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ABSTRACT

Sliding clamps are oligomeric ring-shaped proteins that increase the efficiency of DNA replication.
The stability of the Escherichia coli B-clamp, a homodimer, is particularly remarkable. The
dissociation equilibrium constant of the B-clamp is of the order of 10 pM in buffers of moderate
ionic strength. Coulombic electrostatic interactions have been shown to contribute to this
remarkable stability. Increasing NaCl concentration in the assay buffer results in decreased dimer
stability and faster subunit dissociation kinetics in a way consistent with simple charge-screening
models. Here, we examine non-Coulombic ionic effects on the oligomerization properties of
sliding clamps. We determined relative diffusion coefficients of two sliding clamps using
fluorescence correlation spectroscopy. Replacing NaCl by KGlu, the primary cytoplasmic salt in
E. coli, results in a decrease of the diffusion coefficient of these proteins consistent with the
formation of protein assemblies. The UV-VIS spectrum of the B-clamp labeled with
tetramethylrhodamine shows the characteristic absorption band of dimers of rhodamine when
KGlu is present in the buffer. This suggests that KGlu induces the formation of assemblies that
involve two or more rings stacked face-to-face. Results can be quantitatively explained on the
basis of unfavorable interactions between KGlu and the functional groups on the protein surface,
which drive biomolecular processes that bury exposed surface. Similar results were obtained with
the S. cerevisiae PCNA sliding clamp, suggesting that KGlu effects are not specific to the B-clamp.
Clamp association is also promoted by glycine betaine, a zwitterionic compound that accumulates
intracellularly when E. coli is exposed to high concentrations of extracellular solute. Possible
biological implications are discussed.

STATEMENT OF SIGNIFICNCE

This is the first report describing the self-assembly of a protein into high-order oligomers induced
by the osmolytes potassium glutamate and glycine betaine. Our measurements indicate that DNA
replication sliding clamps stack face-to-face in the presence of these osmolytes, resulting in
assemblies involving several rings. Cells accumulate glutamate and other osmolytes under osmotic
stress, so the formation of high-order protein oligomers under these conditions has potential
biological implications. From the biophysical perspective, results suggest that our observations are
generalizable to any protein-protein interaction that results in a significant burial of protein surface.
This is an unexplored dimension in the study of protein-protein interactions.



INTRODUCTION

Sliding clamps are oligomeric ring-shaped proteins that increase the efficiency of DNA replication
by encircling DNA while tethering DNA polymerases to their templates (1-4). Despite little
homology at the primary amino acid sequence level, the structures of sliding clamps are
remarkably conserved from bacteria to humans (5-7). The Escherichia coli B-clamp (hereafter
denoted as B2 to emphasize its dimeric nature) is a homodimer that contains six globular domains
connected by protein loops in two groups of three (Fig. 1A) (7). Consistent with their biological
role as processivity factors, sliding clamps are usually stable as rings in solution (8,9). The stability
of B2 is particularly remarkable; 1 nM solutions of 2 show negligible dissociation over 48 h of
incubation at room temperature in buffers of moderate ionic strength, and the dissociation
equilibrium constant of the dimer has been estimated at 6.5-65 pM (9,10). We have previously
reported the results of a study aimed to determine what factors contribute to the remarkable
stability of the clamp interfaces (10). Increasing NaCl concentration in the assay buffer results in
decreased dimer stability and faster subunit dissociation kinetics in a way consistent with simple
charge-screening models (i.e. Debye-Hiickel screening). These and other results led to the
conclusion that electrostatic interactions at the dimer interface contribute to the stability of the 3>
clamp (10).

Ion effects on protein stability have diverse physical origins. At salt concentrations below c.a. 100
mM, protein-ion interactions are typically governed by nonspecific electrostatic effects, and their
sensitivity to salt concentration can be described in terms of charge screening models. Because
Coulombic effects are valence specific but otherwise do not depend on the chemical identity of the
ionic species, the same effects are expected for any 1:1 electrolyte such as NaCl. Yet, there are
numerous examples in the literature of ion-specific (non-Coulombic) effects on protein solubility,
protein stability, and enzymatic activity, that are typically observed around or above c.a. 100 mM
(11-13). In this article we focus our attention to the potential specific effects of the ion glutamate
(Glu) on the stability of B2, the E. coli processivity clamp. Glutamate is the major low-molecular
weight cytoplasmic anion in E. coli (14-16), comprising over 40% of the total measured
metabolome in exponentially growing cells (14). Glutamate concentration in glucose-fed
exponentially growing E. coli is about 100 mM (14), but its concentration increases to more than
300 mM in response to osmotic stress (15,17). In vitro, KGlu stabilizes folded proteins, protein-
protein and protein-nucleic acid complexes (18-26). The accumulation of Glu™ and other osmolytes
under osmotic stress is believed to have evolved as a mechanism to mitigate the destabilizing
effects of high ionic strength on nucleic acid-protein interactions and other interactions among
biomolecules (27-29).

Our results show that replacing NaCl by KGlu not only prevents clamp dissociation, but also
induces the association of two or more clamps into a protein assembly. Clamp assembly is also
induced by glycine betaine (GB), a zwitterionic compound that accumulates intracellularly when
E.coli and most other living cells are exposed to high concentrations of extracellular solutes (30-



32). Results are discussed in the context of the solute partitioning model, which describes the local
exclusion of the solute (Glu or GB) from the protein surface relative to its bulk concentration.(33)

MATERIALS AND METHODS
Purification of 2 and PCNA

Genes encoding E. coli B2 and S. cerevisiae PCNA were mutated using the QuikChange
mutagenesis kit (Stratagene) following the manufacturer’s directions to introduce a single surface
Cys residue in the proteins to permit site-specific labeling by a maleimide derivative of a
fluorophore (34-36). Native Cys residues on the surface of 2 (Cys-260 and Cys-333) and PCNA
(Cys-22, Cys-62, and Cys-81) were replaced by Ser. A Cys residue was introduced into B (Ser-
109 to Cys or Ile-305 to Cys) and PCNA (Ile-181 to Cys) to incorporate one fluorophore per
monomer. These B2 and PCNA mutants were purified as described previously (36,37)

Fluorescent labeling of B2 and PCNA

The engineered Cys residue in 2 or PCNA mutants was covalently modified with
tetramethylrhodamine-5-maleimide or Alexa Fluor 546 Cs maleimide (ThermoFisher) and purified
from the free fluorophore as described previously (9,10). Protein concentrations were determined
using unlabeled wild-type proteins (B2 or PCNA) as standards in a Bradford assay (BioRad).
Fluorophorophore concentrations were determined from absorbance measurements and molar
absorptivities as described previously (9,10).

Chemicals

The following chemicals were obtained from Sigma-Aldrich (Milwaukee, WI): potassium
glutamate monohydrate > 99% pure, mono sodium glutamate salt> 99% pure, betaine
monohydrate > 99% pure. Sodium chloride 99% pure obtained from VWR Scientific.
tris(hydroxymethyl)aminomethane hydrochloride was obtained from Fisher Scientific.

FCS Setup and data collection

FCS measurements were carried out using a home-built confocal optical setup. The output of a
532 nm CW laser (Coherent Compass 215M-10, Santa Clara, CA, USA) was expanded,
collimated, and directed via a dichroic filter into an Olympus PlanApo 100X/1.4NA Oil objective.
The laser power measured before the entrance of the objective was 110 uW. Samples were placed
into 50 pL-perfusion chambers pre-treated with BSA to minimize protein adsorption onto the
cover glass (see below). Fluorescence was collected via the same objective, separated from
reflected excitation light through the dichroic filter, and reflected into a 50 um pinhole. The
emission was then focused into an avalanche photodiode detector (Perkin-Elmer Optoelectronics,
SPCM-AQR14). A bandpass filter was used before the detector to minimize background (Omega
3RD560-620). The recorded fluorescence signal was autocorrelated in real time using an
ALVS5000/EPP USB-25 correlator (ALV GmbH, Germany). The autocorrelation function
acquired in this way is defined as:
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where [(¢) is the intensity at a given time ¢ and /(t + 7) is the intensity measured after a lag time T.
Angular brackets denote averages over the whole measurement. Data was collected for 10 minutes
by acquiring ten 30-second long autocorrelation traces. The 20 autocorrelation decays were
averaged prior to analysis as described below. Glass slides (Fisherbrand) were first treated in an
ozonator chamber (BOEKEL UV Clean 135500) for 20 min (10 min per side), then sonicated for
45 minutes in 3% Hellmanex (Hellma) cleaning solution, washed extensively with nanopure water
and dried under N gas. Solutions were placed inside silicone perfusion chambers (CoverWell)
pressed on top of clean glass slides. Perfusion chambers were first treated with BSA (0.1 mg/mL)
for 10 minutes. The chamber was then allowed to dry for an additional 10 minutes after removing
the BSA solution, and then filled with the solution of interest for the FCS measurement. Chambers
were reused, and rinsed with nano-pure water between measurements until a measurement with
water resulted in no correlation and negligible background fluorescence. The confocal parameters
were calibrated daily by measuring the FCS decay of a 10 nM TAMRA (carboxylic acid of
tetramethyl rhodamine) free dye solution (Molecular Probes, Inc.) with a known diffusion
coefficient (D = 420 um?s™) (38). The average decay of the TAMRA solution was fitted using the

G(t) =
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equation G (1) = Gy (1 + %) to determine 9. We note that although the determination of Tapp
0

does not require knowledge of ro, we calibrate the setup daily to ensure 7o remains constant and
thus to be able to compare T, values measured for independent but otherwise identical
experiments. All reported tapp values are averages of at least three independent experiments. The
data of Fig. 2A (B2 in KGlu) represents the average of 7 independent repeats. Error bars represent
standard deviations.

Sample preparation for FCS experiments

The assay buffer for all FCS experiments was 20 mM Tris-HCI (pH 7.2) containing variable
concentrations of NaCl, KGlu, or glycine betaine (GB) as indicated in each experiment. For the
experiments of Figs. 2A, 4A, 5A, and S1-S4, The stock labeled protein (concentration = 10-80 uM
depending on prep) was first diluted to 200 nM using 20 mM Tris-HCI (pH 7.2), and this sample
was further diluted to a final concentration of 1 nM and a final volume of 200 pL using 20 mM
Tris-HCI (pH 7.2) and the desired concentration of salt or GB. Experiments as a function of protein
concentration were carried out by mixing variable volumes of a 200 nM stock of labeled clamp, a
2 uM stock of labeled clamp, and a 2.5 M stock of KGlu or GB. All three solutions were prepared
in 20 mM Tris-HCI (pH 7.2). Measurements were carried out immediately after mixing.

Analysis of FCS data and determination of tapp

The autocorrelation function for a monodisperse sample diffusing freely in solution is:
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where 1 is the correlation lag time, tp is the characteristic diffusion time, and (N)! is the mean
number of fluorescent particles in the observation volume. The characteristic diffusion time is
related to the particle’s diffusion coefficient (D) as T, = r¢/4D, where 1o is the radial semi-axis
of the Gaussian observation volume. The above equation is valid when the axial dimension of the
observation volume is much larger than its radial dimension, which is the case in our instrument

(10,39).

In the case of a polydisperse solution, the total autocorrelation function can be written as the sum
of individual components weighted by the square of the brightness of each particle:
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where, n represents the number of species present in solution, N; represents the number of particles
of species 7 present in the observation volume on average, B; represents the brightness of species
i, and tp, represents its characteristic diffusion time (40,41).

The total autocorrelation decay of a mixture of oligomers (Eq. 2) is experimentally
indistinguishable from the autocorrelation decay of a monodisperse sample (Eq. 1). Experimental
data was therefore fitted with Eq. 1, which contains the least amount of fitting parameters (see
previous publications from our group for an in-depth discussion) (9,10,39). Diffusion times
obtained in this way are called apparent diffusion times (tapp), and depend on N, Bi and tp,; (39).

UV-VIS Absorption Measurements

UV-Vis absorption measurements were carried out in a Shimadzu UV-1700 PharmaSpec UV-Vis
spectrophotometer. Solutions were contained in 1 cm-path length quartz microcuvettes (100 uL
volume). Proteins were dissolved in 20 mM Tris-HCI buffer pH 7.2 with variable concentrations
of KGlu or GB. The concentration of protein was kept constant at 1 puM for all UV-Vis
experiments.

Water-accessible surface area (ASA) calculations

ASA values were calculated from pdb files using the SurfRacer program (42) using a 1.4 A radius
for water and the Richards set of van der Waals radii. The crystallographic structure of the 3>
clamp was obtained from the Protein Data Bank (pdb id: 1mmi). The pdb file for the dimer of rings
was created in PyMol as detailed in the supplemental information file (Figure S5).



RESULTS AND DISCUSSION
KGlu prevents clamp dissociation and promotes clamp assembly

We previously reported the effect of NaCl on the dissociation equilibrium of 32 (10). Increasing
NaCl concentration results in an increase in the equilibrium dissociation constant (Kq) of the
dimeric clamp and faster subunit dissociation kinetics. The dependence of K¢ on NaCl
concentration is consistent with simple charge-screening models; that is, the logarithm of K4
increases linearly with the square root of the molar concentration of salt (10). In addition, 1 nM B2
is stable as a dimer over 48 h in 50 mM NaCl buffer, but dissociates into monomers with a half-
life of about 1 h in buffers containing 1 M NaCl (9). If salt effects on clamp dissociation equilibria
are exclusively of electrostatic nature, any 1:1 electrolyte should affect the equilibrium constants
in the same way. Here, we report on the oligomerization properties of the 32 clamp in KGlu, the
primary cytoplasmic salt in E. coli. We employed the same strategy used previously to investigate
clamp dissociation in NaCl, where fluorescence correlation spectroscopy experiments were carried
out to determine the apparent diffusion times (tapp) of solutions of B2 in buffers of variable salt
concentration (9,10). For a solution containing a single fluorescent species (i.e. one single diffusion
coefficient), diffusion times are related to the diffusion coefficient of the fluorescent particle as
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where D is the diffusion coefficient of the fluorescent particle and 7y is the radial semi-axis of the
Gaussian observation volume (39,43). The experimental autocorrelation function of a solution
containing a mixture of oligomeric species depends on the concentration, relative brightness, and
diffusion coefficient of each particle in solution. Yet, although species of different size contribute
to the total autocorrelation function, FCS decays usually fit well with a single diffusion time. This
is because the diffusion coefficient of a spherical particle of radius a is proportional to a™!, and
therefore to V'3, where V is the volume of the sphere. As a result, Tp values are approximately
proportional to the cube root of the number of protomers in the oligomeric protein, resulting in tp
values that only increase by ~25% when the volume of the protein doubles. Experimentally, the
autocorrelation decay of a mixture of dimers (D) and monomers (M) can be fitted with a single
apparent diffusion time (7y < 745, < Tp) that depends on the degree of dissociation of the dimeric
protein. In general, the 7,,,,, of a mixture of labeled oligomers depends on the diffusion coefficients
of the individual species, their fractional concentrations, and their relative brightness (39). We
have previously reported the mathematical formalism that allows the calculation of the degree of
dissociation of an oligomeric protein from measured tapp values (39). Here, we used the same
formalism to analyze glutamate-dependent clamp dissociation and association reactions.

Proteins for FCS were labeled with a fluorophore in each protein subunit as described in Materials
and Methods and reported previously (9,10,44). Briefly, the surface-exposed amino acid Ile-305
of B was mutated to Cys, and the mutant protein was reacted with the maleimide derivative of



tetramethylrhodamine (TMR). This procedure introduces a single TMR label in each subunit,
resulting in a clamp with two fluorescent dyes placed at diametrically opposite positions (32-
I305C-TMR, Fig. 1). These constructs are identical to the ones used in our previous work
(10,34,35) and, importantly, the crystal structure of a closely related labeled clamp was previously
solved and control experiments were carried out to rule out the potential adverse effects of
mutations and fluorescent labeling on 32 structure and function (35).

[Figure 1]

FCS measurements were made on solutions of 1 nM [2-I305C-TMR in an assay buffer containing
20 mM Tris-HCI (pH 7.2) and a variable concentration of NaCl or KGlu in the 50 mM — 1M range.
Autocorrelation decays were acquired immediately after diluting a 200 nM stock solution of
protein stored in 20 mM TRIS buffer without added salts into TRIS buffer containing variable
concentrations of NaCl or KGlu. tapp values were obtained from the analysis of the experimental
autocorrelation decays as described in Materials and Methods and reported previously (10,45).
Measured tapp values decrease slightly at high NaCl concentrations, but much less than what is
expected for complete dimer dissociation (i.e. a ~ 2'*-fold reduction that would lead to tapp = 0.48
ms). This indicates a small degree of clamp dissociation during data acquisition (10 min) at high
salt concentrations, consistent with our previous observations that 1 nM [}, is stable as a dimer
over 48 h in 50 mM NaCl buffer, but dissociates into monomers with a half-life of about 1 h in
buffers containing 1 M NaCl (9). Experiments with KGlu, however, gave markedly different
results. Not only tapp values do not decrease whith increasing salt concentration (which would
indicate clamp dissociation), but they increase steeply indicating a pronounced decrease in the
diffusion coefficient of the protein particles. A control FCS experiment was performed with free
TMR dye in 1 M KGlu-TRIS buffer to rule out the possibility that the observed changes in tapp
were due to an increase in the viscosity of the buffer. The diffusion coefficient of free TMR is
independent of KGlu concentration in the 0-1M range within error, ruling out viscosity effects.

The increase in tapp observed at high KGlu concentrations therefore indicates an increase in the
radius of gyration of the protein, which suggests the formation of protein assemblies. The
horizontal lines at the right side of Figs. 2A and 2B are placed at values of tap, = Tin'* and
approximately indicate the diffusion times expected for protein assemblies containing n =1, 2,...
2 clamps. The diffusion time measured in 1 M KGlu-TRIS buffer indicates that 1 nM 3, assembles
into structures containing an average of c.a. 3.5 B2 rings. Therefore, replacing NaCl by KGlu not
only prevents clamp dissociation, but also promotes the association of two or more clamps into a
protein assembly. tapp values were measured immediately after diluting the protein stock into the
buffer containing glutamate, and remained constant for over 1 hour indicating that equilibration is
rapid and assemblies are kinetically stable. FCS experiments were then repeated replacing KGlu
by NaGlu to dissect the contributions of the cation and the anion. The results of these experiments
(see Fig. S1) are identical within experimental error, indicating that changes in tapp are a
consequence of replacing Cl” by Glu™ in the buffer.
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To rule out the possibility that the fluorescent tags induce or interfere with the formation of the
assemblies, we carried out control experiments with clamps labeled with Alexa 546 instead of
TMR (B2-1305C-A546), and with clamps labeled with TMR but in different positions within the
clamp. Alexa 546 is significantly bulkier than TMR (see Fig. S2) and it has a reduced tendency to
aggregate in aqueous solution compared to TMR due to the sulfonic acid moieties present in the
Alexa dyes and absent in TMR (44). FCS experiments with 2-1305C-A546 in buffers containing
KGlu show the same tapp trends observed with the TMR-labeled clamp (Fig. S2), indicating that
the dyes do not interfere with or induce the assembly process. Moreover, the same results were
obtained in experiments using clamps labeled in different positions (Fig. S3). These control
experiments give us confidence that the KGlu-dependent changes in diffusion are indeed due to
the inherent tendency of the clamp to assemble in these conditions. To our knowledge, association
of sliding clamps was only observed previously in ion mobility mass spectrometry experiments,
where signals corresponding to two [ rings (i.e. a dimer of dimers) were observed (46).

[Figure 2]

Clamp assembly is governed by the law of mass action

Results so far indicate the formation of protein assemblies when KGlu is added to a solution of [3,.
To evaluate whether protein assembly is reversible, we repeated FCS experiments in the reverse
direction, that is, from high to low glutamate concentration. A 200 nM stock solution of B2 in 1M
KGlu buffer was prepared, and 200-fold dilutions were performed using TRIS buffer containing
variable concentrations of glutamate in the 10 mM- 1M range. Results (Fig. S4) indicate that
protein assemblies dissociate when the concentration of glutamate in the buffer decreases, and
apparent diffusion times depend only on KGlu concentration, and not on whether proteins were
initially stored in high or no KGlu. Therefore, protein assembly is a reversible process, and that
the size of the assemblies is solely determined by the final Glu™ concentration in the buffer.

The results of Fig. 2A are consistent with the formation of protein assemblies with an equilibrium
association constant that increases with increasing KGlu concentration. The formation of
assemblies at protein concentrations as low as 1 nM suggests that association constants are of the
order of 1 nM™! or greater at high KGlu concentration. Therefore, at a given KGlu concentration,
increasing the concentration of protein should result in a distribution of assemblies with a greater
average size. To test this prediction, FCS experiments were repeated using solutions of 32 in the
InM — 1 uM range. The amplitude of the FCS decay is inversely proportional to the concentration
of fluorescently labeled protein, which restricts FCS measurements to the ca. 1 nM-100 nM range.
To determine tapp values at higher protein concentrations, the concentration of labeled protein was
kept constant at 1 nM while the total protein concentration (which determines its equilibrium
properties) was adjusted by adding unlabeled clamps. This design also reduces the average number
of fluorescent labels per protein assembly, which avoids the undesirable formation of very bright
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assemblies that would mask emission from singly labeled monomers. Due to the dimeric nature of
B2, each clamp carries two fluorescent dyes placed at diametrically opposite positions (Fig. 1). We
have previously determined that the exchange of labeled and unlabeled subunits within a clamp is
slow and requires incubation over 24 h (9). Here, FCS decays were acquired immediately after
mixing the labeled and unlabeled proteins, so clamps are not expected to exchange their subunits
in the timescale of these experiments. Measured tapp values do not depend on protein concentration
at low concentration of glutamate (10 mM KGlu, Fig. 2B), and are equal to the values measured
in 50 mM NaCl. This indicates that clamps are stable as dimeric rings, and 10 mM KGlu is not
enough to promote clamp association in the 1 nM- 1 uM protein concentration range. Clamp
association becomes significant at KGlu concentrations of the order of hundreds of millimolar,
and the average size of the protein assemblies that exist in equilibrium at each KGlu concentration
increases with increasing protein concentration, as expected from the law of mass action. The
horizontal bars at the right side of Fig. 2B are placed at a value of tapp = 0.61n"3, where 0.6 ms is
the diffusion time of the B2 ring (n = 1). These tapp values are the expected diffusion times for an
assembly of n rings provided that all diffusion particles can be regarded as spherical and that the
volume of the assembly scales linearly with the number of rings. In addition, TMR self-quenching
at high protein and high glutamate concentrations (see below) adds uncertainty to these calculated
n values, which should be only taken as rough estimates. Nevertheless, these data is consistent
with the formation of protein assemblies involving several clamps. We stress that most of the data
of Fig. 2B was obtained in experiments involving only 1 nM labeled clamps and a large excess of
unlabeled wild type protein. Therefore, although FCS relies on the use of labeled clamp mutants,
the increasingly large measured diffusion times shown in Fig. 2B reflect the assembly of the wild
type unlabeled protein. In other words, the results of Fig. 2B cannot be artifacts due to labeling or
protein mutations.

Clamp assemblies involve face-to-face interactions between adjacent rings

Fig. 2C shows the absorption visible spectrum of 1 uM B2-I305C-TMR in TRIS buffer containing
50 mM — 1 M KGlu. The absorption spectrum of the protein solution is consistent with the
absorption spectrum of the free dye at low KGlu concentrations, but changes dramatically at KGlu
concentrations higher than ca. 250 mM. The increase in absorbance at the blue shoulder of the
spectrum observed at higher concentrations of KGlu is a well-known feature of H-type rhodamine
dimers, which are characterized by a plane-to-plane stacking geometry of two dye molecules
separated by van der Waals distances (44,47). These results indicate that two molecules of
rhodamine are brought together in close proximity at glutamate concentrations where measured
Tapp values indicate the formation of protein assemblies involving several rings (see tapp values of
1 uM B2 at different KGlu concentrations, Fig. 2B). The geometric requirements for observing
these distinct spectroscopic features are quite stringent (48,49), so the strong absorption signal
measured at 520 nm indicates efficient formation of rhodamine dimers, which can only be
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explained if two clamps assemble in a face-to-face configuration. Dimerization of rhodamine
molecules in TRIS buffer occurs only at concentrations greater than 100 mM (44,47), and 1 uM
free TMR in 1 M KGlu TRIS buffer has the spectrum of the monomeric dye (not shown).
Therefore, the formation of H-type rhodamine dimers in a 1 uM solution of B2-1305C-TMR can
only be explained by the association of two clamps that bring the two dyes together at the required
distance and orientation. A model of a possible clamp-clamp interaction that is consistent with
rhodamine dimerization is shown in Fig. 2D. This model was created using the crystallographic
structure of B2 (pdb id: Immi) and coordinates for tetramethylrhodamine-5-maleimide extracted
from the x-ray crystal structure of tetramethylrhodamine-5-maleimide-actin (PDBeChem 1id:
RHO). PyMOL was used to replace Ile-305 by cys, and to create a bond between cys and
tetramethylrhodamine-5-maleimide. As shown in Fig. 2D, face-to-face interactions between two
clamps would allow the rhodamine dyes to stack closely in the conformation required to explain
the strong 520 nm absorption band. We note that the formation of a second dimer of rhodamine is
also possible on the opposite side of the clamp (not shown for clarity). PyMOL models suggest
that this is the only orientation of the protein rings that allow the thodamine dyes to interact in this
manner. However, diffusion times at high glutamate concentrations are consistent with protein
assemblies larger than a dimer, indicating that other modes of interaction that may not result in the
formation of rhodamine dimers are also possible (see below).

Molecular mechanism of glutamate-induced clamp association

Many salts (50,51) and nonelectrolytes such as sugars (52), polyols (53,54), and amino acids (55),
are known to stabilize globular proteins and to reduce their solubility. /n vitro, replacing CI” by
Glu stabilizes folded proteins and stabilizes protein-nucleic acid complexes (18-26). These effects
are only observed at high (> 100 mM) concentrations of these added agents (henceforth called
solutes), indicating that their interactions with the surface of proteins are weak and non-specific
(56,57). Excluded volume effects due to molecular crowding have been proposed as mechanisms
for osmolyte-induced protein stability (58-60), but contributions are significant only for larger
solutes such as high molecular weight PEGs (20,61,62). Alternatively, the effect of osmolytes on
protein stabilization and solubility can be rationalized in terms of the so-called solute partitioning
model, which defines a solute partition coefficient (Kp) defined as the ratio of local to bulk solute
concentration. (33) This ratio quantifies the competition between the solute and water for the
protein surface. Solutes with K, > 1 accumulate at the protein surface by replacing bound water
molecules, and are known to destabilize the native state of proteins. In contrast, solutes with K, <
1 are excluded from the protein surface, which remains hydrated, resulting in a stabilizing effect.
(33,56,57,63)

In the context of this interpretation, the effect of solutes on the chemical potential of the protein
can be described using three-component thermodynamic theory where water, protein and solute
are taken into account implicitly (57). Whether addition of a solute will promote a macromolecular
process such as protein unfolding or protein assembly depends on the effect of the solute on the
standard free energy change of the process (AG®). Let us first consider the association of two 32
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clamps to form a dimer: 28, = [f5 - 2], with an equilibrium association constant K;,,, (Fig. 3A).
This association is not thermodynamically favorable in water (i.e. no KGlu added), so AGJ, the
change in standard free energy for the formation of [f, - 5] in water, is positive (Fig. 3A). To
rationalize the sign of AG® in a solution containing glutamate at a given concentration (AG2y,-), a
thermodynamic cycle can be constructed in which two [ clamps or the dimer [, - ;] are
hypothetically transferred from water to the glutamate solution (vertical lines in Fig. 3A). The
standard free energy changes for these processes (AGY and AGY) measure the extent by which the
chemical potential of the protein increases or decreases in a hypothetical process in which the
protein is transferred from water to the solution containing the solute. From Fig. 3A,
AGl- = AGS + AGY— AGY, and therefore the formation of [B, - ,] will be favorable in
glutamate buffer (i.e. AGY,- < 0) if AG?— AGY > AGY.

[Figure 3]

The accessible surface area of a protein can be thought of as being composed of sites that bind
water molecules. When the protein is transferred from water to a solution containing a given
concentration of solute, the change in free energy is determined by the relative affinity of these
sites for water and for the solute. Favorable interactions between the solute and the protein surface
result in a reduction of the chemical potential of the protein (negative values of AGYand AGY).
Similarly, if interactions are stronger for water than for the solute, the solute will be excluded from
the protein surface and both AGYand AGY will be positive. For a given solute at a given
concentration, the extent by which addition of a solute to water increases or decreases the chemical
potential of the protein (measured by the vertical lines in Fig. 3A) depends on the protein’s
accessible surface area. Cheng et al quantified the interactions between KGlu and model
compounds containing six protein functional groups: sp® carbon, sp? carbon, amide oxygen,
carboxylate oxygen, amide nitrogen, and cationic nitrogen (20). Interactions between KGlu and
the first four functional groups are unfavorable (compared to water as a protein ligand), while
interactions with amide and cationic nitrogen are favorable. The surface of a native protein is about
50% aliphatic or aromatic hydrocarbon, and about 20% amide oxygen and nitrogen (33). Most
amide groups on the surface of proteins are in the peptide backbones, with a O:N available surface
area ratio of about 2.4:1 (33). In addition, the absolute value of the interaction potential of KGlu
with amide oxygen (which is unfavorable) is greater than the corresponding value for the favorable
interaction of KGlu with amide nitrogen. Therefore, the net interaction between KGlu and the
amide group is unfavorable. Since carbon and amide atoms make up a significant fraction of the
protein surface, KGlu is expected to be highly excluded, and in terms of the quantities defined in
Fig. 3A, AGYand AGYare both predicted to be positive. The formation of [B, - 5] is expected to
occlude a fraction of the accessible surface area of the ring, so the unfavorable interactions between
KGlu and the protein surface are predicted to be more significant for the two isolated rings than
for the dimer. These arguments lead to the conclusion that AGY— AGJ is always positive for
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processes that occlude protein surface, and if the difference is significant (i.e. greater than AG))),
clamp association can become thermodynamically favored in the presence of glutamate (i.e.
AGY,,- < 0).

We therefore conclude that unfavorable interactions of KGlu or NaGlu with the functional groups
on the protein surface satisfactorily explain the marked effects of glutamate concentration on the
equilibrium constant for the formation of [B, - ;] (Kgim). If this interpretation is correct,
glutamate effects should be observed in experiments with other clamps and in general, with other
proteins that can bury a significant fraction of their surface by associating. In addition, this model
predicts that other solutes that are known to be excluded from the protein surface should promote
clamp association as well. Finally, the effect of KGlu on Kj;,, should be quantitatively consistent
with the amount of accessible surface area excluded by the interaction between the clamps and the
interaction potentials between KGlu and the protein functional groups. These three points are
addressed individually in the sections below.

KGlu effects are not specific to B2

To assess whether glutamate effects are due to specific interactions between this solute and B2,
FCS experiments were repeated replacing (> by the proliferating cell nuclear antigen (PCNA)
sliding clamp from S. cerevisiae (See Fig. 1). The three-dimensional structures of PCNA and f32
are very similar despite the facts that PCNA is a homotrimer, and the two proteins show no
sequence homology (64). Proteins for FCS were labeled with a TMR fluorophore in each protein
subunit as described in Materials and Methods and reported previously (9). Control experiments
published previously showed that mutations and labeling do not affect the affinity of these clamps
for the corresponding clamp loader (RFC), and that labeled clamps can be loaded on DNA as the
unlabeled wild type clamps. (36,65)

FCS experiments were performed with 1 nM solutions of labeled PCNA (PCNA-I181C-TMR, Fig.
1) in buffers containing variable concentrations of KGlu, and apparent diffusion times were
calculated from the experimental autocorrelation decays as described above for 32. As in the case
of B2, FCS results are consistent with the formation of PCNA assemblies with an association
equilibrium constant that increases with KGlu concentration (Fig. 4). However, we did not observe
changes in the UV-VIS absorption spectrum of PCNA-I181C-TMR in conditions where FCS
experiments suggest the formation of clamp assemblies involving several rings (1 puM PCNA,
KGlu > 500 mM). This is not entirely surprising given how stringent the geometrical requirements
for the formation of H-dimers are, and suggests that clamp-clamp interactions do not result in the
placement of TMR dyes at the distance and geometry required for efficient coupling of the
rhodamine rings.

[Figure 4]
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KGlu effects on association equilibria are quantitatively consistent with KGlu-protein
interactions

If the experimental results of Figs. 2A and 2B are indeed due to unfavorable interactions between
KGlu and the functional groups on the protein surface, the effect of KGlu concentration on the
association equilibrium constant between two clamps (Kg;,,) should be quantitatively consistent
with the change in accessible surface area (ASA) that results from the formation of [, - 55]. The
interaction potentials between KGlu and six different protein functional groups have been
measured experimentally (20), and these values can be used to make quantitative predictions of
the effect of KGlu concentration on the equilibrium constants of processes that change the
protein’s water-accessible surface area. For example, Cheng et. al. studied the effect of KGlu on
the unfolding of the native state of the protein NTL9, and demonstrated that these interaction
potentials result in predicted m-values (defined as the derivative of AG of unfolding with respect
to solute concentration (66)) that are remarkably similar to the experimentally determined values
(19,20).

In analogy to the m-value defined for protein unfolding, we considered the change in -RT/nK;,,
with respect to KGlu concentration. Note that concentrations are now given in molal units (m) as
required in the analysis using interaction potentials (see below). Values of K;,,, were determined
from the tapp values measured in conditions where the concentrations of trimers, tetramers, and
higher order oligomers are negligible ([KGlu] = 0-500 mM). Details are given in the supplemental
information file (see “Calculation of Kj;,,”), and results are shown in Fig. 3B. The slope of the
straight line of Fig. 3B (-5.1 = 0.7 kcal mol! m™) is the experimental m-value for the equilibrium
26, = [P, - Bo] at 20°C. We next calculate the m-value predicted for clamp association under the
assumption that changes in K;;,,, are due to chemical interactions between KGlu and functional
groups at the protein surface. A quantitative agreement between the experimental and theoretical
m-values would provide strong support for the model used to interpret glutamate-dependent
variations in Kj;,,. Following the formalism used by Cheng. et. al. to analyze the effect of KGlu
on protein unfolding equilibria, the theoretical m-value was calculated as (20):

m — value = Y; a;AASA; ~ g AASA Eq. 4

where, ai represents the interaction potential per unit of ASA between KGlu and each of the
protein’s functional groups, and AASA; is the change in accessible surface area of each individual
functional group during the process under consideration (i.e. the formation of [S, - §5]) (20). The
exact structure of [f, - f5>] is unknown, so a calculation atom by atom is not possible. Instead, we
will assess whether the change in total accessible surface area required to justify the experimental
m-value is consistent with a reasonable structural model of [S, - ,]. Assuming a constant average
value of dlavg = 1.2 cal mol™! m™! A2, the experimental m-value requires a change in the accessible
surface area of AASA = -4,250 + 600 A% (Eq. 4). The value of olave Was estimated from the values
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of ai published by Cheng et al. (20) and the fact that approximately half of the surface of native
proteins is aliphatic carbon (o = 1.34 cal mol! m™! A?) and about 20% is amide oxygen (i = 0.76
cal mol! m' A?) and nitrogen (o = -0.39 cal mol!' m! A?) with an O:N ASA ratio of
approximately 2.4:12 (20,33). To evaluate whether a AASA of -4,250 A?is reasonable, we created
model structures of [f, - 5] using PyMOL and calculated their ASAs computationally. Model
dimers were created from two initially overlapping copies of 2 (pdb entry: 1mmi) by displacing
one of the clamps a given distance (d) along the axis normal to the plane of the ring and then
rotating one of the clamps 180° to create a structure compatible with rhodamine dimerization (see
Supplemental Information for details). The pdb files of the model dimers were then analyzed using
the Surface Racer program as described in Materials and Methods, and AASA values for the
formation of [B, - B,] were then calculated as ASAg,.p,1 — 2ASAg,. Results were -3230 A2, -4052
A, and -4850 A2 for displacements of d=34 A, d=33 A and d=32 A, respectively (see Fig. S5).
Therefore, we conclude that dimerization of 32 results in a reduction in accessible surface area that
is quantitatively consistent with the observed glutamate-dependent variations in Ky;p,. In other
words, our data can be quantitatively explained in terms of chemical unfavorable interactions
between KGlu and the functional groups of the surface of the clamp.

Clamp association is not specific to Glu

If glutamate effects are indeed due to unfavorable interactions between glutamate and the
functional groups at the protein surface, other chemical compounds that are also preferentially
excluded from the surface of proteins should promote clamp assembly as well. To test this
prediction, we carried out FCS experiments replacing KGlu by glycine betaine (GB, Fig. 5D), a
zwitterionic compound that accumulates intracellularly when E.coli and most other living cells are
exposed to high concentrations of extracellular solutes (30-32). At the molecular level, the
effectiveness of GB as an osmolyte has been interpreted as arising from its unfavorable interactions
(compared with water) with anionic and amide oxygen atoms at the protein surface (67). As in the
case of KGlu, the interaction potentials per unit of ASA (ai) for GB-protein interactions are
positive for aliphatic carbon and for carboxylate and amide oxygen, and negative for cationic and
amide nitrogen (67). Given the composition of the protein surface, it is expected that interactions
between GB and the protein functional groups will be mostly unfavorable, resulting in a
preferential exclusion of GB from the surface.

Fig. 5A shows the diffusion times extracted from the autocorrelation decays acquired in FCS
experiments made on solutions of 1 nM B2-1305C-TMR in an assay buffer containing 20 mM Tris-
HCI (pH 7.2) and a variable concentration of GB in the 50 mM — 1M range. As in the case of
KGlu, tapp values are consistent with the formation of protein assemblies with an average size that
increases with protein concentration (Fig. 5B). The absorption spectra of solutions of 0.5 uM .-
I305C-TMR in GB-TRIS buffers (Fig. 5C) indicate the formation of rhodamine dimers at high GB
concentrations, suggesting the same type of clamp-clamp interactions observed with KGlu. While
both GB and Glu promote clamp association, their quantitative effect on the corresponding
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association constants is somewhat different. This is not surprising because although both
compounds are predicted to be preferentially excluded from the protein surface, their a; values
differ. For GB, interactions with aliphatic carbon, which represents about half of the protein
surface, are almost neutral (small positive ai), while interactions with amide and carboxylate
oxygen are highly unfavorable (large positive ). In contrast, KGlu is predicted to interact very
unfavorably with aliphatic and aromatic carbon, and to a lesser extent, with amide oxygen.

[Figure 5]
Possible modes of assembly

The characteristic spectrum of thodamine dimers observed in the visible absorption spectrum of 1
UM B2-I305C-TMR in high KGlu ( > 350 mM) can only be explained if two clamps interact in the
configuration shown in Fig. 2D. In these protein constructs, the dye is covalently bound to a
cysteine residue that replaces 1305 (Fig. 1), which is located on the face of the clamp opposite to
the one involved in the interaction between 32 and the y clamp loader complex (68). This, however,
cannot be the only mode of clamp-clamp interaction because it would result in the formation of
dimers of rings, and FCS results (Fig. 2B) are consistent with a continuous assembly of rings into
larger structures. While the spectroscopic signature of Fig. 2C is unambiguous, FCS experiments
(Fig. 2B) suggest that 1 uM [3> associates as dimers of rings at KGlu concentrations lower than the
350 mM needed to observe strong coupling between two rhodamines. This suggests that the initial
interaction may be different from the one shown in Fig. 2D. In addition, FCS experiments with 1
nM 2 show significant changes in tap, Without changes in the total fluorescence intensity.
Rhodamine dimers are not fluorescent, so their formation is expected to result in significant
quenching and a concomitant reduction in measured intensity. The fact that 1 nM [, associates
tightly in high glutamate without fluorescence quenching favors a model in which the most
thermodynamically favorable interactions do not bring the two dyes in close proximity. Evidence
for different modes of interaction with significantly different equilibrium constants also comes
from Fig. 2B. While tapp values increase steeply initially consistent with association constants of
the order of 1 nM™! and higher, further changes are not as pronounced and indicate weaker clamp-
clamp interactions. In summary, our data is consistent with clamp-clamp interactions that bury c.a.
4000 A2, a value that is consistent with the face-to-face interaction of two rings separated by about
33 A. Although the spectroscopic signature observed in the visible spectrum of B2-I1305C-TMR
provide strong support for interactions between the faces proximal to 1305 (Fig. 2D), results overall
point to a more complex scenario involving other modes of interactions with varied affinities. The
large surface buried in face-to-face interactions results in a strong dependence of the affinity
constants with glutamate and glycine betaine concentrations.
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Biological Implications

The number of B2 clamps has been estimated to be about 300 - 350 molecules per cell (69,70).
Using an estimate of 1 fL (10°1° L) for an average cell volume, the concentration of B, clamps is
on the order of 500 - 600 nM in E. coli (71,72). At a normal cellular glutamate concentration of
100 mM, data in Figure 2B indicate that clamps would exist as a mixture of monomers and dimers
with dimers predominating inside cells. Stressors that increase the intracellular glutamate
concentration would increase the population of dimers and lead to formation of some trimeric
species. What are the implications for clamp oligomerization inside the cell? Oligomerization
could sequester clamps and reduce the effective intracellular concentration of clamps available for
DNA metabolism. The symmetry of the clamp is such that it has two distinct faces like the head
and tail sides of a coin. Proteins that bind the clamp, including the clamp loader and DNA
polymerase, bind the same site on one of the faces. If clamps were to dimerize in a ‘head-to-tail’
fashion as suggested by the analysis above, then the binding face of one clamp would be
sequestered and the effective concentration of available clamps would be reduced by a factor of
two. These dimers could be extended further by adding additional clamps in a head-to-tail fashion.
Sequestering binding faces could potentially provide a mechanism for slowing DNA metabolism
under times of stress. On the other hand, if clamps were to dimerize in a ‘tail-to-tail’ fashion as in
Figure 2B, then the ‘heads’ side to which proteins bind would still be available for binding, and
the effective concentration of available clamps would remain the same. This clamp stacking
argument assumes that oligomerization does not affect clamp activity in some way other than
physically blocking binding interactions. But, it is also possible that oligomerization in either the
head-to-tail or tail-to-tail orientation alters clamps activity in some way to interfere with productive
interactions with clamp binding partners. This would effectively sequester clamps to reduce the
number of clamps available for DNA metabolism.

Clamp oligomerization could have a completely different function and potentially serve to stabilize
the ring structure of individual clamps. Ring-shaped clamps are loaded onto DNA by clamp
loaders. Dissociation of the rings into monomers would prevent them from being loaded onto DNA
by the bacterial clamp loader. Competing factors could exist inside cells that have differential
effects on the stability of the ring structure. If conditions exist that promote the dissociation of
rings into individual monomers, oligomerization of the clamps could counteract these conditions
and stabilize the rings to maintain their availability for DNA metabolism.

SUPPLEMENTARY DATA
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FIGURES

B,-1305C-TMR

Figure 1: Two perpendicular views of the ribbon diagrams of the two clamps used in this work.
Left: E. coli B-sliding clamp (PDB: 1MMI). Residue I305 of each subunit was mutated to Cys and
a covalent bond between Cys and the maleimide moiety of TMR was created using Pymol. The
structure of TMR was obtained from the X-ray crystal structure of tetramethylrhodamine-5-
maleimide-actin (PDBeChem id: RHO). Right: S. cerevisiae PCNA sliding clamp (PDB: 1SX]J).
The crystal structure contains the clamp loader (replication factor C) bound to the sliding clamp,
and these subunits were removed for clarity. Residue [1810f each subunit was mutated to Cys and
covalent bonds between Cys and TMR were created in Pymol.
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Figure 2: (A) Apparent diffusion times (tapp) obtained from the FCS decays measured with 1 nM
solutions of B2-I305C-TMR in an assay buffer containing 20 mM Tris-HCI (pH 7.2) and a variable
concentration of NaCl or KGlu in the 50 mM — 1M range. The horizontal lines on the right side of
the plot indicate approximate diffusion times expected for protein assemblies containing n = 1, 2,
... clamps. (B) Apparent diffusion times (tapp) of solutions containing 1 nM 3,-I1305C-TMR and
variable concentrations of unlabeled 32. The concentration specified in the abscissa represents the
sum of the two. The assay buffer was 20 mM Tris-HCI (pH 7.2) containing variable concentrations
KGlu in the 10 mM — 1M range. (C) Absorption spectra of 1 uM B2-I305C-TMR in TRIS buffer
containing 50 mM — 1 M KGlu. (D) PyMol model created by placing two clamps on top of each
other and rotating single bonds in the maleimide moiety of TMR to obtain a conformation
compatible with the strong 520 nm band observed in the UV-Vis spectrum of 1 puM B2-I305C-
TMR at [KGlu] > 350 mM.
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Fig. 3: (A) Free energy diagram of the effect of KGlu on clamp assembly. Vertical lines represent
the standard free energy changes when two fB-clamps (AGY) or the dimer [B, - 5,] (AGY) are
hypothetically transferred from water to the glutamate solution. AGY, and AGJ,,,- are the standard
free energy change for the association of two clamps in water and in the presence of Glu,
respectively. K, and KS*™ are the thermodynamic equilibrium constants for the formation of the
dimer: 23, = [fS5 - B2] (B) Determination of the m-value for clamp association. The abscissa is
the standard free energy change for the association of two clamps, determined as —RTInK;;,,,

where T =293 K and Kj;,, is the equilibrium constant determined as discussed in the text.
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Fig. 4: (A) Apparent diffusion times (tapp) obtained from the FCS decays measured with 1 nM
solutions of S. cerevisiae PCNA-I181C-TMR in an assay buffer containing 20 mM Tris-HCI (pH
7.2) and a variable concentration of KGlu in the 50 mM — 1M range. (B) Apparent diffusion times
(tapp) of solutions containing 1 nM PCNA-I181C-TMR and variable concentrations of unlabeled
PCNA. The concentration specified in the abscissa represents the sum of the two. The assay buffer
was 20 mM Tris-HCI (pH 7.2) containing variable concentrations of KGlu.
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Fig. 5: (A) Apparent diffusion times (tapp) obtained from the FCS decays measured with 1 nM
solutions of B2-I305C-TMR in an assay buffer containing 20 mM Tris-HCI (pH 7.2) and a variable
concentration of GB as indicated in the abscissa. (B) Apparent diffusion times (tapp) of solutions
containing 1 nM B2-1305C-TMR and variable concentrations of unlabeled .. The concentration
specified in the abscissa represents the sum of the two. The assay buffer was 20 mM Tris-HCI (pH
7.2) containing the indicated concentrations of GB. (C) Absorption spectra of 0.5 M B»-1305C-
TMR in Tris-HCI (no GB, in black) and in Tris-HCI containing 1 M GB (red) (D) Chemical
structure of glycine betaine (GB).
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Figure S1: Apparent diffusion times normalized to the initial value measured in KGlu (reported in Fig. 2A)
and in NaGlu.
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Figure S2: Apparent diffusion times normalized to the initial value measured with TMR- and Alexa 546-
labeled [, clamps (B2-1305C-TMR and [3,-1305C-A546). The location of the fluorophore is the same in both
cases (1305C).

Supplemental Figure S3

The same experiments reported in Fig. 2A were performed with clamps labeled with TMR in two other
positions:

1) B2-1305C-TMR (same data reported in Fig. 2A) contains the following mutations: C260S + C333S
(background mutations) and I1305C (for labeling with TMR-maleimide).

2) B2-S109C-TMR contains the following mutations: C260S + C333S (background mutations) and S109C
(for labeling with TMR-maleimide).

3) B>-C333-TMR contains only one background mutation (C260A). The native amino acid Cys-333 was
used for labeling with TMR-maleimide.

The amino acids labeled in each case are highlighted in the following figure (red = C333, blue=S109C,
grey = 1305C).
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Relative diffusion times (normalized to the value measured without KGlu) are shown in the following

Figure:
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Supplemental Figure S4
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Figure S4: Apparent diffusion times measured by adding KGlu to B,-1305C-TMR (black, same data
presented in Fig. 2A) and by removing KGlu by dilution (red). For the experiments reported in black, the
protein was diluted from a concentrated stock containing no KGlu into a buffer containing the desired
concentration of Glu. For the experiments reported in red, the protein was initially dissolved in 1 M KGlu,
and was then diluted to 1 nM using a buffer containing variable concentrations of KGlu to achieve the
desired final Glu concentration.

Calculation of K;;,,

Here we use the formalism previously developed by Kanno and Levitus® to calculate the dissociation
equilibrium constant of [fB, - ;] from the measured apparent diffusion times (tapp) at different KGlu
concentrations. This section assumes that only monomers (i.e. clamps, 2) and dimers (i.e. a stack of two

clamps, [f> - [2]) exist in equilibrium. As discussed in the manuscript, this is only the case at moderate
Glu concentrations.
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If the equilibrium between dimers (D =[f, - ] ) and monomers (M = 3,) is described by a single
dissociation constant Kg, this constant can be expressed in terms of the degree of dissociation (a. = Cw/Co)
and the total protein concentration (Co, expressed in terms of monomers):

2a°C
K, == (s1)
-«
The measured apparent diffusion time (tapp) can be expressed as:’
2 —[1-2— % (z,-7,)7,,—7,7,=0 (S2)
”‘”” I+(1-a) f w

where 7, , are the diffusion times of the monomer and dimer, respectively, and fis the labeling efficiency (0
<f<1).

The degree of dissociation of 1 nM solutions of B2 were calculated at each KGlu concentration using Eq.
S2 and the measured tapp values of Fig. 2A. We stress that the term “degree of dissociation” refers to the
equilibrium between [, - 5] and B2, and not to the dissociation of the dimeric clamp ([32) itself, which we
studied in previous work. As discussed in the manuscript, clamp dissociation was determined to be
negligible in the timescales of the experiments reported in this manuscript. The value of t1 in Eq. S2 was
set to 0.598 ms, as measured in the experiment with 1 nM B in 50 mM NaCIl/TRIS buffer. The value of 12
was set to 1.208t1 based on estimates of the diffusion coefficient of B2and [S, - 2] using the computer
program HYDROPRO.2 The pdb file of [ 55 * 2] (shown in Fig. S5) was created in PyMOL. Finally, Ks was
calculated from o using Eq. S1 (Co = 1nM), and association constants (K;,,) were calculated as 1/ Ka.

PyMOL modeling

Pdb structures of model dimers of B, were created in PyMOL from two identical copies of B2 (pdb id:
1MMI) using the following script:

fetch lmmi

copy ©0bj01, Immi
cealign 1lmmi, objo0l
orient
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rotate x, 180, I1mmi

translate [0,0,d], 1mmi

rotate z,70, lmmi

alter (obj0l and chain A), chain='C'
alter (objO0l and chain B), chain='D'
select alll, all

create dimer,alll

save filename.pdb, dimer

where d is the displacement between the two rings (32A, 33A, or 34A)

Figure S5: Pymol models of [f, - 8,]. The distances refer to the displacements d defined in the code
above.
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