Rad52.33-38 A weaker 

DNA binding site has also been identified in the C-terminal region.39,40 Two crystal structures of 

the N-terminal half of human Rad52 (residues 1-212) bound to ssDNA were recently solved.41 

An outer and inner DNA binding site in the ordered N-terminal half coordinates DNA binding in 

Rad52.23,42,43  

Physical interactions of Rad52 with Rad51 and RPA are essential for the mediator 

functions in HR, and both binding sites reside in the disordered C-terminal half of Rad52.33-38 

The C-terminus also promotes phase separation of Rad52 into liquid droplets and cluster DNA 

damage sites.44 In addition to the above mentioned roles, Rad52 regulates the extent of DNA 

resection during HR by regulating the Rqh1 helicase in fission yeast.45 Furthermore, Rad52 

functions in other processes such as regulating retrotransposition,46 CRISPR-Cas9 genome 

editing,47 and IgD class-switch recombination.48 Given the emerging multifaceted functions of 

Rad52, knowledge of it functions and mechanism of action is critical.  

We show that S. cerevisiae Rad52 functions as a homodecamer with each subunit 

possessing an ordered N-terminal and disordered C-terminal half. Upon ssDNA binding, 

extensive conformational changes are observed in both the ordered N-terminal and disordered C-

terminal halves of Rad52. More interestingly, we find an intrinsic asymmetry in Rad52 imparted 

by the C-terminal half. One, or a small subset of the C-termini interacts with the N-terminal 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 and N-terminal half are observed. Our findings reveal how the 

ordered decameric N-terminal ring and the disordered C-terminal region cooperate to perform 

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

Results 

Saccharomyces cerevisiae Rad52 functions as a homodecamer 

Yeast and human Rad52 are canonically considered to function as heptamers based on 

negative-stain transmission electron microscopy and analytical ultracentrifugation (AUC) 

analysis.22-25 However, crystal structures of the N-terminal half of human Rad52 revealed an 

undecamer both in the absence or presence of ssDNA22,23, with ssDNA encircling the ring in a 

uniform manner.26,27,41 Thus, to establish the functional stoichiometry, we performed single-

particle Cryo-EM analysis of full-length S. cerevisiae Rad52. Recombinantly overproduced and 

purified Rad52 is predominantly a single species in both mass photometry (MP) and analytical 

ultracentrifugation sedimentation velocity (AUCSV) analyses over a range of protein 

concentrations tested (Fig. 1B and Supplementary Fig. 1). A small fraction (~5-10%) of a higher 

order species is observed and corresponds to double the mass of the major peak. The predicted 

mass of one Rad52 subunit is 52.4 kDa and measurements from MP and AUC yield molecular 

weights of ~500 kDa (~10 monomers) and ~1000 kDa (~19-20 monomers) for the two species, 

respectively (Supplementary Tables 1 & 2). These data suggest that yeast 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 N- and C-terminal regions that promote DNA binding, 

oligomerization, & protein-protein 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 (~8-12%) is observed along with a small fraction of free 

monomers (72.9±13.9 kDa). C) Representative 2D classes of full-length 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 Cryo-EM map. E) Gold Standard Fourier shell 

correlation (FSC) curves estimated using Cryosparc. F) De novo built atomic model of Rad52 

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

crystal structure of human RAD52 (grey; PDB 1KN0) using Chimera with Root Mean Square 

Deviation (RMSD) of 0.849 Å for Ca atoms of 87 amino acid pairs. 

Cryo-EM structure of full-length S. cerevisiae Rad52         

2D classification of Rad52 single particles in Cryo-EM analysis confirmed that yeast 

Rad52 is predominantly a homodecameric ring (Fig. 1C & Supplementary Fig. 2). Rings with 9 

or 11 subunits were also rarely observed (<0.2% of all particles). 3D reconstruction and 
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subsequent refinement revealed strong density for the N-terminal half (Supplementary Fig. 3). 

However, only partial density was observed for the C-terminal half, which is consistent with the 

disordered nature. The final cryo-EM map reconstruction reached an average resolution of 3.5Å 

with local resolution ranging from 2.9 – 6Å (Figs. 1D-F & Supplementary Table 3). Using the 

refined map, a de novo model was built for the N-terminal region encompassing amino acids 54-

143. This region of yeast Rad52 is structurally similar to human Rad52 (41% sequence 

identity)27 with a RMSD of 0.849Å for C atoms of 87 amino acid pairs (Fig. 1G and 

Supplementary Fig. 4). However, a key difference is the absence of resolvable density for the 

petal-like extensions observed around the periphery of the ring structure of human Rad52 

suggesting their dynamic nature in yeast Rad52 (Fig. 1G and Supplementary Fig. 4).26,27,41 The 

overall charge distribution and the interfaces that coordinate oligomerization are conserved 

between the two proteins (Supplementary Fig. 4). 

Rad52 displays biphasic ssDNA binding activity 

Next, to investigate how the Rad52 decamer binds to ssDNA, we followed the change in 

intrinsic tryptophan (Trp) fluorescence (Figs. 2A & B). We used poly(dT) or (dT)84 to determine 

the occluded site-size of Rad52 which is defined as the number of ssDNA nucleotides required to 

saturate all the potential binding sites on the protein. Two binding phases are observed with a 

high affinity (KD = 1.3x10-12 M) and relatively lower affinity (KD = 28x10-9 M) site saturating at 

55±3 nt and 158±3 nt per Rad52 decamer, respectively (Fig. 2A & B, Supplementary Fig. 5A & 

B). In the DNA-bound crystal structures of human Rad5241, depending on the mutations 

introduced to promote crystallization, an inner binding site was observed where a 40 nt ssDNA 

oligonucleotide wraps around the undecameric ring (~3.6 nt/subunit; Supplementary Fig. 6A)41. 
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An outer binding site was also captured with 6 nt of ssDNA sandwiched between two Rad52 

undecameric rings (Supplementary Fig. 6B)41. In 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 suggest that even though the Rad52 decamer contains one 

subunit less as compared to human Rad52 the high affinity binding site is larger: 5.5 

nucleotides/subunit as compared to 3-4 nucleotides/subunit indicating that the ssDNA wrapping 

by yeast Rad52 may not be uniform as observed for human Rad52.  

 

 

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. C) Mass photometry 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 DNA-bound complex. D) Tryptophan quenching of Rad52 as a function of 

ssDNA length shows that DNA lengths of >(dT)45 are required to observe maximal signal 

quenching.  
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Two binding phases could also be explained by the accumulation of ssDNA bound Rad52 

aggregates as has been proposed for human Rad52.41 To investigate this possibility, we 

performed MP and AUCSV analysis to ascertain the stoichiometry of yeast Rad52 decamers 

bound to ssDNA. When binding of Rad52 to short (dT)45 or long ssDNA (dT)97 is assessed, 

stoichiometric Rad52 decamer:DNA complexes are observed (Supplementary Fig. 5C). The 

minor fraction of two-Rad52 ring species also binds to equimolar amounts of ssDNA. On longer 

(dT)97 or (dT)84 ssDNA substrates, predominantly 1:1 complexes are observed even under 

conditions where a 10-fold excess of the Rad52 ring is present (Fig. 2C). Fluorescence 

anisotropy analysis reveals that Rad52 binding to ssDNA is highly specific (Supplementary Fig. 

5B), and shows hallmarks of an equilibrium process including saturation, high affinity 

(Supplementary Fig. 5A, B &C), and reversibility (Supplementary Fig. 5E). Furthermore, the 

affinity for ssDNA interactions is dictated by the length of the ssDNA and (dT)54 binding gives a 

similar readout as (dT)84 or poly(dT) providing an independent confirmation of the binding site 

size analysis (Fig. 2D). These data suggest that there are intrinsic differences in the ssDNA 

binding properties between the yeast and human Rad52 proteins. Next, we investigated whether 

the disordered C-terminal half of Rad52 contributes to non-uniform ssDNA binding. 

Hydrogen-deuterium exchange mass-spectrometry (HDX-MS) reveals 

conformational changes in the C-terminus of Rad52 upon ssDNA binding. 

While the C-terminal half of yeast Rad52 is disordered in our structure, interactions between this 

region and DNA have been captured.40 Thus, to map the overall DNA binding driven 

conformational changes and to identify other potential DNA binding regions, we performed 

HDX-MS analysis of Rad52 in the absence or presence of ssDNA. Deuterium incorporation was 

quantified as a function of time for Rad52 and the Rad52-ssDNA [(dT)97] complex. Peptide level 
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deuterium uptake was compared between conditions (Supplementary Figs. 7-10). The difference 

in HDX between Rad52 and the Rad52-(dT)97 complex (differential-HDX) were mapped onto an 

Alphafold model of the Rad52 monomer and shown as a heatmap (Fig. 3A). Regions colored 

blue and red depict increased and decreased differential-HDX, respectively. The Alphafold 

model aligns well with the cryoEM structure of the N-terminal half of Rad52 (Supplementary 

Fig. 10). Differential-HDX changes are observed in the N-terminal half upon DNA binding as 

well as inner, outer, and transition regions as expected based the homologous DNA binding 

regions in human Rad52 (Fig. 3B-D and Supplementary Figs. 7 & 8). Interestingly, a surprising 

number of peptides in the disordered C-terminal half also show changes in differential-HDX 

upon ssDNA binding (Fig. 3A, E-F, and Supplementary Figs. 9). One peptide in particular 

(residues 383-413) displays the largest HDX changes (Fig. 3E). A more detailed investigation of 

the MS data for this peptide 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 ion intensity 

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 the C-terminal half (C-tails) of Rad52 where a small 

subset of the C-tails are protected from deuterium uptake. 
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Figure 3. Hydrogen-deuterium exchange mass-spectrometry reveals ssDNA driven changes in 

both the N- and C-terminal halves of Rad52. A) Differential-HDX changes between Rad52 and 

the Rad52-(dT)97 complex are projected on to the Alphafold predicted structure (AF-P06778-

F1). DNA-induced HDX changes in the known DNA binding regions (inner, outer, and transition 

binding sites) are noted. Raw HDX data showing differences within peptides 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 peptide 383-413 in the 

disordered C-terminal half shows a significant reduction 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 signal suggesting that not all subunits in Rad52 are uniform in 

structure or conformation. 

Since there is a dichotomy in the behavior of C-tails, we reanalyzed our 2D classes from 

the Cryo-EM dataset to gain further insights into this asymmetry. Several 2D classes show the 

presence of extra bright density adjacent to one part of the decameric ring (Supplementary Fig. 

12A). Unfortunately, detailed structural refinement was not possible since this is a disordered 

region. Low resolution 3D-volume calculations shows the extra density situated on the outer side 

of the ring closer to the N-terminal half of one side of the Rad52 decamer (Supplementary Fig. 



 

 

78 

12B). The data reveal an interesting structural feature where only a small subset of the C-tails 

interact with the decameric ring of Rad52. 

Cross-linking mass spectrometry (XL-MS) analysis reveals interactions 

between the ordered N-terminal and disordered C-terminal halves of 

Rad52 

To identify the regions of the disordered C-terminal half that interact with the ordered N-

terminal region we performed XL-MS analysis of Rad52 with bis(sulfosuccinimidyl)suberate 

(BS3).49 The N-hydroxysulfosuccinimide (NHS) esters positioned at either end of the BS3 

crosslinker are spaced 8-atoms apart and likely report on crosslinks with primary amines in 

Rad52 that are up to 12Å apart50. XL-MS analysis on Rad52 alone or in complex with ssDNA 

[(dT)97] showed an extensive array of crosslinks (Fig. 4). ~38% and ~19% of the crosslinks are 

unique to the unbound and DNA bound Rad52 conditions, respectively. For clarity in discussion, 

we present the data from the perspective of the two halves of Rad52 and focus on the crosslinks 

between the two halves (Figs. 4A & B). Specifically, Lys-84, Lys-117, and Lys-134 in the N-

terminal half make contacts with a defined region in the C-terminal half (residues 340-380; Fig. 

4C). Lys-84 and Lys-117 are close to the outer ssDNA binding site whereas Lys-134 is the inner 

binding site residue (Fig. 4C). Closer examination of the interaction region in the C-terminal half 

reveals that it harbors the Rad51 binding site. Mutations in this region perturb Rad51 interactions 

and give rise to HR defects in yeast.34,51 Given the abundance of conserved positively charged 

amino acid residues in this region, we term this the ‘positive patch’ (Supplementary Fig. 13).  



 

 

79 

 

Figure 4. Cross linking mass-spectrometry (XL-MS) reveals interactions between the N- and C-

terminal halves of Rad52. A) Rad52 or B) the Rad52-(dT)97 complex was subject to 

crosslinking with BS3, and the resulting crosslinks were identified using MS. For clarity, data 

are mapped onto the N-terminal (purple) and C-terminal (cyan) halves of Rad52 as two distinct 

regions. Intra-N and intra-C half crosslinks are colored purple and cyan, respectively. Inter-

crosslinks between the N- and C-terminal 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 and the key crosslinks between the DNA binding sites, and the 

positive patch identified in the XL-MS analysis are highlighted. 

Comparison of the crosslinks observed in the presence of ssDNA reveals both loss and 

gain of interactions (Fig 4). In particular, several of the crosslinks observed in the positive patch 

are lost (Fig 4B). These data suggest that ssDNA binding modulates interactions between the N- 

and C-terminal half of Rad52. In addition, substantial intra-C-terminal crosslinks are captured, 

suggesting that interactions within the disordered region might be important for function. We 

note that a conserved ‘negative patch’ resides in the C-terminal half of Rad52 (residues 240-280) 

that harbors the site for RPA binding (Supplementary Fig. 13).37 Significant crosslinks are 

observed between the positive and negative patches (Fig. 4). We propose that the network of 
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interactions between the patches and the N-terminal half are likely important for function and 

may dictate the DNA binding and other functional properties of Rad52 (discussed below). 

Correspondingly, mutations in these patches result in loss of function phenotypes.34,37,51 

The C-tail of Rad52 influences the dynamics of ssDNA wrapping 

To decipher the contributions of the C-tail to Rad52 function, we first assessed the 

ssDNA binding activity of Rad52 mutants carrying deletions in either the C-terminal (Rad52C; 

residues 1-217) or N-terminal (Rad52N; residues 218-417) halves (Fig. 5A). In MP and AUCSV 

analysis, majority of Rad52C behaves as a homodecamer and a smaller fraction (<5%) of higher 

order species of twice the mass (Fig. 5B and Supplementary Fig. 14A). In the cryo-EM analysis, 

2D classes reveal that Rad52C 
also forms homodecameric rings in agreement with the N-

terminal half harboring the oligomerization region (Supplementary Fig. 14B). ssDNA binding 

analysis reveals that Rad52C binds ssDNA with similar or higher affinity (Fig. 5C & D), but 

only the first phase is apparent which saturates with a site size of 55±3 nt/decamer (Fig. 5C). 

This finding strongly suggests that the relatively weaker second DNA binding site either resides 

in the deleted C-terminal half, or emerges from an inhibited state through protein-protein 

interactions between the N- and C-terminal halves. In addition, the Rad52C decamer binds to 

one molecule of ssDNA (Fig. 5B and Supplementary Fig. 14 B & C).  

Although the C-tail appears to influence ssDNA binding in the context of full-length 

Rad52, on its own lacks any DNA binding activity (Fig. 5E). Interestingly, when Rad52-ssDNA 

binding is measured in the presence of Rad52N (the C-tail by itself, residues 218-47), a 

reduction in the second DNA binding phase is observed (Fig. 5F). Furthermore, when Rad52C-

ssDNA binding is measured in the presence of Rad52N, an inversion of the Trp quenching 
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profile is observed (Fig. 5G). These data suggest that the second (weaker) binding site likely 

emerges from the protein-protein interactions between the N- and C-terminal halves of. A shorter 

version of the C-tail (Rad52N* residues 294-471) was shown to interact with ssDNA in band-

shift analysis.40 We observe a weak ssDNA binding activity for Rad52N* (Fig. 5E). Challenging 

the ssDNA binding activity of Rad52C by addition of increasing concentrations of Rad52N* 

results in a robust recovery of Trp fluorescence or dequenching (Fig. 5H). We reemphasize that 

Rad52N possesses both the positive and negative patches whereas the shorter Rad52N* protein 

carries only the positive patch (Fig. 5A). Since we detected crosslinks between these two patches 

in the C-terminus (Fig. 4), we propose that these two regions play opposing roles in regulating 

ssDNA binding. The positive patch may promote interactions with the phosphate backbone of 

ssDNA. The negative patch likely suppresses DNA binding/remodeling by sequestering away the 

positive patch.  
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Figure 5. Interactions between the N- and C-terminal halves of Rad52 influence ssDNA binding 

interactions. A) Schematic of the N- and C-terminal truncations of Rad52. B) Mass photometry 

analysis shows Rad52DC as a predominant single species in solution with mass corresponding to 

a homodecamer (254.7±11.9 kDa). The complex remains a homodecamer when bound to 

ssDNA. C) Trp. quenching analysis of Rad52DC binding to poly(dT) reveals high-affinity 

monophasic ssDNA binding with site-size of 55±3.2 nt/decamer. D) Fluorescence anisotropy 

analysis of Rad52DC binding to a FAM-(dT)35 oligonucleotide shows stoichiometric high 

affinity binding to ssDNA. E) Fluorescence anisotropy ssDNA binding analysis of N-terminal 

truncated versions of Rad52 show no ssDNA binding activity for Rad52DN, but weak binding 

for Rad52DN*. F) When Rad52DN is premixed with Rad52, a reduction in the Trp quenching 

signal upon ssDNA (dT)84 binding is observed. The signal corresponds to the loss of ssDNA to 

the low affinity binding site in Rad52. G) When Rad52DC and Rad52DN are premixed and 

binding to ssDNA (dT)84 is assessed through Trp. quenching, an initial increase in binding is 

observed as the high-affinity site is occupied. This was followed by a sharp loss in binding. H) 

When similar experiments are performed by sequential addition, titration of ssDNA (dT)84 to 

Rad52DC produces an increase in Trp quenching as expected (purple data points). After addition 

of ssDNA, increasing concentrations of Rad52DN* was added, leading to loss in Trp quenching. 

This data shows defined regions in the C-terminal half of Rad52 modulate ssDNA binding 

interactions. 
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The C-tail regulates the dynamic movement/diffusion of ssDNA on Rad52 

The data shown thus far argues that the two halves of  Rad52 harbor distinct ssDNA 

binding activities: N-terminal half binds a ~ 55 base long ssDNA tightly followed by a weaker 

binding to an additional 100 bases either directly to the C-terminal half or to a compound site 

created by both halves (Fig. 5). Furthermore, a small subset of the C-tails interacts with the N-

terminal region. For Rad52 to act as an ssDNA annealing machine, the binding of ssDNA must 

be dynamic. Such ‘breathing’ of ssDNA in nucleic acid-protein complexes may facilitate base 

pairing and annealing.  Thus, we hypothesized that allostery and asymmetry might regulate the 

dynamics and diffusion of Rad52 on ssDNA. Functionally, such regulation could help position 

Rad52 at a defined position on the DNA (either at the ss-dsDNA junction or at the 3′ end). Using 

single-molecule total internal reflectance fluorescence (smTIRF) microscopy, we investigated 

whether the binding of ssDNA to Rad52 is dynamic. Cy3 and Cy5 fluorophores were positioned 

on the DNA such that even partial wrapping or unwrapping of ssDNA bound to Rad52 could be 

captured as distinct FRET states. A ssDNA length of 45nt is sufficient to capture FRET 

(Supplementary Fig. 15). The addition of Rad52 to the smFRET DNA substrate led to the 

appearance of transients i.e. bursts of short-lived, high FRET states (Fig. 6B) which are 

completely absent in the DNA substrate alone sample (Fig. 6A). This indicates that Rad52 very 

rarely allows complete wrapping (high FRET state) of the overhang substrate. This can also be 

observed in the smFRET histogram (Fig. 6D) with the peak centered at FRET efficiency of 0.2. 

On the other hand, Rad52C promotes long lived high FRET states (Fig. 6C-E and 

Supplementary Figs. 16 & 17). Taken together, these data strongly indicate that the ssDNA 

binding/wrapping by Rad52 is highly dynamic with the DNA sampling multiple fully/partially 
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wrapped conformations. Deletion of the C-tail allows the ssDNA to sample higher FRET states 

more frequently. This indicates that in addition to creating a second (weaker) binding site, the C-

tail imposes restrictions on the diffusion of bound ssDNA in the primary (or the high affinity) 

binding site (Fig. 6B-E). 

 

 

Figure 6. The C-terminus controls the intrinsic diffusion of Rad52 on ssDNA. Single-molecule 

FRET distributions of A) (dT)40 overhang-ssDNA alone or (dT)40 overhang bound to B) Rad52, 

or C) Rad52DC. D) & E) HMM analyzed FRET state distributions of smFRET traces show 

Rad52DC accessing higher FRET states better than Rad52. 

The C-tail induced asymmetry dictates Rad51 binding to a single Rad52 

subunit. 

In both the HDX-MS and cryo-EM analyses, only a select number of C-tails appears to 

asymmetrically interact with the N-terminus (Fig. 3G and Supplementary Fig. 12). Since the C-

tails harbor Rad51 and RPA interaction sites, allosteric regulation of asymmetric binding of these 

proteins might be functionally important for Rad52 roles in HR. Thus, we investigated the 
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interactions between Rad52 and Rad51 and the role of the C-terminus. Since each Rad52 subunit 

in the decamer possesses a Rad51 binding region, multiple Rad51 molecules can be expected to 

be coated around the ring. Furthermore, Rad51 forms multiple oligomeric complexes in solution 

as observed by AUCSV (Fig. 7A) and MP (Supplementary Fig. 18). When Rad51 and Rad52 were 

mixed in equimolar amounts (1 Rad51 per Rad52 monomer) all the Rad51 molecules form a 

complex with the Rad52 decamer (Fig. 7A). Increasing the ratio of Rad51:Rad52 results in 

formation of complexes with higher molecular masses (Fig. 7A). Thus, we assumed that all 

subunits in the Rad52 ring were bound by Rad51. To better understand the structural 

organization of this complex we used single-particle Cryo-EM (Supplementary Fig. 19). 

Surprisingly, 2D classes show strong density for Rad51 bound alongside only one subunit in the 

Rad52 decamer (Supplementary Fig. 19A). Even when the concentration of Rad51 is doubled in 

the complex, selective binding to one part of the Rad52 ring is observed in the 2D classes 

(Supplementary Fig. 19B). Unfortunately, the dynamic nature of the complex and poor sampling 

of orientations hampered our ability to obtain high-resolution structures or reliable 3D volumes 

(Supplementary Fig. 19C). These studies imply that an intrinsic asymmetry within Rad52 exists 

and controls Rad51 interactions. This asymmetry and allostery was also observed in the 

interactions between the C-tails and the N-terminal half of Rad52 (Fig. 3). Deletion of the C-

terminal tail (Rad52C) reduced complex formation with Rad51 and more polydisperse 

complexes were observed (Supplemental Fig. 20). Thus, it is likely that the C-tail allosterically 

contributes to modulation of Rad52-Rad51 binding asymmetry. In addition, since Rad51 binds to 

Rad52C, a binding site for Rad51 exists within the N-terminal half of Rad52. However, the 

relative affinities for the different sites are to be established. 
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Figure 7. The C-tail of Rad52 regulates allosteric interactions with Rad51. A) AUCSV analysis 

(top panel) shows polydispersity of Rad51 with multiple oligomeric states. When increasing 

amounts of Rad51 (1, 10, or 10 µM) are mixed with a fixed concentration of Rad52 (10µM 

monomer), formation of Rad52-Rad51 complexes is observed. The size of the complexes 

increases as a function of Rad51 concentration in the solution. B) Stopped flow FRET 

experiments were performed with a (dT)97 ssDNA labeled at the ends with Cy3 (3′; donor) and 

Cy5 (5′; acceptor). In the absence of protein, no changes in FRET are observed (blue) and a 

robust increase is captured when Rad52 is introduced (orange). Similar experiments done with 

C) Rad52DC show wrapping of ssDNA. D) FRET experiments were performed using 

prewrapped Rad52-ssDNA complexes and change in FRET was measured upon addition of 

Rad52 in the absence (green) or presence (red) of ATP. A loss in FRET is observed when Rad51 

filaments are formed on the ssDNA in the presence of ATP. E) Similar experiments performed 

with Rad52DC do not show a decrease in FRET suggesting an impediment to Rad51 filament 

formation.  

Formation of proper Rad51 filaments requires the C-tail of Rad52 

To investigate the role of Rad52 in promoting Rad51 binding to ssDNA and formation of 

a filament, we utilized a FRET assay using end-labeled ssDNA oligonucleotides. Cy3 (donor) 

and Cy5 (acceptor) were positioned at the 3′ and 5′ end of a (dT)97 ssDNA oligonucleotide and 

changes in Cy5 fluorescence were measured by exciting Cy3. Upon binding to Rad52 or 

Rad52C, the ssDNA is wrapped around the decameric ring, and the fluorophores are brought in 

proximity resulting in sensitized Cy5 emission (Supplementary Fig. 15 & Figs. 7A & B). To 

measure the pre-steady state kinetics of this process,  experiments were conducted in a stopped 
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flow instrument. Next, preformed Rad52-DNA or Rad52C-DNA complexes were challenged 

with Rad51 in the absence or presence of ATP. ATP-binding promotes Rad51 binding and 

filament formation12, and thus, in the presence of ATP a rapid loss in the FRET signal is 

observed in experiments with Rad52 (Fig. 7D). In contrast, no reduction in FRET was observed 

for the Rad52C-DNA complex suggesting that Rad51 does not immediately form a filament 

when the C-terminal half of Rad52 is absent (Fig. 7E). Interestingly, a minor increase in the 

FRET signal is observed which reflects Rad51 binding directly to ssDNA as free DNA would be 

available when Rad52C is wrapped by a (dT)97 substrate (Supplementary Fig. 15). Please note 

that these changes are only captured in shorter time regimes in the stopped flow experiments. In 

steady state FRET measurements, Rad51 eventually outcompetes both Rad52 and Rad52C 

leading to similar signal changes (Supplemental Fig. 21 B & C). Thus, the C-terminus of Rad52 

regulates formation of Rad51 filaments on ssDNA. 
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Figure 8. Model describing the mechanism of action of Rad52 and regulation by the C-tail. The 

homodecameric ring structure of the N-terminal half of S. cerevisiae was depicted and three of 

the ten disordered C-terminal tails were shown (for clarity). The negative and positive patches 

were shown and the asymmetric interaction between one tail and the N-terminal half was 

depicted. We propose that such interactions in remaining tails were allosterically suppressed 

through either intra or inter C-tail interactions between the negative and positive patches. The 

path of ssDNA binding is modulated through interactions between the DNA backbone and the 

positive patch bound to the N-terminal half. This unique asymmetric region of interaction 

between the two halves of Rad52 serves as the point of Rad51 binding and nucleation on to 

ssDNA. In the presence of ATP, this allosterically controlled process promotes single-position 

nucleation and growth of presynaptic Rad51 filaments in HR. 

Discussion 

A barebones view of events during formation of the Rad51 filament during HR pre-

synapsis encompasses a resected 3′ ssDNA overhang coated by RPA, Rad51, and Rad52. 

Previous models suggested that the mediator functions of Rad52 promote removal of the high-

affinity DNA binding RPA (KD <10-10 M) to enable binding/nucleation of the lower affinity 

Rad51 (KD ~10-6 M)52. Physical interactions between Rad52 and Rad51 and RPA are required for 

this exchange34,38,53. Recent single-molecule experiments show that RPA-Rad52 function as a 

complex on the DNA to promote Rad51 binding, with additional roles in downstream second-

strand capture54. In terms of the structure-function assessments, the N-terminal half of each 

Rad52 subunit is thought to promote the oligomerization and DNA binding activities26,27,41,55. 
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Protein-interaction domains have been mapped to the C-terminal half25,34,56-58. How the various 

activities of Rad52 are coordinated to enable the mediator functions in HR are poorly resolved. 

Using single-particle Cryo-EM analysis, we illustrate that S. cerevisiae Rad52 functions 

as a homodecamer. As shown for human Rad52, the N-terminal half is ordered in the 

homodecameric ring architecture and the C-terminal half is disordered. Remarkably, an intrinsic 

asymmetry in Rad52 is imparted by the C-terminal region from one (or a select few) subunit that 

interacts with the ordered ring. This asymmetry in turn regulates a two-state ssDNA binding 

activity driven through high- and low-affinity ssDNA interactions. When the C-tail is removed, 

the low-affinity binding is lost. We propose the presence of two charged regions (termed as 

positive and negative patches) in the C-tail that contribute to the asymmetry within Rad52. The 

positive patch interacts weakly with ssDNA, and interactions between the positive and negative 

patches inhibit this activity. In the subunits where interactions between the N- and C-terminal 

halves are observed, the positive charge is accessible to ssDNA interactions. We speculate that 

such asymmetric interactions could guide the path of ssDNA around the Rad52 ring and likely 

setups either polarity or define the position of Rad51 or RPA binding (Fig. 8). 

In support of this model, the asymmetry identified in the Rad52 structure also extends to 

interactions with Rad51. In cryo-EM 2D class averages, Rad51is bound to only one region in the 

Rad52 ring (Supplementary Fig. 19). This observation persists even when a vast excess of Rad51 

is present in the reaction. These data suggest that the asymmetry in ssDNA and Rad51 binding 

within Rad52 might serve as a mechanism for ‘single-position nucleation’ of the Rad51 

nucleoprotein filament (Fig. 8). This phenomenon might be essential for accurate DNA repair in 

HR. Identification of perfect homology within the undamaged strand (sister allele) is of 
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paramount importance59. For Rad51 (and the prokaryotic homolog RecA) a minimum of 8 nt 

homology is required to promote strand invasion60-63. Furthermore, a ‘search entity’ has been 

proposed where Rad51 is in complex with additional proteins (including Rad52 and RPA) to 

catalyze homology search and pairing59. Thus, if Rad51 binds to multiple subunits on Rad52, 

formation of a uniform search entity that engages and handles ssDNA at a single position might 

not be possible. We envision a minimal search entity to contain a Rad52 decamer bound to 

Rad51 at a single defined position. This binding position is dictated by one (or a select few) of 

the C-tails that interacts with both the ordered N-terminal half and ssDNA. The mechanisms of 

negative cooperativity and allostery enacted to suppress such binding events in the other C-tails 

in the Rad52 ring needs to be deciphered. The positive patch we define also harbors the Rad51 

binding motif. Thus, the C-terminal ssDNA and Rad51 binding sites are likely coupled.  

Another layer of complexity is the position of RPA within the RPA-Rad52-Rad51 

complex. Does the minimal search entity comprise RPA-Rad52-Rad51? Does the RPA-Rad52 

complex form first and then recruit Rad51, or is it the inverse? Can such complexes be formed in 

the absence of ssDNA? Many such questions need to be answered. In the absence of ssDNA we 

can reliably capture the RPA-Rad52-Rad51 complex in analytical ultracentrifugation analysis 

(Supplementary Fig. 20C). Using single-molecule tools, we previously showed that Rad52 can 

selectively remodel DNA-binding domain D of RPA of an RPA-ssDNA complex13. In the 

absence of ssDNA, the Rtt105 chaperone inhibits interactions between Rad52 and RPA by 

configurationally stapling the flexible architecture of RPA64. Thus, many other regulatory 

mechanisms need to be accounted for to comprehensively understand the nature of the ‘search 

entity’ and its regulation. 
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Materials and Methods 

Reagents and Chemicals 

Fluorescently labeled and non-labeled oligonucleotides were synthesized by Integrated 

DNA technologies Inc. Poly(dT)was purchased from Midland Certified Reagent Company. 

Chemicals were purchased from Millipore-Sigma, Research Products International, Gold 

Biotechnology, and Fisher Scientific. Resins for protein purification were from Cytiva Life 

Sciences, Bio-Rad laboratories, and Gold Biotechnology. 

Plasmids for protein overproduction 

Plasmids carrying the coding sequence for yeast Rad52 with a cleavable C-terminal chitin 

binding domain (pTXB1-CBD) was a kind gift from Dr. Eric Greene (Columbia University). 
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Rad52C was generated by introducing a stop codon at the nucleotide position corresponding to 

amino acid position 218. Rad52N and Rad52N* were generated by PCR amplifying the 

respective fragments and subcloning into the original pTXB1 plasmid encoding a C-terminal 

CBD tag using NdeI and XhoI restriction sites. Plasmids for overproduction of RPA and Rad51 

were as described.12,14 

Purification of Rad52 and Rad52 mutants  

Rad52 plasmids were transformed into Rosetta-2 PlysS cells, plated on LB agar plates 

(with 100 g/mL ampicillin), and incubated overnight at 37 °C. A single colony was inoculated 

in a 50 mL LB starter culture supplemented with ampicillin and incubated overnight at 250 rpm 

at 37 oC. 10 mL of the overnight culture was inoculated into a 2.8 L baffle flask with 1.5 L LB 

media supplemented with ampicillin and grown at 250 rpm at 37 oC until the growth reached an 

OD600 of 0.6. The culture was induced by the addition of 0.5 mM isopropyl--D-1-

thiogalactopyranoside (IPTG). Following induction, the culture was incubated overnight at 150 

rpm, 18 oC. All the steps from here on were performed at 4 oC or on ice. Cells were pelleted by 

centrifugation at 5000 rpm for 30 minutes and resuspended in 200 mL cell lysis buffer (50 mM 

Tris-HCl, pH 8.0, 600 mM NaCl, 1 mM EDTA, and 2X protease inhibitor cocktail (PIC)).  Cells 

were lysed by incubation for 30 minutes with 0.4 mg/ml lysozyme at 4 °C, followed by 2 cycles 

of sonication (50 % amplitude, 2 seconds pulses for 60 seconds) with a minute pause in between. 

Cell lysate was clarified by centrifugation at 17,000 rpm for 1 hour. The clarified supernatant 

was then batch-bound for 3 hours on to 20 mL chitin resin (New England Biolabs) equilibrated 

with 200 mL of cell lysis buffer. The protein-bound beads were sequentially washed with 100 

mL each of cell lysis buffer, cell lysis buffer + 1.5 M NaCl and finally with the cell lysis buffer. 
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Rad52 protein was batch eluted with CBD elution buffer (cell lysis buffer + 50 mM DTT). Chitin 

column eluates were analyzed by 10 % SDS-PAGE and eluates containing Rad52 were pooled, 

diluted with R0 (50 mM Tris-HCl pH 7.5, 1 mM EDTA pH 8.0, 2 mM ME, 10 % glycerol, and 

2X PIC) to a final conductivity of R200 and applied on a 20 mL heparin column (Cytiva Inc.). 

Bound Rad52 was fractioned using a linear gradient of R200-R1000. Fractions containing Rad52 

were pooled and loaded on a 20 mL Q-Sepharose column. Fractions containing Rad52 were 

pooled, concentrated with a 30 kDa cut-off spin concentrator to a volume ~4.5 mL and applied 

on to HiLoad 16/600 200 Superdex-200 pg size exclusion column. Fractions containing Rad52 

were pooled, concentrated with a 30 kDa cut-off spin concentrator, and stored at -80 °C as small 

aliquots after flash freezing with liquid nitrogen. Before flash freezing, concentration of Rad52 

was determined spectroscopically using molar extinction coefficient () 25,900 M-1cm-1. 

Rad52N, and Rad52N* lack tryptophan residues so their concentration was first estimated using 

the predicted molar extinction coefficient for the peptide bond measured at 214 nm. In addition, 

the concentration of Rad52, Rad52C, Rad52N, and Rad52N*were also verified using the 

Bradford method before performing Tryptophan quenching experiments. Rad51 and RPA were 

purified as described.12,14 

Determination of stoichiometry and molecular weight using Mass 

Photometry  

Mass photometry measurements were carried out on a TwoMP instrument (Refeyn Inc.). 

Glass coverslips (No. 1.5H thickness, 24x50 mm, VWR) were cleaned by sonication, first in 

isopropanol, and then in deionized water for 15 min. Cleaned coverslips were dried under a 

stream of nitrogen. For some measurements (e.g., DNA-bound complexes) coverslips were 
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coated with a 0.1% w/v poly-lysine solution. For each measurement, a clean coverslip with a 6-

well silicone gasket was placed onto the water-immersion objective and samples were added 

onto each well as described below. Molecular weight standards were resuspended in their 

matching buffers and used to calibrate and convert the particle-image contrast due to scattered 

light into MW units. Rad52 was diluted to a final concentration of 130 nM decamers (or 1.3 μM 

monomers) in buffer (50 mM Tris-acetate pH 7.5, 50 mM KCl, and 5 mM MgCl2). After focus 

was obtained and the image stabilized, 1 L of the 130 nM protein solution was mixed in with 15 

L of 1X buffer taken in a silicon gasket well resulting in an 8.1 nM solution of decamers (final 

concentration in the well). Standards included -amylase (3 species of 56, 112, & 224 kDa, 

respectively) and thyroglobulin (single species of 667 kDa). 8-10 nM of Rad52 decamers 

produced statistically significant number of particles (~5,000) over a 60 s recording. For data 

analysis, single particle landings (events) were identified and converted to mass units using the 

standard calibration, extracted from videos, and non-linear least squares fitted with Gaussian 

mixture model (Eq. 1) to quantify the underlying populations (Supplementary Table ). For 

Rad52, the molecular weight upon addition of (dT)84 (25.4 kDa) did not appear to shift 

noticeably. This is likely since the limit of sensitivity of the instrument is ~ 50 kDa and any 

increments in molecular weight lower than that cannot be distinguished from noise. However, a 

change was readily visible for Rad52C. 

 

Eq. 1. 
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𝑓(𝑥) = a1 ∗  𝑒𝑥𝑝
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Where a𝑛 , 𝑏𝑛, and 𝑐𝑛 are the amplitude, mean, and the standard deviation of the nth Gaussian 

component. For Rad52 and Rad52C, the 𝑛 equaled 3, but Rad51 showed significant 

heterogeneity and the Rad51 nano-filament mass size ranged from a dimer to a pentadecamer 

(𝑛 = 15; Supplementary Figure 18). 

Analytical Ultracentrifuge (AUC) Analysis 

Analytical ultracentrifugation sedimentation velocity experiments were performed with 

an Optima Analytical Ultracentrifuge (Beckman-Coulter Inc.) using a An-50 Ti rotor. Samples 

were spun at 40,000 rpm at 20 °C. Samples were prepared by thoroughly dialyzing against 30 

mM HEPES, pH 7.8, 100 mM KCl, 10% glycerol, and 1 mM TCEP. Sample (380 L) and buffer 

(400 L) were filled in each sector of 2-sector charcoal quartz cells. Absorbance was monitored 

at 280 nm for samples using absorbance optics and scans were obtained at 3 min intervals. The 

density and viscosity of the buffer at 20 °C was calculated using SEDNTERP. The continuous 

distribution sedimentation coefficient (c(s)) model was used to fit the AUC data using SEDFIT.65 

Cryo-EM Data collection  

3 L of 0.31 mg/mL Rad52 or 0.44 mg/mL of the Rad51-Rad52 complex were applied 

on to Quantifoil R 2/2 300 copper mesh grids, then plunge-frozen into liquid ethane using a 

Vitrobot Mark IV (Thermo Fisher Scientific, Brno, Czech Republic) set to 4 °C and 100% 

humidity. Prior to vitrification, the grids were plasma cleaned in an H2O2 plasma for 1 minute 

using a Solarus 950 (Gatan, Warrendale, PA). The sample was allowed to incubate for 20 s on 
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the grids prior to blotting. Single-particle cryo-EM data was acquired on a 200 kV Glacios cryo-

TEM equipped with a Falcon IV direct electron detector (Thermo Fisher Scientific, Eindhoven, 

Netherlands). The nominal magnification was 150,000x, resulting in a pixel size of 0.94 Å. The 

total electron dose was 50.7 e−/Å2 per movie with 48 frames, and the defocus value varied 

between -0.8 and -2.4µm.  

Cryo-EM Image processing 

Single-particle cryo-EM data was processed using cryoSPARC v3.2.0.66 For the Rad52 

dataset, 2,447 raw movies were motion corrected using patch motion correction. The CTF 

estimation of the subsequent micrographs was performed using patch CTF estimation. Initial 

particle picking was accomplished using blob picker, the results of which were subjected to 2D 

classification. The best templates were chosen for a subsequent template picker job. After 

inspection of the template picks, 701,962 particles were extracted using a box size of 300 pixels 

and subjected to three rounds of 2D classification, resulting in 180,545 particles. Three initial 

models were generated using an ab-initio reconstruction job, which were then refined by a 

heterogeneous refinement job with C1 symmetry. After visualizing the volumes in UCSF 

ChimeraX67 the best class (consisting of 46,845 particles) was chosen for further processing. The 

class was subjected to non-uniform refinement with C10 symmetry, then the particle stack was 

symmetry expanded and underwent local refinement. The resulting cryo-EM density map had an 

estimated gold standard Fourier shell correlation (FSC) resolution of 3.48 Å at a threshold of 

0.143. 

For the Rad52-Rad51 dataset, 5,054 raw movies were motion corrected using patch 

motion correction, then the CTF estimation of the subsequent micrographs was performed using 
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patch CTF estimation. Initial particle picking was accomplished using blob picker, the results of 

which were subjected to 2D classification. The best templates were chosen for a subsequent 

topaz picker job. After removing duplicates, 1,111,384 particles were extracted using a box size 

of 360 pixels and subjected to three rounds of 2D classification, resulting in 332,737 particles. 

Five initial models were generated using an ab-initio reconstruction job, which were then refined 

by a heterogeneous refinement job with C1 symmetry. The disordered nature of the Rad51 

density in these volumes made it difficult to obtain a higher resolution structure of the Rad52-

Rad51 complex.  

Model building:  

The Atomic model for yeast rad52 was built de novo using Model Angelo tool.68 The 

Model Angelo generated model was curated manually in Chimera69 and Coot v0.9.370. The 

manually curated atomic model was real space refined followed by manual curation in Coot. The 

final model was validated by Ramachandran plot in Phenix.  

Measurement of ssDNA binding to Rad52 using fluorescence anisotropy 

5′-FAM labeled (dT)35 or (dT)70 ssDNA was diluted to 30 nM in buffer (50 mM Tris-

acetate pH 7.5, 50 mM KCl, 5 mM MgCl2, 10% v/v glycerol, 1 mM DTT and 0.2 mg/mL BSA) 

and taken in a 10 mm pathlength cuvette (Starna Cells Inc). The temperature was maintained at 

23 oC as the fluorescein labelled-ssDNA molecules were excited with vertically polarized 488 

nm light and emission was collected using a 520 nm bandpass filter in parallel and perpendicular 

orientation in a PC1 spectrofluorometer (ISS Inc.). The samples were taken in triplicate and five 

consecutive measurements were averaged for each data point as G-factor corrected anisotropy 

values were measured after addition of Rad52 (full-length or Rad52C). The titration was 
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continued until the anisotropy value plateaued indicating a steady state. The raw anisotropy 

values were corrected for the reduction in quantum yield of the fluorescein moiety upon Rad52 

addition, brought about the proximity based quenching effects of the bound protein molecule as 

follows, 

          Eq. 2.                                                       

𝐴𝑐 =  
[(

𝐴 –  𝐴𝑓

𝐴𝑏  –  𝐴)  ×  (
𝑄𝑓

𝑄𝑏
) ×  (𝐴𝑏)]  + 𝐴𝑓

1 +  [(
𝐴 –  𝐴𝑓

𝐴𝑏  –  𝐴)  × (
𝑄𝑓

𝑄𝑏
)]

 

Where, 1) 𝐹𝑏, and 𝐹𝑓 are the bound, and free concentrations of the FAM-labeled 

fluorescent ssDNA in nM, 2) 𝑄𝑏 , and 𝑄𝑓 are the fluorescence quantum yields of the bound and 

free form of the FAM-labeled fluorescent ssDNA (arbitrary units), 3) 𝐴𝑏 , and 𝐴𝑓 are the 

anisotropy values of the bound and free forms of the FAM-labeled fluorescent ssDNA, 4) 𝐴, is 

the measured anisotropy, and 5) 𝐴𝑐  is the corrected anisotropy value. Care was taken to limit the 

maximal dilution to <5% of initial volume and the protein, and ssDNA concentration was 

corrected for this effect. Due to extremely tight binding between Rad52 (full length, and 

Rad52C), and (dT)35, no attempt was made to fit a binding curve to the data points.  

Tryptophan quenching assays  

Titrations monitoring the tryptophan fluorescence output of Rad52 (full length or 

Rad52C) were performed with a PC1 spectrofluorometer. The tryptophan residues in the protein 

samples were selectively excited with 296 nm excitation light and the emitted fluorescence (320 

– 360 nm) was collected as an emission scan in triplicate using a 10 mm path length cuvette; the 

peak being located at 345 nm. The temperature of the sample was maintained at 23 oC. ssDNA 
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(poly(dT) or (dT)84) was added to a 1.2 mL, 50 nM (Rad52 or Rad52C decamer concentration) 

protein taken in buffer (50 mM Tris-acetate pH 7.5, 50 mM KCl, 5 mM MgCl2, 10% v/v 

glycerol, and 1 mM DTT) with constant stirring. After a 2 min incubation, the fluorescence 

emission scan was reacquired. To minimize photobleaching the excitation shutter was only open 

during data acquisition. The fluorescence values were corrected for the effects of dilution, 

photobleaching, and inner filter effects using Eq. 3. 

Eq. 3 

𝐹𝑖,𝑐𝑜𝑟𝑟 =  𝐹𝑖,𝑟𝑎𝑤 × (
𝑉𝑖,𝑟𝑎𝑤 

𝑉0 
) × (

1

𝐶
)  × (

𝑓0 

𝑓𝑖 
) 

Where, 𝐹𝑖,𝑟𝑎𝑤 , and 𝐹𝑖,𝑐𝑜𝑟𝑟 are measured, and corrected Rad52 fluorescence values after each (ith) 

addition of nucleic acid stock. 𝑉0  is the initial volume of the solution before titration, 𝑉𝑖 is the 

volume after after addition of the ith aliquot. 𝑓0 , and 𝑓𝑖 are the initial fluorescence and 

fluorescence of Rad52 due to photobleaching alone under identical solution conditions. 𝐶 or the 

correction factor for the inner filter effect was assumed to be 1 because of following reasons: 1) 

The optical density (OD280) of Rad52 at 50 nM decamer concentration (or 0.5 μM monomer 

concentration) is only 0.013 which is at least 7-fold lower than the O.D. = 0.1 cutoff where inner 

filter effects become significant. 2) In addition, the normalized fluorescence spectra of Rad52 at 

10, 25, 50, and 70 nM decamer concentration appear comparable when normalized for 

concentration (data not shown). 3) The maximum concentration of ssDNA in the cuvette, at the 

end of titration, rarely exceeded 250 nM. The corrected data was plotted as the absolute change 

in fluorescence normalized to the initial fluorescence (|
△𝐹

𝐹0
|) on Y-axis, with [nucleotides] / 

[Protein] ratio on the X-axis. The biphasic curve resulting from the TRP quenching of Rad52 
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with poly(dT) or (dT)84 could be fitted with a model for two independent, sequential DNA 

binding sites as follows: 

Eq. 4 

𝑇𝑄 =
𝑇𝑄1𝐾𝐷1𝐷𝑓 + 𝑇𝑄2𝐾𝐷1𝐾𝐷2𝐷𝑓

2

1 + 𝐾𝐷1𝐷𝑓 + 𝐾𝐷1𝐾𝐷2𝐷𝑓
2  

Eq. 5 

𝐷 = 𝐷𝑓 +  𝐷𝑏 = 𝐷𝑓 +
𝐾𝐷1𝐷𝑓 + 2𝐾𝐷1𝐾𝐷2𝐷𝑓

2

1 + 𝐾𝐷1𝐷𝑓 + 𝐾𝐷1𝐾𝐷2𝐷𝑓
2  [𝑅𝑎𝑑52] 

Where, 𝑇𝑄 is the observed Tryptophan quenching, which is sum of two components 𝑇𝑄1, and 

𝑇𝑄2 due to the strong and the weak binding components. 𝐾𝐷1 and 𝐾𝐷2 are macroscopic 

dissociation constants for the first and the second phase, respectively. 𝐷 is the total DNA 

concentration which is sum of free and bound components 𝐷𝑓 , and 𝐷𝑏. Note that 𝐷𝑏  is a function 

of total protein concentration or [Rad52]. [𝑅𝑎𝑑52] is assumed to be constant at 50 nM (decamer) 

during fitting as there is less than 5% dilution by the end of titration. 𝐾𝐷1, and 𝐾𝐷2 are 

determined from the non-linear least squares fitting of equations 2, and 3. 

Hydrogen-Deuterium Exchange mass spectrometry (HDX-MS) analysis  

Stock solutions of Rad52 (15.3 mg/mL) were mixed in the presence or absence of (dT)97 

ssDNA in a 1:1.2 ratio. Reactions were diluted 1:10 into deuterated reaction buffer (30 mM 

HEPES, 200 mM KCl, pH 7.8). Control samples were diluted into a non-deuterated reaction 

buffer. At each time point (0, 0.008, 0.05, 0.5, 3, 30 h), 10 µL of the reaction was removed and 

quenched by adding 60 µL of 0.75% formic acid (FA, Sigma) and 0.25 mg/mL porcine pepsin 

(Sigma) at pH 2.5 on ice. Each sample was digested for 2 min with vortexing every 30 s and 
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flash-frozen in liquid nitrogen. Samples were stored in liquid nitrogen until the LC-MS analysis. 

LC-MS analysis of Rad52 was completed as described71 Briefly, the LC-MS analysis of Rad52 

was performed on a 1290 UPLC series chromatography stack (Agilent Technologies) coupled 

with a 6538 UHD Accurate-Mass QTOF LC/MS mass spectrometer (Agilent Technologies). 

Peptides were separated on a reverse phase column (Phenomenex Onyx Monolithic C18 column, 

100x2mm) at 1°C using a flow rate of 500 μL/min under the following conditions: 1.0 min, 5% 

B; 1.0 to 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 acetonitrile (Thermo 

Fisher). Data were acquired at 2 Hz s-1 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 at 8.0 L/min, drying 

temperature at 350 °C, and capillary voltage at 3.5 kV. Peptides were identified as previously 

described72 using Mass Hunter Qualitative Analysis, version 6.0 (Agilent Technologies), Peptide 

Analysis Worksheet (ProteoMetrics LLC), and PeptideShaker, version 1.16.42, paired with 

SearchGUI, version 3.3.16 (CompOmics). Deuterium uptake was deter- mined and manually 

confirmed using HDExaminer, version 2.5.1 (Sierra Analytics). Heat maps were created using 

MSTools73. 

Crosslinking Mass Spectrometry (XL-MS) analysis 

Stock solutions of Rad52 and ssDNA (dT)97 were diluted to 1.8 mg/mL and 2.2 mg/mL, 

respectively in buffer (30 mM HEPES, 200 mM KCl, pH 7.8) and incubated together for 30 min. 

The diluted proteins were reacted with primary amine reactive 5 mM 

bis(sulphosuccinimidyl)suberate (BS3) and 20 µL of the sample was taken at various time points 

(0, 15, and 30 minutes) and immediately quenched with 2 µL of 1 M ammonium acetate. 
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Quenched samples were diluted with 1.5X Laemmli gel loading buffer to a final volume of 40 

µL, vortexed, and heated to 100 °C for 5 min and resolved on 4-20% (w/v) gradient SDS-PAGE 

gels (Bio-Rad) with Tris-glycine buffer. Gels were stained with Gelcode blue safe protein stain 

(Thermo Scientific). Gel bands were excised for protein identification and analysis. Excised 

bands were destained with a 50 mM ammonium bicarbonate and 50% acetonitrile mixture and 

reduced with a mixture of 100 mM DTT and 25 mM ammonium bicarbonate for 30 min at 56 

°C. The reaction was subsequently exchanged for the alkylation step with 55 mM iodoacetamide 

and 25 mM ammonium bicarbonate and incubated in the dark at room temperature for 25 min. 

The solution was then washed with the 50 mM ammonium bicarbonate and 50% acetonitrile 

mixture. The gel pieces were then first dehydrated with 100% acetonitrile and subsequently 

rehydrated with sequence grade trypsin solution (0.6 µg, Promega) and incubated overnight at 37 

°C. The reaction was quenched with 10 µL of 50% acetonitrile and 0.1% formic acid (FA, 

Sigma) and transferred to new microfuge tubes, vortexed for 5 min, and centrifuged at 15,000 

rpm for 30 min. Samples were transferred to mass spectrometry vials and quantitated by LC-MS 

as described for peptide identification74,75. Peptides were identified as previously described72 

using MassHunter Qualitative Analysis, version 6.0 (Agilent Technologies), Peptide Analysis 

Worksheet (ProteoMetrics LLC), and PeptideShaker, version 1.16.42, paired with SearchGUI, 

version 3.3.16 (CompOmics). Crosslinks were then determined using Spectrum Identification 

Machine (SIMXL 1.5.5.2).  

 

 

Cy3/Cy5 FRET based steady state ssDNA wrapping experiments 
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FRET-based analyses of ssDNA binding, and wrapping by full-length Rad52 and 

Rad52C proteins was carried out by titrating the protein into ssDNA with Cy5 and Cy3 labels at 

either ends. A 2 mL solution containing 30 nM ssDNA (5′-Cy5-(dT)80-Cy3-3′) was taken in 50 

mM Tris-acetate pH 7.5, 50 mM KCl, 5 mM MgCl2, 10% v/v glycerol, 1 mM DTT, and 0.2 

mg/mL BSA in a 10 mm pathlength quartz cuvette in spectrofluorometer. The temperature was 

maintained at 23 oC with constant stirring. The samples were taken in triplicate, excited with 535 

nm light, and the resulting emission from the donor (Cy3), and the sensitized emission from the 

acceptor (Cy5) was collected as a FRET scan from 550 – 700 nm. Ratiometric FRET efficiency 

was calculated from the background subtracted FRET spectra as follows: 

 Eq. 6 

𝐹𝑅𝐸𝑇𝑒  =  
I𝐴

I𝐴  +  I𝐷
 

 Where 𝐹𝑅𝐸𝑇𝑒 is the FRET efficiency calculated by normalizing the sensitized emission counts 

(I𝐴; fluorescence intensity collected at 667 nm) with total number of photons collected in the 

donor and the acceptor channel (I𝐴  +  I𝐷; fluorescence intensity counts 667 nm + that collected 

at 568 nm). We did not estimate or apply correction factors for spectral cross-stalk (i.e. Cy3 

emission spilling over into Cy5 channel or vice versa, or cross-excitation (i.e. 535 nm excitation 

light directly exciting Cy5 fluorophores) because following two reasons: 1) Equation (6) is a 

simple means to estimate ratiometric FRET. We are merely interested in monitoring the relative 

changes in the distance between the ends of the ssDNA upon binding to Rad52 rather than any 

precise value in nm. 2) A complete battery of correction factors will also include the careful 

estimation of proximity-based effects of bound protein molecules on the quantum efficiency of 

Cy3 and Cy5 fluorescence. This will involve additional experiments with Cy3- or Cy5- alone 
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labelled ssDNA of comparable lengths something which is beyond the scope of this present 

study. After an initial FRET scan of ssDNA alone, full length Rad52 or Rad52C were titrated in 

multiple steps gradually increasing the protein concentration. After each addition, FRET spectra 

were reacquired after an incubation period of 2 min allowing the binding reaction to reach 

equilibrium. The estimated 𝐹𝑅𝐸𝑇𝑒 was plotted against the concentration of Rad52 in decamer 

units (see supplementary figure 15) for ssDNA of different lengths. (dT)xx, where xx refers to 45, 

60, 80 or 97 nucleotides in length. 

Single-molecule analysis of ssDNA-Rad52 wrapping  

Single-molecule FRET measurements were performed on an inverted, objective based 

total-internal-reflection fluorescence microscope (TIR-FM; IX71 Olympus). TIR excitation was 

achieved through an oil-immersion objective (100X Olympus UplanApo Numerical Aperture 

1.5). The sample was excited with a 532nm laser and the emitted fluorescence was split into two 

channels using Optosplit II (Cairn-Research, UK); Cy3 and Cy5 emissions was collected on the 

half chip of the same electron-multiplying charge-coupled device (EM-CCD) camera (iXon Ultra 

DU-897U-CS0). Images were acquired with 150 ms frame time. Donor and Acceptor images 

were subpixel registered in Fiji using an image of multicolor beads as fiducial markers. Next, 

background corrected intensity traces were extracted from immobilized ingle-molecule spots 

using Matlab scripts. FRET values were calculated for each fluorescent spot as a ratio between 

the acceptor intensity and the sum of the intensities of the donor and acceptor, corrected for 

crosstalk and cross excitation. The single-molecule FRET vs time traces were further analyzed in 

vbFRET76 to ascribe FRET states and dwell times. 
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 Glass coverslips for single-molecule imaging were cleaned and coated as follows: Briefly 

No. 1.5 thickness Gold Seal coverslips (22 x 60 x 0.17) were sonicated in deionized water, 2% 

Micro-90, 200-proof ethanol, and finally in 1N KOH all at 60 oC for 15 minutes each 

interspersed with exhaustive washes with deionized water. After drying under a stream of filtered 

N2, the coverslips were first coated with Vectabond (1% v/v Vectabond in 1:18 methanol/acetic 

acid mixture) followed by washes with deionized water. Next, dried coverslips were incubated 

overnight with a freshly prepared 18:1 mixture of mPEG-SVA and Biotin-PEG-SVA in 0.1 M 

NaHCO3. Nonspecific binding, which was measured by flowing in non-biotinylated Cy3- or 

Cy5- labelled DNA or by flowing in biotinylated fluorescent DNA substrate in absence of 

Neutravidin, was <1 %. All measurements were performed at room temperature in buffer (50 

mM Tris-acetate pH 7.5, 50 mM KCl, 5 mM MgCl2, 10% v/v glycerol, 1 mM DTT, and 0.2-0.5 

mg/mL BSA)  supplemented with oxygen scavenging solution i.e. 0.1 mg/mL glucose oxidase, 

0.2 mg/mL catalase, and 0.4% (wt/wt) β-D-glucose (or 0.1 M PCD / 10 mM PCA), and 2.5 mM 

Trolox to reduce blinking. To a neutravidin (0.2 mg/mL) coated slide, biotin tagged partial 

duplexes (18 bp duplex region) with 3′ dT overhangs and Cy3/Cy5 pairs (Supplementary Table 

4) were added at 50-100 pM concentration to arrive at optimal single-molecule number- density 

of ~1.2 spot per 3.5 m2 area on the EM-CCD chip. Basal FRET (w/o any protein) trajectories 

were recorded for 5 minutes. Following which 0.9-1.3 nM (decamer) Rad52 or Rad52C was 

introduced. After a 1-2 minute incubation period to re-achieve anoxic conditions and the Rad52-

ssDNA binding to arrive at an equilibrium, 5 min long videos were again recorded from the same 

field of view. 
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Steady-State analysis of ssDNA handoff to Rad51 

To 30 nM ssDNA (5′-Cy5-(dT)80-Cy3-3′) taken in buffer (50 mM Tris-acetate pH 7.5, 50 

mM KCl, 5 mM MgCl2, 10% v/v glycerol, 1 mM DTT, and 0.2 mg/mL BSA) in a 10 mm path-

length cuvette full length Rad52 or Rad52C was added until the FRET peaked indicating the end 

of binding reaction. Next, increasing concentration of Rad51 (±2.5 mM ATP) was added to the 

reaction in a stepwise manner. As Rad51 concentration was increased, average FRET begins to 

decrease especially in the case where ATP was present in the reaction. These results are 

consistent with the model that ATP-dependent polymerization of Rad51 extracts ssDNA away 

from Rad52-wrapped configuration and thereby linearizing it and resulting in a loss in FRET. 

Stopped Flow analysis of DNA binding and Rad51 filament formation  

Stopped-flow experiments were performed using an Applied Photophysics SX20 

instrument (Applied Photophysics Inc.) at 25 °C in reaction buffer (50 mM Tris-acetate pH 7.5, 5 

mM MgCl2, 10% glycerol, and 1mM DTT). Reactions from individual syringes were rapidly 

mixed and fluorescence data were collected. The respective mixing schemes are denoted by 

cartoon schematics within the figure panel. Five individual shots were averaged for each 

experiment. All experiments were repeated a minimum of 3 times. In FRET experiments, 

samples were excited at 535 nm and Cy5 emission was captured using a 645 nm band-pass filter. 

For the Cy3-dT(80)-Cy5 Rad52-Rad51 interactions, Rad52-DNA and Rad52-DNA-Rad51 

interactions, experiments were performed with 100 nM each of Rad52 (decamer) and Cy3-dT(80)-

Cy5 ssDNA substrates, along with 3 µM Rad51. All concentrations denoted are post-mixing. 
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CHAPTER SIX 

CONCLUDING REMARKS 

Each of the proteins investigated in this thesis has evolved to take advantage of 

conformational change and allostery during catalysis. Though they have different folds, are 

involved in different pathways, and different biochemical processes, they all exhibit and need 

conformational change/allostery to function properly. Using these proteins as examples, I 

suggest that to fully explore the structure and function of proteins we must expand our scope to 

encompass the conformational ensemble of the protein of interest. An interesting quote that 

encompasses this work was posited by Hilser and coworkers:1 

Finally, taken as a whole, the results presented here have important evolutionary 

implications as well. If allosteric signaling is not only quantitatively, but 

qualitatively, dependent on the conformational ensemble of the protein, it must be 

the case that protein sequences code not just for the high-resolution structure of the 

protein, but also for its entire energy landscape. Because the sign of the signal (i.e., 

activation or repression) can be changed by modulating the stability of just one 

domain, even without a structural change, the notion that structure codes for 

function, or more precisely that function can be inferred from structure, must be 

critically revisited. 

This statement is perhaps even more relevant today than when it was made nearly ten years ago.  

The functions of proteins are dependent on their structure which are encoded in their amino acid 

sequence. The amino acid sequence must also contain the “information” for the conformational 

ensemble of a protein in solution. We now have powerful computational and experimental tools 

for sampling significantly populated states of complex protein systems. However, even with 

these advances, current computational methods are still unable to chart the free-energy landscape 

of allosteric systems without prior knowledge of significantly populated states of the system.2–4 

Even when such knowledge is available, computational procedures employ various levels of 
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approximations to predict the pathways used for conformational transitions between states.5,6 

Experimental approaches to elucidate conformational ensembles can be hindered by the size and 

complexity of the system understudy, making it challenging to evaluate the information they 

provide experimentally. Contained in this thesis are four large and complex systems for which 

we have successfully probed the conformational ensemble and allosteric network, leading to 

greater understanding of their catalysis. 

Conformational change and allostery across systems 

In the first half of this thesis, I described two microbial carboxylases. Carboxylases must 

capture carbon dioxide or its hydrated form bicarbonate, derivatize substrates for reaction, all 

while protecting reaction intermediates from unproductive side reactions.7,8 The two microbial 

carboxylases in this study, 2-KPCC and AC undergo conformational change induced by ligand 

binding to produce acetoacetate.  My work also shows that both enzymes rely on residues in their 

active site to modulate stability and the conformational ensemble during catalysis. I showed that 

mutation of active site residues could alter the global conformational stability at different steps in 

their reaction. The studies presented in this thesis therefore expand the knowledge not only of 

carboxylases but allosteric enzymes. 

In 2-KPCC, I was able to highlight the precise regions of conformational change, as well 

as probe the conformations that are accessible during catalysis. By poising the enzyme at 

different states in the catalytic cycle using a series of ligands, I was able to measure their 

mobility and analyze the conformational distribution using ion mobility mass spectrometry. In 

this way it was possible to compare conformational states and the overall ensemble at specific 

steps in the catalytic cycle. By using site-directed amino acid substitution, I was able to elucidate 
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that active site residues facilitate conformational changes critical to the overall reaction. From 

this study ligand binding in 2-KPCC was shown to alter the conformational ensemble by 

redistributing the energy landscape to favor one conformation which is essential for 

carboxylation (Figure 1A). 

 

Figure 1. Summary of the findings contained in this thesis. Four protein complexes were studied 

and in all four conformational change, allostery, and conformational ensemble were found to be 

essential for function. 

In AC, I was able to provide evidence for complex conformational change and propose 

an essential residue for allosteric communication. To achieve this HDX-MS was employed to 

compare hydrogen bonding networks of AC with and without ligands bound. Probing the 

hydrogen bonding network of AC resulted in the elucidating large conformational change in the 

alpha and beta subunits of the protein complex and the identification of a hydrophobic tunnel. 

The hydrophobic tunnel forms to transport reaction intermediates during catalysis and collapses 

2-KPCC: Conformational 
ensemble modulated by ligand 
binding and active site residues

RPA: Binding of Rtt105 
induces conformational 
stapling in RPA

Rad52: Homodecamer complex 
with ordered and disordered 
regions undergoing 
conformational change

AC: Metal coordinating 
residue found essential for 
communication between 
allosteric sites

A B C D



 

 

137 

during product release. Further, by site-directed mutagenesis and HDX-MS the residues of 

allosteric communication necessary for the formation and collapse of the hydrophobic tunnel 

were illuminated. From this study ligand binding in AC was shown to redistribute the energy 

landscape to allow for a new conformation to be accessed during catalysis (Figure 1B).  

 In the second half of this thesis, I turned my attention to enzymes involved in DNA 

metabolism.9–11 RPA is a heterotrimeric complex that is essential in DNA replication, repair, and 

recombination. RPA binds ssDNA and recruits over three dozen interacting proteins during DNA 

metabolism. This thesis contains investigations into two RPA binding partners Rtt105 and Rad52 

and expand the knowledge not only of DNA metabolism but allosteric enzymes. 

In the study elucidating the interactions between RPA and Rtt105 it was shown the 

binding of Rtt105 induces conformational change in RPA. RPA is a heterotrimer composed of 

RPA70, RPA32, and RPA14. The complex is held together by the trimerization core (Tri-C) 

which consists of three domains (C, D, and E domains). The other three domains (A, B, and F 

domains) in the protein complex are connected by flexible linker and extended away from the 

Tri-C. Through HDX-MS and crosslinking, interactions between RPA and Rtt105 were 

elucidated. The binding of Rtt105 to RPA induces a conformational change in RPA where the 

domains connected by flexible linker will directly interact with Rtt105 and configurationally 

staple those domains. The stapling of RPA leads to a more compact structure of the multidomain 

protein which is more stable and is protected from interacting with other binding partners in the 

absence of ssDNA. The binding of Rtt105 to RPA redistributes the energy landscape of RPA to 

stabilize a new compact conformation which is not accessible otherwise (Figure 1C). 
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In studying Rad52, it was shown that S. cerevisiae Rad52 functions as a homodecamer 

with each subunit possessing an ordered N-terminal and disordered C-terminal half. Binding of 

ssDNA induced large conformational changes in the N- and C- termini. An exciting finding was 

that Rad52 has an inherit asymmetry in the complex. This was demonstrated by investigating the 

bimodal behavior of a key C- terminal peptide in our HDX experiments.  The asymmetry of the 

complex regulates ssDNA binding and interactions of multiple binding partners. Upon binding of 

ssDNA, the energy landscape of Rad52 redistributes and becomes more rugged with lower 

energy barriers between conformations, allowing for more conformations to be sampled (Figure 

1D).  

Final remarks on conformational ensembles and allostery 

The concepts of allostery, conformational ensemble, and protein dynamics have evolved 

significantly since they were first proposed.12–15 It is now understood that many proteins are not 

rigid, static structures, but exist as conformational ensembles which undergo population shifts 

when exposed to external effectors. The re-distribution of conformational ensembles is an 

inherent physical attribute of all dynamic proteins.16 When this is applied to the concept of 

allostery, it can be understood that allostery is derived from a population shift in conformational 

ensemble. Thus, allosteric properties can vary widely in how they manifest in the protein. Some 

allosteric changes result in large conformational changes while others are more subtle and 

challenging to detect. Advancements in tools and techniques for detecting conformational change 

and measuring protein stability has led to the identification of more proteins and complexes that 

have allosteric properties. Allostery remains the coupling of two distal sites, however, how we 

investigate and think about allostery continues to expand. The classical models of the past have 
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given way to more diverse and robust models, which are themselves being challenged as more 

information becomes available on the properties of allostery and allosteric systems. 

At this point, I think it is fair to ask the question; are all proteins under allosteric control? 

While this may not be true, I hypothesize that, except for fibrous proteins, some combination of 

allostery and dynamics have a functional role in many, if not most, proteins. Altogether, the 

research presented in this thesis provides measurable examples of allostery in the forms of 

substrate and binding partner induced re-distributions to the conformational ensemble. Though 

these studies employ allostery for function (catalysis or regulation) the manifestation of allostery 

is distinctive and dependent on the structure, conformational ensemble, and function of the 

protein. Studying large and complex protein systems such as those discussed here, is nearly 

always a challenge. By accepting the challenge, I have demonstrated that it is possible to 

elucidate functional elements of large protein and protein- nucleic acid complexes. This work 

also highlights how and where we can push the limits of current methodologies. While it is 

unlikely that we will ever have a definitive answer to the question – are all proteins allosterically 

regulated? – it is certain that we will break new ground and understand protein function on a 

deeper level.  
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APPENDIX A 

2-KPCC SUPPLEMENTAL MATERIAL 
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Supplemental Figure. Potential protease cleavage sites in GR and 2-KPCC. A, structure of GR 

(PDB: 1GRG) with potential thermolysin cleavage sites in red. B, structure of 2-KPCC (PDB: 

1MO9) with potential thermolysin cleavage sites in red. 2-KPCC, 2-ketopropyl coenzyme M 

oxidoreductase/carboxylase; GR, glutathione reductase. 
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Supplemental Figure. AlloSigMA control experiment mutating noncatalytically active 

residues. A, noncatalytically active site residue Leu502 was down mutated in AlloSigMA. 

Increase in free energy (red) indicates more perturbation and higher dynamics. Decrease in free 

energy (blue) indicates a stabilization and decrease in dynamics. No change in free energy 

(gray). B, noncatalytically active site residue Gly377 was down mutated in AlloSigMA. 

AlloSigMA, Allosteric Signaling and Mutation Analysis.    
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Supplemental Figure. Change in free energy calculated by AlloSigMA plotted on structure of GR 

(PDB: ). Increase in free energy (red) indicates more perturbation and higher dynamics. 

Decrease in free energy (blue) indicates a stabilization and decrease in dynamics. No change in 

free energy (gray). AlloSigMA, Allosteric Signaling and Mutation Analysis; GR, glutathione 

reductase.  
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APPENDIX B 

ACETONE CARBOXYLASE SUPPLEMENTAL 

 

 

 

 

 

 

 

 

 

 

 



 

 

148 

 

 

Supplemental WT EPR Spectra. WT acetone carboxylase with and without AMP bound. Spectra 

on the left column is the full spectra collected plotted. Spectra on the right are a zoomed in view 

of the 2500-4000G plotted.  
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Supplemental E89A EPR Spectra. E89A variant acetone carboxylase with and without AMP 

bound. Spectra on the left column is the full spectra collected plotted. Spectra on the right are a 

zoomed in view of the 2500-4000G plotted. 
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Supplemental E89D EPR Spectra. E89D variant acetone carboxylase with and without AMP 

bound. Spectra on the left column is the full spectra collected plotted. Spectra on the right are a 

zoomed in view of the 2500-4000G plotted. 
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RAD52 SUPPLEMENTAL MATERIAL 
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Supplementary Figure 1. Saccharomyces cerevisiae Rad52 is predominantly a single species 

solution. Sedimentation velocity analytical ultracentrifugation (AUCSV) analysis of full-length 

S. cerevisiae Rad52 was performed at various concentrations of protein (monomer 

concentrations noted). Rad52 is predominantly a single species in solution with an estimated 

molecular mass corresponding to a homodecamer (please refer to Supplementary Table 2 for 

measured parameters). 
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Supplementary Figure 2. Workflow of single particle analysis of the yeast Rad52 Cryo-EM data. 

Micrographs collected during imaging of Rad52 was analyzed as shown. 
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Supplementary Figure 3. Structural details of S. cerevisiae Rad52. A) Cartogram of the Rad52 

monomer observed in the Cryo-EM structure. B) & C) Examples of sample maps and models of 

yeast Rad52.  
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Supplementary Figure 4. Comparison of yeast and human Rad52 structures. A comparison of the 

A) hydrophobicity and B) electrostatic maps between yeast Rad52 and the corresponding 

residues in the human Rad52 crystal structure (PDB: 1KN0). The comparisons reveal the minor 

differences between the ordered part of the two proteins. 
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Supplementary Figure 5. Rad52 binds to ssDNA as a homodecamer. A) Intrinsic tryptophan 

quenching titration-based analysis of ssDNA (dT)84 binding to Rad52 is consistent with two 

binding sites. The data are well described by a model describing two sequential binding sites: 

high affinity (KD=1.3x10-12M) and lower affinity binding site (KD=28x10-9M). B) 

Fluorescence anisotropy measurement of Rad52 binding to a 5′-FAM-(dT)35 oligonucleotide 

shows formation of a stoichiometric complex. As expected, (dT)35 is long enough to satisfy only 

the high affinity site. C) Analytical ultracentrifugation analysis of Rad52 in the absence or 

presence of short [(dT)45] or longer [(dT)97] ssDNA substrates predominantly show a decamer 

forming 1:1 complex with DNA. The double decamer species is also capable of binding to 

ssDNA. D) Investigation of the Trp quenching of Rad52 at significantly higher ssDNA 

concentrations shows additional signal changes. These changes could be attributed to exposure 

and binding of multiple ssDNA to lower affinity cryptic sites, formation of protein-protein, and 

protein-ssDNA dependent aggregates, or  that ssDNA is not uniformly bound around a single 

Rad52 homodecameric ring and can likely be looped out between the subunits. E) Competition 

experiments were performed by titrating in increasing concentrations of unlabeled (dT)70 into a 

preformed Rad52:5′-FAM-(dT)70 complex. Data shows that the Rad52 possesses a limited 

number of ssDNA binding sites, and the bound ssDNA is in dynamic equilibrium with the pool 

of free ssDNA in the solution.  
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Supplementary Figure 6. Crystal structures of ssDNA bound human Rad52. Three subunits 

(colored individually) from the undecameric human Rad52 crystal structures are shown. A) 

ssDNA (dT)40 bound to the inner binding site was captured when the outer binding site was 

perturbed by mutating Lys-102 and Lys-133 (PDB ID 5XRZ). B) 6 nt of a (dT)40 ssDNA 

substrate is observed bound to outer site was captured sandwiched between two Rad52 

undecameric rings (PDB ID 5XS0). Shown here are contacts between a single ring and ssDNA.  
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Supplementary Figure 7. Deuterium uptake changes captured in HDX-MS analysis of yeast 

Rad52. The plotted data for deuterium incorporation as a function of time are shown for 

individual peptides identified in the HDX-MS analysis. This panel depicts peptides 

corresponding to amino acid positions 1-152 in the N-terminal half. Data from both Rad52 and 

the Rad52-(dT)97 complex are compared for each peptide. 
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Supplementary Figure 8. Deuterium uptake changes captured in HDX-MS analysis of yeast 

Rad52. The plotted data for deuterium incorporation as a function of time are shown for 

individual peptides identified in the HDX-MS analysis. This panel depicts peptides 

corresponding to amino acid positions 125-181 in the N-terminal half. Data from both Rad52 and 

the Rad52-(dT)97 complex are compared for each peptide. 
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Supplementary Figure 9. Deuterium uptake changes captured in HDX-MS analysis of yeast 

Rad52. The plotted data for deuterium incorporation as a function of time are shown for 

individual peptides identified in the HDX-MS analysis. This panel depicts peptides 

corresponding to amino acid positions 223-464 in the C-terminal half. Data from both Rad52 and 

the Rad52-(dT)97 complex are compared for each peptide. 
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Supplementary Figure 10. Comparison of the Alphafold model and cryo-EM structure of yeast 

Rad52. The Alphafold model of S. cerevisiae Rad52 (AF-P06778-F1; green) overlaid with the 

ordered part of the N-terminal half observed in the cryo-EM structure (purple). Excellent 

agreement in the structures is observed in the N-terminal half between the two. 
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Supplementary Figure 11. Hydrogen/deuterium exchange data of Rad52 peptide 384-413 has a 

bimodal distribution. Mass spectra of the (M+3H)3+ charge state of peptide 384-413 following 

incubation in 90% deuterium buffer for 30 seconds. Two distinct populations (envelopes) of 

deuterium uptake were observed. Relative abundance of the different peptide forms is shown in 

Fig 3E and 3F.  
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Supplementary Figure 12. Additional density for C-terminal region positioned adjacent to the 

ordered N-terminal homodecameric ring. A) Examples of 2D classes that are captured in the 

cryo-EM analysis of Rad52. These classes were discarded in the structure determination, but 

clearly show presence of additional density adjacent to the ordered N-terminal ring. B) 

Subsequent 3D volumes show that the C-terminal region sits adjacent to the ring but appears to 

be asymmetrically positioned to one part. The underlying allosteric mechanisms that prevent 

other subunits in the ring from interacting with their respective C-terminal regions remains to be 

determined. 
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Supplementary Figure 13. Sequence conservation analysis of the C-tail. WebLogo represents 

sequence similarity analysis of regions in the disordered C-terminal half of Rad52 carrying the 

Rad51 binding site (positive patch) and the RPA binding site (negative patch). The analysis 

encompasses Rad52 proteins from 66 different fugal species. Several residues are highly 

conserved. 
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Supplementary Figure 14. Rad52 C is also a homodecamer in solution. Analytical 

ultracentrifugation sedimentation velocity analysis of A) Rad52 C in the absence or presence of 

B) (dT)45 or C) (dT)97 show that the N-terminal half of the protein primarily behaves as a single 

higher order species corresponding to a homodecamer. A small fraction of the double-ring 

species is also observed. Both species bind to short and longer ssDNA, however, the species 

distribution does not change. D) 2D classes of Rad52 C in cryo-EM analysis show 

homodecameric rings. 
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Supplementary Figure 15. ssDNA length dependent change in Rad52 binding induced FRET. 

ssDNA of varying lengths carrying 5′-Cy5 and 3′-Cy3 fluorophores were subject to A) Rad52 or 

B) Rad52 C binding. Changes in FRET were captured by exciting Cy3 and monitoring changes 

in Cy5 emission. C) Optimal FRET for Rad52 is observed on the (dT)80 substrate. For 

Rad52 C, highest FRET efficiency is observed on the (dT)60 substrate. These data also reveal 

that the C-tail influences wrapping of the ssDNA around Rad52. 
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Supplementary Figure 16. Additional single-molecule FRET trajectories for Rad52. Trajectories 

from six different single DNA molecules are shown from the analysis of full length Rad52. 
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Supplementary Figure 17. Additional single-molecule FRET trajectories for Rad52 C. 

Trajectories from six different single DNA molecules are shown from the analysis of Rad52 C. 
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Supplementary Figure 18. Mass photometry analysis of yeast Rad51. Mass photometry analysis 

of S. cerevisiae Rad51 shows the presence of multiple oligomeric species.  
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Supplementary Figure 19. Interaction of Rad52-Rad51 complex. 2D class averages from the 

cryo-EM analysis of the Rad51-Rad52 complex when formed using A) 1:10 and B) 1:20 molar 

ratios of Rad52 (decamer) to Rad51 are shown. Rad51 molecules are bound to the Rad52 ring, 

but only at a single defined position. C) Workflow of Single particle analysis of Rad52-Rad51 

Cryo-EM data 
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Supplementary Figure 20. RPA, Rad52, and Rad51 form a stable complex in the absence of 

ssDNA. Analytical ultracentrifugation sedimentation velocity analysis of RPA, Rad51, and 

Rad52 alone and in complex. A) Sedimentation profiles of RPA (4 µM), Rad52 (10 µM 

monomer), and Rad51 (10 µM). RPA is a single heterotrimer. Rad52 is predominantly a 

homodimer. Rad51 migrates as several polydisperse complexes. B) A complex between Rad52 

(10 µM) and RPA (4 µM) or Rad51 (10 µM) shows formation of complexes. Even though 10 

RPA binding sites are present in the Rad52 decamer, only a few RPA molecules are bound to the 

Rad52 ring. C) When all three proteins are mixed, a large species corresponding to RPA-Rad52-

Rad51 are observed. D) Rad52C displays reduced complex formation with Rad51. The 

sedimentation profiles of Rad52C or Rad52C+Rad51 (10µM monomer of Rad52C with or 

without 10µM Rad51) show a defined Rad52 C species. In contrast, the Rad52C+Rad51 

complex displays more polydisperse behavior suggesting non-uniform complex formation 
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Supplementary Figure 21. Ensemble FRET measurements of Rad51-binding to Cy3-Cy5 end 

labeled (dT)80 ssDNA. A) Rad52 or B) Rad52 C were prebound to a Cy3-(dT)80-Cy5 substrate 

and Rad51 was introduced in the absence or presence of ATP. Data shows that both Rad52 and 

Rad52 C-DNA complexes can be remodeled by Rad51 when sufficient time is provided to 

reach equilibrium.  
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(dT)84 

kDa 

 

Rad52(n=

8) 

kDa 

 

Rad52 + 

(dT)84 

(n = 11)kDa 

Rad52C  

(n=3) 

kDa 

 

Rad52C + 

(dT)84 

(n=3)kDa 

63±19 72.9±14 87±26. 66±33.5 97 

- 498.4 

±24 

522.5±25 255±12 293±10 

- 991.8±7

5 

1078±68 517 

±29 

606±17 

- 1551(±9

8.99) 

1562±37 782 

±46 

931.5±29 

 

Supplementary Table I: Mass Photometer mass distribution.1) Major peak (>85% of the 

population) is highlighted in bold 2) All the different Rad52 and Rad52 C peaks show ssDNA 

binding as can be seen in the systematic shift in the entire distribution  3) The (dT)84 mass 

estimation is prone to lot of error because the actual mass of the ssDNA is 25,490.5 gm/mole 

which is at/below the detection limit of the of the scope  
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Supplementary Table 2: Velocity AUC c(s) numbers 

 

 

 

 

 

 

 

 

 

 

 

 

 

Rad52 sw Sw 

(20, 

w) 

Mw 

(kDa) 

Stokes 

Radius 

20C 

(nm) 

a/b 

(oblate) 

a/b 

(prolate) 

% 

5M 7.25 11.3 532 11.2 19.0 16.7 73.7 

11.0 17.1 991 13.8 19.0 16.7 04.4 

14.4 22.4 1484 15.8 19.0 16.7 02.2 

10M 7.14 11.1 521 11.2 19.0 16.8 81.8 

10.6 16.5 944 13.6 19.0 16.8 05.9 

13.9 21.7 1421 15.6 19.0 16.8 04.2 

15M 7.46 11.6 537 11.0 17.9 15.7 70.8 

13.11 20.4 1250 14.6 17.9 15.7 3.0 
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 Rad52 Apo 

EMD 29695 

PDB 8G3G 

Data Collection and processing  

Magnification 150,000x 

Voltage (kV) 200 

Electron exposure (e-/ Å2) 50.7 

Defocus range (m) -0.8 to -2.4 

Nominal Pixel Size (Å) 0.94 

Symmetry imposed C10 

Initial Particle images 701,962 

Final Particle images 180,545 

Map resolution (Å)  3.3/3.4/3.8 

FSC threshold 0/0.143/0.5 

Map resolution range (Å) 2.8 to 6.0 

Refinement  

Model resolution (Å)  3.5 

FSC threshold 0.143 

Map sharpening B-factor (Å2)  

Model composition 
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Supplementary Table 4: DNA oligonucleotides used in various assays. 

 

 

 

 

Chains 10 

Non-hydrogen atoms 6930 

Protein residues 890 

Ligands 0 

Water 0 

Average B-factors (Å2)  

Protein 71.88 

Bond RMSD   

Bond lengths (Å) 0.003 

Bond angles (°) 0.719 

Validation  

MolProbity score 1.49 

All-atom clash score 8.27 

Ramachandran plot   

Favored (%)  97.87 

Allowed (%)  2.18 

Outliers (%) 0 
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Name Sequence (5′ to 3′) Comments 

5′-FAM-(dT)35 

5'- /56-FAM/TTT TTT TTT TTT TTT TTT TTT 

TTT TTT TTT TTT TT -3' 

Fluorescence Anisotropy 

5′-FAM-(dT)70 

5'- /56-FAM/TTT TTT TTT TTT TTT TTT TTT 

TTT TTT TTT TTT TTT TTT TTT TTT TTT 

TTT TTT TTT TTT TTT TTT TTT T -3' 

Fluorescence Anisotropy 

5′-FAM-32bp-duplex 

5'-/56-FAM/CGA ATG TAA CCA TCG TTG 

GTC GGC AGC AGG GC -3' 

5′-FAM labelled oligo (sequence shown 

on the left) was hybridized with an 

unlabeled complementary strand to form 

a 32 base paired duplex for Rad52 

binding experiments 

(dT)20 

5'- TTT TTT TTT TTT TTT TTT TT -3' Trp quenching 

(dT)30 

5'- TTT TTT TTT TTT TTT TTT TTT TTT TTT 

TTT -3' 

Trp quenching 

(dT)45 

5'- TTT TTT TTT TTT TTT TTT TTT TTT TTT 

TTT TTT TTT TTT TTT TTT -3' 

Trp quenching 

(dT)60 

5'- TTT TTT TTT TTT TTT TTT TTT TTT TTT 

TTT TTT TTT TTT TTT TTT TTT TTT TTT 

TTT TTT -3' 

Trp quenching 

(dT)84 

5'- TTT TTT TTT TTT TTT TTT TTT TTT TTT 

TTT TTT TTT TTT TTT TTT TTT TTT TTT 

TTT TTT TTT TTT TTT TTT TTT TTT TTT 

TTT -3' 

Trp quenching, Mass Photometry 

(dT)97 

5'- TTT TTT TTT TTT TTT TTT TTT TTT TTT 

TTT TTT TTT TTT TTT TTT TTT TTT TTT 

TTT TTT TTT TTT TTT TTT TTT TTT TTT 

Cryo-EM substrate, AUC 
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TTT TTT TTT TTT TTT T -3' 

poly(dT) - Mean oligo length is 200 bases 

5′-Cy5-(dT)45-Cy3-3′ 
5'- /5Cy5/TTT TTT TTT TTT TTT TTT TTT 

TTT TTT TTT TTT TTT TTT TTT TTT 

/3Cy3Sp/ -3' 

Fluorometer based ssDNA wrapping 

FRET assay 

5′-Cy5-(dT)60-Cy3-3′ 
5'- /5Cy5/TTT TTT TTT TTT TTT TTT TTT 

TTT TTT TTT TTT TTT TTT TTT TTT TTT 

TTT TTT TTT TTT /3Cy3Sp/ -3' 

Fluorometer based ssDNA wrapping 

FRET assay 

5′-Cy5-(dT)80-Cy3-3′ 
5'- /5Cy5/TTT TTT TTT TTT TTT TTT TTT 

TTT TTT TTT TTT TTT TTT TTT TTT TTT 

TTT TTT TTT TTT TTT TTT TTT TTT TTT 

TTT TT/3Cy3Sp/ -3' 

Fluorometer based ssDNA wrapping 

FRET assay 

5′-Cy5-(dT)97-Cy3-3′ 

5'- /5Cy5/TTT TTT TTT TTT TTT TTT TTT 

TTT TTT TTT TTT TTT TTT TTT TTT TTT 

TTT TTT TTT TTT TTT TTT TTT TTT TTT 

TTT TTT TTT TTT TTT TTT TTT T/3Cy3Sp/ -

3' 

Fluorometer based ssDNA wrapping 

FRET assay 

5' -Cy5-18mer-Bio-3' 

5' /5Cy5/GCC TCG CTG CCG TCG CCA/3Bio/ 

3' 

Biotin-ssDNA handle with 5'- Cy5 

5' - 18mer-(dT)40-Cy3-3' 5'- TGG CGA CGG CAG CGA GGC (dT)40 

/3Cy3Sp/ -3' 

Partial duplex with (dT)40 overhang 

5' - 18mer-(dT)60-Cy3-3' 5'- TGG CGA CGG CAG CGA GGC (dT)60 

/3Cy3Sp/ -3' 

Partial duplex with (dT)60 overhang 

5' - 18mer-(dT)80-Cy3-3' 5'- TGG CGA CGG CAG CGA GGC (dT)80 

/3Cy3Sp/ -3' 

Partial duplex with (dT)80 overhang 

Supplementary Table 4: DNA oligonucleotides used in various assays. 
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Name Sequence (5′ to 3′) Comment

s 

Rad521-212 F 5'-ATATACATATGAATGAAATTATGGATATGGATGAG-3' 
Rad52C  

Rad521-212 R 5'-GCAGTACTCGAGCTTCGTCGAGTCGGGATTG-3' 
Rad52C  

Rad52213-471 F 5'-

ATATACATATGAACCTGGTGAAAATAGAAAATACAGTA

AGTCG-3' 

Rad52  

Rad52213-471 R 5'-GCAGTACTCGAGTCAAGTAGGCTTGCGTGCA-3' 
Rad52  

Rad52293-471 F 5'-ATATACATATGGATCCCGTTGTAGCTAAGCAAAGCCC-

3' 

Rad52  

Rad52293-471 R           5'-GCAGTACTCGAGTCAAGTAGGCTTGCGTGCATGCA-3' 
Rad52  

 

 

Supplementary Table 5: DNA Primers used for Rad52 mutagenesis. 
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APPENDIX D 

RPA AND RTT105 SUPPLEMENTAL MATERIAL 
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Supplementary Figure 1: Size exclusion chromatography (SEC) analysis of complex formation 

between RPA and Rtt105. a) SEC analysis of the F-A-B version of RPA (containing the OB-F, 

DBD-A and DBD-B domains) shows interaction with Rtt105 as observed by formation of the 

higher molecular weight species. b) A Val106 to Ala substitution in the OB-F domain of RPA70 

(RPAV106A) was predicted to not interact with Rtt105, but we observe complex formation in 

SEC suggesting interaction between RPAV106A and Rtt105. c) SEC analysis of 5 M each of 

RPA-DBD-ACy3, Rtt105Cy5, or a complex of RPACy3 (5 M) and Rtt105Cy5 (5 M) in 

presence of 5 M 5′-FAM-(dT)35 ssDNA. Rtt105, RPA, and the Rtt105-RPA complex migrate 

as single species in SEC. When ssDNA is added to this complex, a larger Rtt105-RPA-(dT)35 

complex is observed suggesting that Rtt105 remains in complex with RPA in the presence of 

short ssDNA oligonucleotides. d) Fractions from the SEC analysis in panel c were analyzed by 

SDS-PAGE and imaged by Coomassie staining (top) or fluorescence (bottom) using the 

respective excitation channels. Rtt105 migrates as a co-complex with RPA and the (dT)35 

ssDNA substrate. A small fraction of free Rtt105 (vol. 15.5 ml onwards) and the RPA-(dT)35 

complex (vol. 11.5 ml) are also observed. Representative images from n=3 independent 

experiments are shown. 
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Supplementary Figure 2. Fluorescent Rtt105 interacts with RPA similar to unlabeled Rtt105.a) 

Positions of Cys12 and Cys13 residues are depicted in the Rtt105 structure generated using 

AlphaFold. Cysteine residues are represented as ball and stick on the ribbon structure (red) with 

a transparent surface (grey). b) Circular dichroism analysis of the secondary structure of Rtt105 

(black) and the two single Cys variants carrying either C12S (red) or C13S (blue) substitutions 

show no change in the alpha helical secondary structure of Rtt105 or the mutant variants of 

Rtt105.c) Analytical size-exclusion chromatography analysis shows similar elution profiles for 

Rtt105 and the single Cys Rtt105 variants. d) SEC analysis showing complex formation between 

RPA and Rtt105 or the single-Cys variants of Rtt105. Data show that all three proteins form 

stable complexes with RPA. e) SDS-PAGE analysis of the Rtt105, Rtt105C13S, Rtt105C13S-

Cy5, Rtt105C12S- Cy5, and Rtt105C12S protein samples by Coomassie (left) and fluorescence 

(on right) imaging. f) Rapid kinetic analysis of the effect of Rtt105 on RPA-DBD-A interactions 

with ssDNA show both Rtt105 and the single Cys variants similarly influencing the binding 

properties. For all Rtt105 proteins tested, the rate of binding is not affected, but the amplitudes 

are reduced. Cy3 placed on the (dT)40 is excited (5′-Cy3-(dT)40) and emission of Cy5 

positioned on DBD-A (RPA-DBD-ACy5) via FRET were measured. Since DBD-A resides close 

to the 5′ end of the DNA, a high FRET signal is observed. g) Similar rapid kinetic experiments 

were used to quantitate the influence of the single Cys variants on FRET induced kinetics of Cy5 

change between a 3′-Cy3-(dT)40 substrate and RPA-DBD-DCy5. In this experiment, DBD-D is 

situated close to the 3′ end of the DNA and generates a high FRET signal. Again, no differences 

are observed between Rtt105 and the single- Cys variants. The rates of DNA binding are 

reduced, but the amplitudes are similar. Thus, substitution of either Cys residue in Rtt105 does not 

affect RPA binding or RPA-DNA interactions. Cys at position 12 was labeled with Cy5 to 

generated fluorescently labeled Rtt105. Representative images from n=3 independent CD, SEC, 

and stopped flow experiments are shown. 
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Supplementary Figure 3: Rtt105 binds poorly to a preformed RPA-ssDNA complex. Binding of 

fluorescent Rtt105 (100 nM Rtt105Cy5) to ssDNA-bound fluorescent RPA (100 nM (dT)35 with 

either a)100 nM RPA-DBD-ACy3 or b) 100 nM RPA-DBD-DCy3 was measured using stopped 

flow analysis. FRET between Rtt105 and respectively labeled DBDs were monitored by exciting 

Cy5 and monitoring the change in Cy5 fluorescence. In both cases, only a very small change in 

fluorescence is observed suggesting that Rtt105 binding to a preformed RPA-ssDNA complex is 

poor. c) Fitting the signals to a single step binding model revels that Rtt105 binding to DBD-D in 

the absence or presence of ssDNA is similar (3.5 s-1 versus 2.5 s-1). In contrast, the binding 

induced FRET signal change in DBD-A is ~25-fold faster. This suggests that Rtt105 engages 

closer to DBD-A faster when RPA is prebound to ssDNA. Since the F-A-B region of RPA is 

more dynamic and predominantly more accessible when bound to DNA it likely enables better 

access to OB-F and thus the increase in binding kinetics. In both panels a and b, no changes in 

the FRET induced Cy5 fluorescence are observed upon addition of buffer (black). A 

representative image from three independent stopped flow experiments is shown and the data 

were fit to a single exponential equation. Mean values +/- SE from fits of n=3 independent 

experiments are noted. 
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Supplementary Figure 4a. Peptide coverage in mass spectrometry analysis. Good sequence 

coverage is observed for Rtt105 upon peptide digestion during mass spectrometry analysis. The 

total number of amino acids, unique peptides, and percentage coverage for the individual 

polypeptides are denoted. 
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Supplementary Figure 4b. Peptide coverage in mass spectrometry analysis. Good sequence 

coverage is observed for RPA70 upon peptide digestion during mass spectrometry analysis. The 

total number of amino acids, unique peptides, and percentage coverage for the individual 

polypeptides are denoted. 
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Supplementary Figure 4c. Peptide coverage in mass spectrometry analysis. Good sequence 

coverage is observed for RPA32 and RPA14 subunits upon peptide digestion during mass 

spectrometry analysis. The total number of amino acids, unique peptides, and percentage 

coverage for the individual polypeptides are denoted. 
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Supplementary Figure 5. Crosslinking analysis of the RPA-Rtt105 complex. Structure of the 

bis(sulphosuccinimidyl)suberate (BS3) crosslinker is shown (top). 7.75 M RPA and 15.5 M 

Rtt105 were mixed and treated with 5 mM BS3 for increasing times (0, 15 and 60 min). Samples 

at each time point were analyzed by SDS-PAGE and show a time-dependent increase in the 

crosslinking. Crosslinking of Rtt105 to RPA70 and RPA32 is readily observed with a complete 

shift in the Rtt105 band. The RPA14 subunit is not readily crosslinked and correspondingly, only 

a single crosslink between Rtt105 and RPA14 is detected in the XL-MS analysis. 
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Supplementary Figure 6. Overlap between DNA binding and Rtt105 binding regions in DBD-C 

and DBD-D revealed by crosslinking analysis. The peptides identified in XL-MS are denoted as 

red sticks for a) DBD-A, b) DBD-B, c) DBD-C and d) DBD-D along with the bound DNA from 

the respective structures (black sticks). The crosslinked regions do not (or minimally) overlap 

with the DNA binding pockets in DBD-A or DBD-B, but significantly overlap in DBD-C and 

DBD-D. DBD-C and DBD-D are from the cryoEM structure of S. cerevisiae RPA (PDB ID: 

6I52). The ssDNA-bound DBD-A and DBD-B structures were generated using SWISS-MODEL 

based on the DNA bound structure of human RPA (PDB ID: 1JMC). e) The surface charges of 

Rtt105 are displayed in the AlphaFold generated model (AF-P40063-F1). Multiple pockets of 

negative charges are noted and can potentially bind close to the DNA binding regions in RPA. 
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Supplementary Figure 7. HDX-MS analysis of RPA-Rtt105 interactions and OB-F (RPA70) 

peptides. HDX-MS data corresponding to specific peptides from PID70N (OB-F domain) are 

shown. Deuterium uptake for each peptide collected in the absence (●) and presence (○) of 

Rtt105 are plotted as a function of time. The amino acid residue number and sequence of each 

corresponding peptides are noted. Mean values +/- SD from n=3 biologically independent 

experiments are shown. 
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Supplementary Figure 8. HDX-MS analysis of RPA-Rtt105 interactions and DBD-A & DBD- B 

(RPA70) peptides. HDX-MS data corresponding to specific peptides from DBD-A (purple) and 

DBD-B (orange) are shown. Deuterium uptake for each peptide collected in the absence (●) and 

presence (○) of Rtt105 are plotted as a function of time. The amino acid residue number and 

sequence of each corresponding peptides are noted. Mean values +/- SD from n=3 biologically 

independent experiments are shown. 
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Supplementary Figure 9. HDX-MS analysis of RPA-Rtt105 interactions and DBD-C (RPA70) 

peptides. HDX-MS data corresponding to specific peptides from DBD-C are shown. Deuterium 

uptake for each peptide collected in the absence (●) and presence (○) of Rtt105 are plotted as a 

function of time. The amino acid residue number and sequence of each corresponding peptides 

are noted. Mean values +/- SD from n=3 biologically independent experiments are shown. 
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Supplementary Figure 10. HDX-MS analysis of RPA-Rtt105 interactions and RPA32 (DBD-D 

and winged helix or PID32C ) peptides. HDX-MS data corresponding to specific peptides from 

RPA32 are shown. The peptides in the N-terminal region of hyperphosphorylation are shown in 

red and DBD-D peptides are in green. Deuterium uptake for each peptide collected in the 

absence (●) and presence (○) of Rtt105 are plotted as a function of time. The amino acid residue 

number and sequence of each corresponding peptides are noted. Mean values +/- SD from n=3 

biologically independent experiments are shown. 
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Supplementary Figure 11. HDX-MS analysis of RPA-Rtt105 interactions and RPA14 (OB-E) 

peptides. HDX-MS data corresponding to specific peptides from RPA14 are shown. Deuterium 

uptake for each peptide collected in the absence (●) and presence (○) of Rtt105 are plotted as a 

function of time. The amino acid residue number and sequence of each corresponding peptides 

are noted. Mean and SD values from n=3 biologically independent experiments are shown. 
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Supplementary Figure 12. HDX-MS analysis of Rtt105 peptides from the Rtt105-RPA- ssDNA 

complex reveals DNA-induced remodeling of Rtt105. HDX-MS data corresponding to specific 

peptides from Rtt105 are shown for samples measured in the absence ((▲) Rtt105-RPA) or 

presence of DNA (() Rtt105-RPA-(dT)35). The amino acid residue number and sequence of 

each corresponding peptides are noted. Mean values +/- SD from n=3 biologically independent 

experiments are shown. *Denotes similar peptides carrying different charge. 
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Supplementary Figure 13. SEC analysis of Rtt105-RPA-(dT)70 complex shows dissociation of 

Rtt105. a) SEC analysis of 5 M each of RPA-DBD-ACy3, Rtt105Cy5, or preformed complex 

RPACy3 (5 M) +Rtt105Cy5 (5 M) in presence of 5 M 5′-FAM-(dT)35 or 5 M 5′-FAM-

(dT)70 ssDNA oligonucleotides. b) The fractions from the Rtt105-RPA-(dT)70 run in panel a 

were analyzed by SDS-PAGE and imaged by Coomassie staining (top) or fluorescence (bottom) 

using the respective excitation channels. Rtt105 dissociates from RPA in the presence of (dT)70 

ssDNA substrate. Representative images from n=3 independent experiments are shown. 
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Supplementary Figure 14: ssDNA substrates ≥35 nt in length trigger the release of Rtt105 from 

RPA. a) Preformed RPA-DBD-DCy3-Rtt105Cy5 complexes were mixed with increasing 

concentrations of (dT)n (where n = length of ssDNA) and the change in FRET was measured. b) 

Respective FRET values observed at 115 nM ssDNA concentration (~2:1 ratio of 

RPA:(dT)n]were plotted as a function of (dT)n. Increasing the length beyond (dT)35 leads to a 

very low-FRET state which corresponds to Rtt105 remodeling or dissociation. The moderate 

FRET state (~0.14 FRET) observed around n=35 corresponds to a complex where Rtt105 is 

remodeled, but still bound to the RPA-DNA complex. Mean values +/- SE from n=3 biologically 

independent experiments are shown. 
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Supplementary Figure 15. C-trap analysis shows Rtt105 poorly bound to RPA on long ssDNA. a) 

Schematic of the C-trap setup to investigate RPA-Rtt105 interactions. Lambda dsDNA is 

captured between the beads and b) stretched to generate ssDNA. c) The ssDNA is the introduced 

into channels containing the appropriate proteins. d) Analysis of Rtt105Cy5-RPA interactions 

on~48.5 knt long DNA substrates reveal no Rtt105 binding to ssDNA in the absence of RPA. e) 

When the fluorescence is monitored upon exposure of the ssDNA to the Rtt105Cy5-RPA, very 

few Rtt105Cy5 binding events are observed, and these molecules also dissociate. f) Quantitation 

of the number of DNA binding events in C-trap analysis shows no Rtt105 binding to ssDNA in 

the absence of RPA. Roughly 2 transient binding events per RPA-coated 48.5 knt long ssDNA 

are observed under these experimental conditions. Data show a t1/2 of ~5 s for the dissociation 

of Rtt105Cy5 from RPA on these DNA molecules. Mean values +/- SE from n>10 biologically 

independent experiments (ssDNA molecules captured and analyzed) are shown. 
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Supplementary Figure 16. Phosphorylation of RPA at S178 reduces Rtt105 binding affinity. 

Rtt105 binding to RPA or a phosphomimetic RPAS178D (in RPA70) was measured by 

following the change in fluorescence of a MB543 fluorophore positioned in DBD-A. The 

fluorophore, when positioned in DBD-D, does not produce a change in fluorescence upon Rtt105 

binding (black). RPAS178D binds with reduced affinity to Rtt105 (KD=61.1±23.6 nM versus 

162.7±6.3 nM for RPA and RPAS178D, respectively. Mean values +/- SE from n=3 biologically 

independent experiments are shown. 
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Supplementary Figure 17. Rtt105 does not influence the G-quadruplex unwinding activity of 

RPA. a) Schematics of the smFRET assay. A partial duplex DNA construct with a hGQ forming 

sequence and 20T overhang is immobilized on the surface of a microfluidic channel. The donor- 

acceptor fluorophores are placed across the hGQ. scRPA binding to the 20T overhang does not 

result in a FRET change until the hGQ is unfolded. Unfolding of the hGQ exposes an additional 

21 nt ssDNA, which is long enough to accommodate binding of a second scRPA. Binding of 

scRPA to this newly exposed ssDNA results in emergence of a new low FRET peak. b) Top 

panel shows the smFRET histogram in the absence of any proteins (DNA Only) where a single 

high FRET peak is observed. Adding 10 nM scRPA results in ~70% of hGQ molecules being 

unfolded. Adding mixtures of scRPA and increasing concentrations of Rtt105 does not result in a 

significant change in the unfolded population. c) Quantification of the unfolded population for 

different [Rtt105]/[scRPA] ratios. The unfolded population was calculated from the cumulative 

population of EFRET<0.5 states and normalized such that the 10 nM scRPA (without Rtt105) 

has a relative unfolding of 1.0. Before adding a new scRPA and Rtt105 mixture, the channel was 

washed with a high salt buffer (1 M KCl) to remove all bound proteins. The reset of the system 

was confirmed by restoring the histogram with a single high FRET peak after adding imaging 

buffer at original salt concentration (50 mM KCl+2 mM MgCl2). d) and e) Similar 

measurements and analysis as those performed for (b) and (c) when scRPA concentration was 

kept at 5 nM and higher [Rtt105]/[scRPA] ratios were reached. Even at [Rtt105]/[scRPA]=100, 

the unfolded population was within 10% of its original value. 



 

 

200 

Supplementary Figure 18. Rtt105 does not enhance the ssDNA binding activity of RPAIN, the 

human ortholog of Rtt105. AlphaFold generated models of a) ScRtt105 (AF-P40063-F1) andb) 

human RPAIN (AF-Q86UA6-F1). The electrostatic maps of both structures are displayed as well 

and show regions of strong negative charge. c) SDS-PAGE analysis of recombinantly purified 

RPAIN. d) SEC analysis of 3 M hRPA (blue) and 3 M RPAIN (black) show singly migrating 

species of each protein. The RPA-RPAIN complex generated by mixing 3 M of each protein 

(red) migrates as a larger complex and shows interaction between the two proteins. Addition of 

3 M (dT)35 to the hRPA-RPAIN complex results in the release of RPAIN from RPA (cyan). e) 

The ssDNA binding activity of hRPA was measured by fluorescence anisotropy in the absence or 

presence of 2-fold molar excess of RPAIN. Experiments were performed using 20 nM 5′-FAM- 

(dT)25 ssDNA and titrating increasing concentrations of hRPA or the hRPA-RPAIN (1:2 molar 

ratio) complex. Data shows an increase in anisotropy upon ssDNA binding by hRPA. Due to the 

high affinity interactions, stoichiometric binding is observed in the absence (●) or presence (■) 

of RPAIN. Interestingly, the maximum anisotropy values for the RPA-RPAIN complex are 

lower suggesting that the configuration of the hRPA-RPAIN-ssDNA complex is likely different 

than the hRPA-ssDNA complex. Mean values +/- SE are plotted from n=4 biologically 

independent experiments. 
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Supplemental size exclusion chromatography (SEC) analysis of Rtt105, RPA, and Rtt105-RPA 

and (dT)35 
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Supplemtnal size exclusion chromatography (SEC) analysis of Rtt105, RPA, and Rtt105-RPA 

and (dT)35Uncropped images for Supplementary Figure 2e SDS-PAGE analysis of Rtt105-Cys 

variants. 
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Supplemental uncropped image for Supplementary Figure 5 SDS-PAGE analysis of Crosslinking 

with BS3. 
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Supplemental.Uncropped images for Supplementary Figure 13bSize exclusion chromatography 

(SEC) analysis of Rtt105, RPA, and Rtt105-RPA and (dT)70 
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Supplemental. Uncropped image for Supplementary Figure 18c 
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