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Abstract

Protein thermodynamic stability is a fundamental physical characteristic that determines biological
function. Furthermore, alteration of thermodynamic stability by macromolecular interactions or
biochemical modifications is a powerful tool for assessing the relationship between protein
structure, stability, and biological function. High-throughput approaches for quantifying protein
stability are beginning to emerge that enable thermodynamic measurements on small amounts of
material, in short periods of time, and using readily accessible instrumentation. Here we present
such a method, fast quantitative cysteine reactivity (fQCR), which exploits the linkage between
protein stability, sidechain protection by protein structure, and structural dynamics to characterize
the thermodynamic and kinetic properties of proteins. In this approach, the reaction of a protected
cysteine and thiol-reactive fluorogenic indicator is monitored over a gradient of temperatures after
a short incubation time. These labeling data can be used to determine the midpoint of thermal
unfolding, measure the temperature dependence of protein stability, quantify ligand-binding
affinity, and, under certain conditions, estimate folding rate constants. Here, we demonstrate the
fQCR method by characterizing these thermodynamic and kinetic properties for variants of
Staphylococcal nuclease and E. colfribose-binding protein engineered to contain single, protected
cysteines. These straightforward, information-rich experiments are likely to find applications in
protein engineering and functional genomics.
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Introduction

The genomic revolution has greatly influenced the scope and scale of quantitative
experiments in biology1. High-throughput genomic and proteomic initiatives have explored
transcription2, translation3, post-translational modification4"8, and protein degradation9:10
and turnoverl1l in response to changes in cellular physiology, and have expanded our
knowledge of protein structure12°14. Less emphasis has been placed on developing methods
that use small quantities of material to rapidly quantify protein thermodynamics and folding
kinetics. Such advancements are essential to furthering our understanding of the relationship
between protein sequence, structure, stability and function that underlies the molecular basis
of disease and evolution. Here we present a miniaturized thermodynamic technique, fast
determination of quantitative cysteine reactivity (fQCR), that measures protein stability

(A Gy, thermal stability ( 7,;), ligand-binding affinity (Kp), and estimates (un)folding
kinetics. By exploiting the fundamental linkage between protein thermodynamics and
function, fQCR experiments can be used to identify and assess many aspects of biological
function that affect protein conformational stability. These functions include the strength of
biomolecular interactions15718, the impact of deleterious mutations19-20, and the effects of
post-translational modifications21°25.

Traditional approaches for measuring protein stability (e.g., temperature and chemical
denaturation) and folding kinetics are low-throughput (requiring > 100 g of protein) and
time-consuming (taking hours to days). By contrast, the emergence of miniaturized
techniques for determining 7,26°28, A G26:29731, and K528:30:32:33 are beginning to
enable the thermodynamic characterization of proteins using less than a few micrograms of
purified material. One such technique, quantitative cysteine reactivity (QCR)26, uses
cysteine protection to measure protein stability in a manner analogous to amide protection
experiments34. Cysteine sidechains protected by burial in a folded protein structure are
inaccessible to solvent and cannot be modified by a thiol-reactive probe. However, these
residues can be modified upon exposure to solvent by transient unfolding reactions.
Consequently, the kinetics of cysteine modification are coupled to the thermodynamic
stability and (un)folding kinetics of the protein.

Here we present a development of the QCR technique that enables rapid determination of
cysteine modification using fluorescence: fast determination of quantitative cysteine
reactivity (fQCR). The fQCR approach was validated using variants of Staphylococcal
nuclease (SN) and £. coliribose-binding protein (RBP) engineered to contain single, buried
cysteines. In fQCR experiments, the Kinetics of cysteine labeling are determined using the
fluorogenic thiol-probe, 4-(aminosulfonyl)-7-fluoro-2,1,3-benzoxadiazole (ABD). The
fluorescence readout facilitates the rapid quantification of the degree of fractional cysteine
labeling as a function of temperature. From these observations A Gy, 7., and, in some
cases, folding kinetics can be determined. Additionally, fQCR experiments can be used to
quantify the affinity of biomolecular interactions by measuring changes in AG,in the
presence of a binding partner. This approach was demonstrated for SN and RBP by
determining the binding affinities of these proteins for inhibitor and ribose respectively.
Unlike traditional methods for measuring protein stability, folding kinetics, and ligand
binding affinity, fQCR data can be acquired on non-specialized equipment within minutes,
requires only micrograms of protein, and is not restricted to proteins that exhibit ideal two-
or three-state unfolding behavior.
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Materials and Methods

Protein Engineering and Purification

Linear DNA encoding SN.L36C was assembled from synthetic oligonucleotides35 and
cloned into pET-21a (EMD Biosciences; 69740) at the Xbal and X#ol sites. A C-terminal
GGSHHHHHHHK tag was introduced by QuickChange® (Stratagene; 200519).

Linear DNA fragments encoding RBP.L61C and RBP.A188C variants were assembled from
synthetic oligonucleotides35 and cloned into pET-21a at AVdel and X#hol sites. These
mutations were introduced into a variant of the wild-type £. coli ribose-binding protein in
which rare codons have been replaced, the N-terminal signal sequence removed, and a C-
terminal GGSHHHHHH tag added. All sequence-verified cloned variants were transformed
into £. coli KRX strain (Promega L3002) and stored as glycerol stocks at -80°C.

Starter cultures from glycerol stocks were diluted 1:500 into auto-induction media
ZYM-505236 supplemented with 0.04% L-Rhamnose for delayed induction of the KRX T7
expression system. Cells were grown for 12-16 hours at 30°C with shaking at 225-270 rpm
and pelleted by centrifugation at 6,000 g. RBP variants were lysed by addition of 1 mL
BugBuster® Master Mix (EMD Biosciences; 71456) for each 20 mL of culture. The
SN.L36C culture was lysed on ice by sonication for two minutes after resuspension in TBS
(20 mM Tris, 136 mM NacCl, pH 7.4). In all cases 5 mM B-mercaptoethanol was added to
prevent disulfide bond formation during lysis. Lysed samples were centrifuged at 16,000 g
for 10 min. The tagged recombinant proteins were purified by batch immobilized metal
affinity chromatography by mixing the supernatant with an equal volume of binding buffer
(15 mM imidazole, 20 mM MOPS, 500 mM NacCl, pH 7.5) before addition to His-Select
Nickel affinity gel (Sigma P6611). Non-specifically bound protein was removed by four
successive washes with 14 resin bed volumes of a 50:50 mixture of TBS and binding buffer
supplemented with 5 mM p-mercaptoethanol. The tagged proteins were eluted in one bed
volume of elution buffer (400 mM imidazole, 20 mM MOPS, 500 mM NacCl, pH 7.5),
followed by buffer exchange on 10DG gel-filtration columns (Bio-Rad 732-2010) that were
pre-equilibrated with 25 mM potassium phosphate, 100 mM KCI, pH 7. Samples were flash-
frozen by dropwise addition (~20uL / drop) into liquid nitrogen, and stored as frozen beads
at -80°C. No difference in stability (assessed by thermal melt) was observed between
samples that underwent a single freeze-thaw cycle and aliquots stored overnight at 4°C.
Protein concentration was measured spectroscopically using absorbance at 280 nm using
extinction coefficients (egny~16,000 M-1em1, eggp~4,000 M-1cm™1) calculated from amino
acid sequence37. Protein purity was assessed by SDS-PAGE.

Preparation of ABD stock solutions

A ~0.5 M stock solution was prepared by dissolving 200 mg of 4-(aminosulfonyl)-7-
fluoro-2,1,3-benzoxadiazole (ABD; TCIl America; A5597) in ~1.8 mLs of DMSO. The final
concentration was determined spectroscopically (e313nm=4,200 M-1cm1)38. This stock
solution was stored in 30 pL aliquots at —20°C, and was used over multiple freeze-thaw
cycles. Working solutions of ABD were mixed immediately before an experiment by
combining the appropriate volume of ABD stock solution and phosphate buffer (25 mM
potassium phosphate and 100 mM KClI at pH 7).

Reaction of ABD with glutathione

The pseudo-first-order rate constants for the reaction of ABD with reduced glutathione (L-
GSH; Sigma-Aldrich; G4251) were determined from full kinetic traces measured at
combinations of four temperatures (20, 30, 40, and 50°C) and pH values (6, 7, 8, and 8.5) in
buffers containing 25 mM potassium phosphate and 100 mM KCI. The progress curve of the
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reaction between 10 uM L-GSH and 2.5 mM ABD was monitored in a SLM Series 2
Luminescence Spectrometer by recording the emission intensity of the fluorescent ABD-L-
GSH adduct (Agx 389 Nnm; Ay 513 nm; excitation bandwidth 8 nm; emission bandwidth 16
nm; PMT sensitivity 700). To ensure thermal equilibration, 1.45 mL of phosphate buffer
was pre-incubated (with stirring) in a quartz cuvette for ten minutes in a temperature-
controlled sample cell, after which 35.1 pL of 107 mM ABD was added (final concentration
of 2.5 mM). The reaction was initiated after a further two minutes by addition of 15 pL of 1
mM L-GSH (final concentration of 10 uM).

The fQCR experiment

For a single fQCR experiment, 89 L of 5-10 M protein in phosphate buffer (25 mM
potassium phosphate and 100 mM KCI at pH 7) was combined with 1 pL of 5 mM tris(2-
carboxyethyl)phosphine (TCEP; Fluka; GA12963) and 10 p.L of 10X ABD working stock
solution (typically 1-20 mM). The final concentration of ABD was always at least 10-fold
greater than the protein concentration to ensure that cysteine labeling followed pseudo-first-
order Kkinetics. Following initial mixing of the 100 pL reaction, 7 L aliquots were
distributed into a PCR strip tube (12 tubes per strip) and incubated for 5 or 10 minutes
(depending on the experiment) in a BioRad DNA Engine® Peltier gradient thermal cycler
using a heated lid offset by +10°C. After labeling, the samples were immediately cooled in
an aluminum block kept at room temperature. Average fluorescence and standard error
values determined from three independent readings of 1.5 pL aliquots of each sample on a
NanoDrop 3300 fluorospectrophotometer (Thermo Scientific).

The temperatures of the thermocycler gradient were calibrated using a digital thermometer
(Cole-Parmer; 7001H) wired to a high-precision thermister (Measurement Specialties;
44033RC) embedded in a PCR strip tube using a high thermal conductance compound (Artic
Silver Inc; artic silver I1). The difference between the temperatures reported by the
thermocycler software and the recorded temperature could vary by as much as 5°C,
depending on the difference between the heat of the lid and the sample. Temperatures in
each column of a gradient thermocycler were recorded after an equilibration time of one
minute with a closed, heated lid (i.e. conditions identical to a fQCR incubation).

The fQCR experiments for RBP.L61C were modified to account for the relatively slow
conformational equilibration of this protein over the experimental temperature range. To
ensure conformational equilibrium was established for this variant, 9 L aliquots of protein
sample were transferred to PCR tubes and placed in the temperature gradient for 2 minutes
prior to labeling. Following equilibration, 1 pL of ABD working stock solution was added
to each aliquot using a multi-channel pipette to initiate the labeling reaction. After labeling
for 5 minutes, the samples were processed as described above.

One fQCR data set (Fig. 6B) was collected using a Tecan Genios fluorescence plate reader.
In this case, 40 pL samples (5 oM protein, 400 uM ABD, 50 uM TCEP, 25 mM potassium
phosphate, 100 mM KCI, pH 7) were incubated in the gradient thermocycler for 10 min and
30 pL aliquots transferred to 384-well black plates (Corning; 3821) after labeling.
Fluorescence was measured at 30°C using 405 nm and 465 nm excitation and emission
filters respectively.

Thermal unfolding monitored by circular dichroism

Thermal unfolding experiments were carried out by preparing 3 mL of 3 M protein in
phosphate buffer (25 mM potassium phosphate and 100 mM KCI at pH 7) and monitoring
the change in CD signal at 222 nm as a function of temperature in a Jasco J-815 CD
spectrometer. Samples were heated at a rate of 1°C per minute and allowed to equilibrate for
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2 minutes following each temperature change. The midpoint of thermal unfolding, 7, was
determined for each protein by fitting a two-state model of unfolding to the temperature
dependence of normalized far-UV CD signal
9N+9DEAGGH(T)/RT

O222nm (T) = Gy (D/RT

[1]
1+

where 8yand 6p are linear relationships that describe the native (A) and denatured (D)
baselines (e.g., Bp=mn T + by, describe the native baseline), and A G 7) is the Gibbs-
Helmholtz relationship (Eg. 11). In the process of using Eg. 1 to derive 75, A C,was fixed
at a value of 3 kcal mol-1 K1,

Results and Discussion

Measuring protein stability by QCR

Cysteine sidechains are attractive targets for site-directed chemistry in proteins given the
wide variety of commercially available compounds that preferentially label thiols (e.g.,
methanethiosulfonate (MTS), 5,5’ -dithiobis(2-nitrobenzoate) (DTNB), iodoacetamide
(IAM) and ABD). These reagents are most frequently used to covalently modify cysteine
sidechains to introduce chromophores or fluorophores for determining protein
concentration39:40, measuring binding affinity41:42, and assessing sidechain
accessibility43:44. Such reagents can also be employed as site-specific probes of protein
stability45747 and folding kinetics48751, but rarely are. Cysteine reactivity to characterize
protein thermodynamics and function has been underutilized.

In the QCR method, protein stability is quantified by exploiting the relationship between
conformational free energy and the reactivity of a buried cysteine26. In a folded protein
(Closed-SH), a buried cysteine is concealed by protein structure and is inaccessible to bulk
solvent. To be covalently modified by a thiol-reactive probe (), the cysteine must become
exposed to solvent (Open-SH) in an unfolding reaction

kopen k;
Closed — SH 2 Open — SH — Open — S — P 2]

kelose

where kppen and Agjpse are the rate constants for opening (unfolding) and closing (folding),
and kjy;is the rate constant for cysteine modification in the unprotected (open) state. Under
the appropriate conditions (see below), the observed rate constant for labeling a buried
cysteine (kyzpe) Can expressed as52

ko pen kint

Kiaber= ( 3]

kopen +kclose +kint)

If k050 >> Kiny Cysteine modification is said to proceed under EX2 conditions52 and &;;
can be eliminated from the denominator of Eq. 3, thereby directly relating observed cysteine
reactivity with protein thermodynamic stability

k, ~ Kopenkint : Kint
label = — 4
EX2 (k(,l,e,,+kdm) (1 +e7Gy /RT) "

where A Gy is the conformational free energy of unfolding, A Gy = RTIn(kpper Kerose)-
Rearrangement of Eq. 4 yields
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[5]

ki - ka e
AG,=RT 1n(”’7””)

Kiabet

which is used to derive A G, from the labeling of single, buried cysteines in QCR-based
experiments .

The mechanism of cysteine labeling

A protected cysteine can be exposed to bulk solvent by transient local or global unfolding
events. Deeply buried sites are usually highly protected and only label as a consequence of
global unfolding. Sites that are in proximity to the solvent-accessible surface of the protein
can be labeled as a consequence of either local or global unfolding, depending on their
structural context and experimental conditions. In the QCR approach, the effects of global
unfolding are measured by manipulating the global thermodynamic stability to achieve a
range of 99% to 1% native protein, typically by altering temperature. Under these
conditions, which we refer to as the global unfolding window of observation (GUWO)26,
global unfolding is the dominant mechanism for the exposure of protected cysteines, and
measured values for ke Can be analyzed using Eqg. 5 to give global protein thermodynamic
stability. Outside of the GUWO, because the labeling of a buried cysteine can result from a
variety of conformational fluctuations (i.e., transient local, subglobal or global unfolding
events), A Gy cannot be guaranteed to exclusively reflect the free energy of global
unfolding.

In a typical fQCR experiment, the GUWO comprises a 20-30 degree range of temperatures
that span 7,, Under these conditions, A G,is highly dependent on temperature and the
equilibrium fraction of folded and unfolded protein is variable. Consequently, the observed
rate of cysteine labeling can be affected by kinetics of conformational equilibration (kzgnr= -
(Kopen* Kclose) See S1-1) upon exposure to the temperature gradient. In cases where kjp, <<
Koonr(Steady-state exchange53), cysteine labeling is described by a single amplitude (A,
which is equal to one) and a pseudo-first order rate constant (k&=K&jzpe) (See Sl-2)

fraver (T) =1 — A& D=1 — g bt .

at a given temperature 7. When ;= 0.1k,q¢(pre-steady-state exchange53), these
conditions break down and cysteine labeling is described by two kinetic phases (see SI-2)

f;ubel.PSS (r)=1- Afeikf(T)t - Aseikj(T)l [7]
where the fast (amplitude Ag rate constant kp and slow (amplitude A, rate constant k)
phases describe the kinetics of cysteine labeling in the unfolded and folded fraction of
protein established at time /£2:53. Under these conditions, neither amplitude is everequal to
one, and observed cysteine labeling is never pseudo-first order. This situation is identified
experimentally by the EX2 test (see below). Equation 7 makes no assumptions regarding the
kinetics of conformational equilibration, nor the relative magnitudes of Az/pse, Kgpen and
kinp3. It does, however, assume that labeling of protected cysteines in the closed state is
negligible.

Even though the possibility of multiple kinetic phases makes for a relatively complex
analysis, under EX2 conditions ke is pseudo-first order and can be extracted. To assist in
the understanding of this process and to help identify appropriate experimental conditions
(temperatures and label concentrations), we have developed some simulation tools (SI-2).
By simulating Eq. 7, combinations of A¢/se, Kopenand ki can be identified that eliminate
the fast phase of the reaction. These simulations reveal that the fast phase is negligible under

Proteins. Author manuscript; available in PMC 2012 May 5.
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conditions where k;,; is an order of magnitude less than ks (i.€., traditional EX2
conditions), regardless of the relative values of Azjpse and Appep. This generalization holds
true even if the protein is 99% unfolded at equilibrium and Aype, is >100 times Azjpse.
Furthermore, these simulations demonstrate that QCR-based experiments can be designed to
measure A G, at temperatures beyond 7, providing EX2 conditions persist.

In the QCR method, the use of sidechain protection to measure protein stability at
temperatures that promote unfolding is quite different from methods such as hydrogen-
deuterium exchange (HDX) that exploit the differential reactivity of protected groups under
native conditions (i.e. >99% folded, A¢/pse > 100 Appepn). HDX cannot be implemented at
temperatures that promote unfolding because the long timescale and high protein
concentration lead to protein aggregation54-55. QCR and HDX-like experiments can
therefore be regarded as complementary ways for determining A G, under quite different
experimental conditions.

Determinants of Kjnt

The reactivity of an unprotected cysteine, kj,; can be affected by a number of factors
including the cysteine pKj value in the unfolded state, solution pH, temperature, and probe
concentration. To investigate the effects of pH and temperature on &, we used the reaction
between ABD and reduced glutathione (L-GSH), a tripeptide that serves as a model for the
reaction of an unprotected cysteine (Fig. 1).

The negatively charged form of a cysteine sidechain (thiolate) is the nucleophile that reacts
with thiol-specific probes39. The second-order rate constant for labeling an unprotected
cysteine (k') is therefore pH dependent (Fig. 1B):

Ink =In kref

— In(1+107KPH) 8]
where k" ,o¢is the pH-independent second-order rate constant measured over a pH range
where cysteine is present in >99% thiolate form (in this case of L-GSH at pH values > 9).

The pK; values of unprotected cysteines can also be influenced by residual electrostatic
interactions in the open (unfolded) state of proteins, and therefore may vary by location and
protein. The pKj values of solvent-exposed ionizable sidechains are rarely perturbed from
their model compound values by more than one pH unit56; the p K, values of most
unprotected cysteines are expected to be within 8 = 1. Any significant variation in the pK, of
a cysteine in the unprotected state is observed directly in the fQCR experiment, and may
report on residual structure and electrostatic interactions in the unfolded state57:58.

The temperature dependence of & is described by an Arrhenius relationship

Ink =1 A+E“ ! 9
nk =ln T [9]

where A is a pre-exponential factor and £ is the activation energy for the reaction. Analysis
of the temperature dependence of the reaction between £-GSH and ABD (Fig. 1C) shows
that InA (27.3 + 0.3) is independent of both pH and temperature, and consequently remains
fixed in the analysis of the temperature dependence of &;,. However, £, is dependent upon
pH (Fig. 1C inset) and depends on the pKj of the specific cysteine under consideration.
From this analysis, a general expression for the pseudo-first order rate constant &;,;at a
given pH, temperature and probe concentration ([#/]) can be derived
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kine (T) = [P1K (T) = [ P) *73+Ea/R) [10]

Measuring protein stability using fQCR

In the original implementation of the QCR experiment, ky,,.sWas derived for protected
cysteines from full kinetic traces at a given temperature26. The experimental throughput of
fQCR experiments is dramatically increased by determining &jzses from single timed reaction
endpoints multiplexed across a gradient of temperatures (“temperature slice”) and probe
concentrations (“probe slice”). In a temperature slice, 7 parallel reactions are simultaneously
initiated and incubated at different temperatures 7;in a gradient thermocycler, and quenched
by rapid cooling or addition of acid after an incubation time, Az This procedure provides
accurate pseudo-first order rate constants for kjpe if cysteine labeling follows an EX2
mechanism (which is tested experimentally, see below). Under these conditions, the
observed rate constant ke is by definition pseudo-first order because kj,;and k;qnrare first
order Kinetic processes. In this case, values for &,/ derived from fractional cysteine
labeling at time fare an algebraic rearrangement of an integrated first-order rate equation
(Eq. 13). Outside of EX2 conditions, k,sescannot be guaranteed to be pseudo-first order
(Eq. 7), and accurate rate constants cannot be obtained from timed endpoint experiments. To
demonstrate the procedure and accuracy of obtaining pseudo-first order rate constants from
timed endpoint experiments, we have included a number of control experiments for the
reaction of ABD with GSH as a function of pH (SI-6). These experiments show that rate
constants derived from timed endpoint labeling experiments are equivalent to rate constants
derived from full kinetic traces within experimental error.

In the fQCR experiment, the observed temperature dependence of cysteine labeling is an
indirect measure of the temperature dependence of protein stability (Fig. 2 and SI-3), and
can be analyzed in terms of the Gibbs-Helmholtz relationship

T;
AG,,=AH,, (1 -

m

) - AC, ((Tm —-T)+T; 111%) [11]

m

where A Hp, is the enthalpy of unfolding, A C,the change in heat capacity of unfolding, 7,
the midpoint of thermal denaturation, and A G, is obtained experimentally from Eq. 5 as

AG, =RT;1n (kim,i - klabcl,i) [12]
Kiabeti
with the pseudo-first order rate constant jape;;given by
Kigbeti= — w [13]
and the pseudo-first order rate constant &;y; ;given by
Kingi= [ P1k;= [ P] e®73+FalRTD [14]

where 7;is the fractional cysteine labeling observed at Afand 7;, [F] is probe concentration,
E,is the activation energy of the labeling reaction, and &’ ;is the second-order rate constant
for the labeling reaction at 7;(see Eq. 10). Combining 11-14 we obtain

int,iA
fi=1- e‘(mA%.f/RTf) [15]

Proteins. Author manuscript; available in PMC 2012 May 5.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Isom et al.

Page 9

which links the temperature dependence of fractional cysteine labeling at a set of constant
endpoints to protein stability (Fig. 2). Rewriting Eq. 15 in terms of fluorescence
measurements observed in an instrument gives

RFU=RF Unax f; [16]
where RFU .y is the fluorescence value in arbitrary units of a fully labeled sample.

The principal idea behind the fQCR approach is that the temperature dependence of A Gy
can be determined solely from experimentally measured values of f;and &j . Without
further analysis, conformational free energies determined in this way quantify the
temperature dependence of protein stability and can be used to measure ligand binding
affinities. However, analysis of a single fQCR dataset by a least-squares fit of Eq. 16
requires the Gibbs-Helmholtz relationship (Eq. 11) to model the temperature dependence of
protein stability. Robust determination of the thermodynamic parameters AH,and 7,
require an accurate value of A C, which is poorly determined by fQCR data collected over a
20-30 degree temperature interval that spans 7,,59:60. To circumvent this issue, we fixed
the value of A Cpat an average value of 3, based on known values of A C, from structure-
based calculations61 and experiments62-64. This procedure has no significant impact on the
interpretation of the temperature dependence of A G, within the GUWO (see Fig. SI-7 and
simulation SI-3).

EX2 conditions

Analysis of fQCR experiments by Eq. 15 and 16 is valid only under EX2 conditions, when
Kejose > 10K (SI-2). A critical and simple diagnostic to identify whether cysteine labeling
occurs under EX2 conditions is to measure the dependence of &j,.s0n probe concentration
(“probe slice”). At a given temperature 7; if the corresponding Ay ; at different probe
concentrations jexhibits a linear dependence (usually presented in a double log plot), EX2
conditions hold (Fig. 3). Furthermore, if EX2 conditions do not hold, the transformation of
the 7 f;relationship into 7;A Gy (Eq. 15) no longer gives the shape characteristic of the
Gibb-Helmbholtz relationship (Fig. 2A), and instead “peels” off (Fig. 3B and SI-4).
Visualization of these peeling regions indicates the combination of probe concentrations and
temperatures where no inference can be drawn about protein stability. This behavior also
indicates a range of conditions under which cysteine labeling is no longer a pseudo-first
order Kinetic process. At these temperatures, the observed fractional cysteine labeling at A ¢
cannot be converted into apparent rate constants using Eq. 13. However, because this
observation indicates that kj,;= 0.1k..n7 it may be possible to extract information about
folding kinetics in these regions.

Estimation of folding rate constants

Even though no thermodynamic inferences can be drawn in the absence of EX2 conditions,
it is possible to obtain kinetic information in this regime under certain conditions. Under
non-EX2 conditions, &y is similar to, or faster than k,/,s as temperature and probe
concentration are increased. As discussed above, the situation is readily identifiable as
nonlinearity in a plot of log[Ayse/ ] versus log[A] obtained from a probe slice (Fig. 3 and
Sl-4). In this nonlinear region, k;,;therefore serves as a proxy for protein (un)folding rate
constants as the fQCR experiement transitions out of EX2 labeling conditions. Beyond this
nonlinear region, kz,pesbecomes independent of probe concentration and K, >> Azjpse-

In order to access the folding kinetics of a particular protein, the intrinsic reaction rate of the
probe has to match k., Within the range that is accessible by manipulation of probe
concentration. Because protein folding rates vary over five orders of magnitude65, a given

Proteins. Author manuscript; available in PMC 2012 May 5.
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probe can access folding kinetics of only a subset of proteins. For instance, ABD can be
used to measure folding kinetics for proteins with folding rate constants between ~3x104 s
and ~1 s,

Experimental fQCR results

Tm values

In a typical fQCR experiment, cysteine labeling is monitored as a function of temperature
and probe concentration (Fig. 4A, D and G). Global analysis of these data using Eq. 16
provides Kjs RFUmax Trm, the temperature dependence of protein stability, estimates of
folding rate constants, and confirms EX2 labeling conditions. Analysis of Eq. 16 (SI-3)
using experimental parameters for ABD shows that &; ;is accurately determined under
EX2 conditions at relatively low probe concentrations and short labeling times (typically
100-400 M and 300 s). Outside of EX2 labeling conditions, &;,can only be determined if
Kopen is much faster than kjy, (S1-2). To determine RFUjyay in order to derive 7 relatively
high probe concentrations need to be used (typically 400-2000 pM).

The fQCR experiments presented here used variants of SN and RBP that contain single,
buried cysteines and exemplify three classes of behavior (Fig. 4): a system that is always in
EX2 (SN.L36C, Fig. 4A-C); one that switches out of EX2 at some elevated probe
concentrations and temperatures (RBP.A188C, Fig. 4D-F); and one that is never fully in
EX2 (RBP.L61C, Fig. 4G-1). In the first system, only thermodynamic parameters can be
determined; in the second, both thermodynamic parameters and estimates of folding rate
constants can be obtained; and the third, estimates of folding rate constants and 7, can be
made (Table I).

At T AGyyjis zero and Eq. 5 reduces to Ky 72Kjaper - Under EX2 conditions, 7, can
therefore be identified unambiguously as the temperature at which this relation is true.
Alternatively, 7,,can be derived from fQCR datasets collected under EX2 conditions by
identifying the temperature at which the fitted Gibbs-Helmholtz relationship is zero (Fig. 4C
and 4F). If cysteine labeling never conforms to an EX2 mechanism (Fig. 4G), the
determination of 7, is more complex. In these cases, under the appropriate combination of
labeling time, probe concentration, and where kppen < Kij, the midpoint of a single fQCR
curve approximates 7,, (Fig. 4G). These situations can only be identified by simulation
(SI-5). In the case of RBP.L61C (Fig. 4G), a labeling time of 300 s, probe concentrations
between 400-1200 M, and folding rate constants between 10-2-103 give a set of fQCR
curves with midpoints that estimate 7,, The 7, values reported by these different classes of
fQCR data (Table I) are in agreement with those reported by unfolding monitored by CD
(Fig. 5 and Table), and are consistent with previous results derived from full kinetic
traces26.

Assessing protein function by fQCR

Biomolecular function is the consequence of proteins interacting with other macromolecules
(e.g., nucleic acids and other proteins) and small molecules (e.g., ligands, substrates and
inhibitors)15:16:18. All of these interactions affect protein stability, typically by stabilizing
the folded state17. Consequently, stability measurements in the absence and presence of a
binding partner serve as a general tool for identifying and quantifying protein function. Fig.
6A and 6B demonstrate how fQCR experiments can be used to assess protein function in
terms of binding interactions. Temperature slices were acquired for SN.L36C (Fig. 6A) and
RBP.A188C (Fig. 6B) in the absence (Apo) and presence of binding partner: 100 M
nucleotide inhibitor (SN) and 20 .M D-ribose (RBP). In both cases, addition of binding
partner increases protein stability and shifts the endpoint labeling curves to higher
temperatures. The free energy profiles in the absence (A%°G) and presence (ALG) of
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binding partner (see insets of Fig. 6A and 6B), and the relative difference in these free
energies (i.e., relative stability, AA G can be interpreted in terms of the linkage
relationship

[L] )
[17]

AAG,=A"G, — A*"°G,=RT In (1+K—

D

to obtain the equilibrium constant of binding (Kp) as function of temperature and free ligand
concentration ([L]) within a GUWO (Table Il). These values are consistent with previous
results derived from full kinetic traces26.

Quantitation and sensitivity of the fQCR method

One advantage of the fQCR approach is that it is adaptable. A number of thiol-reatives
probes can be employed66, and cysteine labeling can be quantified in a variety of ways:
electrophoresis (SDS-PAGE), fluorescence, mass spectrometry (MS), etc. The combination
of probe and readout determines the amount of material and time required in an fQCR
experiment. In the work presented here, we elected to implement the fQCR method using
fluorescence because such an approach is readily accessible to a broad scientific community.
Moreover, the constant improvement of fluorescence instrumentation has steadily reduced
the amount of material and time required for multiplexed labeling experiments. For
example, using a sensitive microplate reader we were able measure ABD-labeling quickly
with relatively little material (Fig. 7): the experiment can be set up, executed, and quantified
in minutes using as few as 30 nanograms (i.e., 60 uL of 0.01 uM protein) of protein. This is
three orders of magnitude less material than is required for traditional CD thermal melts or
high-throughput differential scanning calorimetry (DSC) experiments.

Currently, ABD is the most useful, commercial available thiol-reactive probe for the fQCR
experiment. It is resistant to temperature-dependent hydrolysis, especially on the short
timescale of an experiment (typically 5 minutes)67. Most importantly, ABD is highly
fluorogenic, which presents an enormous advantage over other fluorescence probes that are
fluorescent in both their reacted and unreacted forms. The use of nonfluorogenic probes,
such as IAM- and MTS-fluorescein, requires that samples containing very dilute protein be
desalted or precipitated to remove unreacted probe, which presents a major technical
limitation that we have found difficult to overcome. Other fluorogenic probes can present
other serious practical limitations. For example, we have found that thiol-reactive probe N-
[4-(7-diethylamino-4-methyl-3-coumarinyl)phenyl]maleimide (CPM) suffers from limited
solubility and a high rate of spontaneous hydrolysis that is strongly temperature dependent
(data not shown). The latter issue prevents the quantitation of small amounts of labeled
protein due to relatively high values of background fluorescence.

Another advantage to using ABD is that it reacts relatively slowly. Although this limits the
range of folding rate constants that can be measured, it is a great advantage for measuring
protein thermodynamics and assessing function in a wide variety of proteins. Due to the
relatively slow speed of the ABD labeling reaction, labeling reactions are done in minutes in
thermocycler, and can be quenched by cooling on ice or by addition of acid. Probes that
react faster, such MTS and DTNB, require specialized instrumentation to initiate and quench
labeling50:51.

Conclusions

In the 1950's Linderstrem-Lang demonstrated how protein stability and folding kinetics are
inextricably linked68. It is therefore possible to determine protein stability from reaction
rates of probes with groups that are differentially accessible in the native and denatured
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states34. Here we show that these general principles can be applied to cysteine reactivity
using ABD, a probe that becomes fluorescent only upon reaction with a thiolate. This fast
determination of quantitative cysteine reactivity technique (FQCR) enables protein stability
and folding kinetic properties to be determined in a short period of time with readily
accessible instrumentation, using up to 1000 times less material than CD temperature melts
or high-throughput DSC. In an fQCR experiment, data is acquired as fluorescence intensities
obtained at single timed reaction endpoints following addition of probe. A single protein
sample is multiplexed into a two-dimensional set of parallel points, in which the first
dimension samples different temperatures using a gradient PCR thermocycler, and the
second dimension alters probe concentration. From this block of data we can extract probe
labeling rate constants, and identify different exchange regimes within which 7, A G, and
folding kinetics can be determined in various combinations. In this format, data can be
rapidly acquired (within minutes) at low protein concentrations (submicromolar) to
minimize potential complications from irreversible unfolding or aggregation. For systems
fully in EX2, 7,,and A G can be determined; for systems that switch out of EX2 under
some conditions, folding rate constants can additionally be extracted; for systems that never
attain EX2, it may be possible to estimate folding rate constants and 7, In all cases,
biological function as defined by the effects of molecular interactions can be evaluated by
virtue of thermodynamic linkage between binding, stability, and folding kinetics. These
relatively straightforward experiments can provide a remarkable amount of information
regarding protein thermodynamic stability, folding kinetics, and biological function.
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Figure 1. pH and temperature dependence of the reaction of ABD with L-GSH

(A) Representative progress curves for the pseudo-first order reaction of 10 pM L-GSH with
2.5 mM ABD at pH 8.0 and (@) 20°C, (®) 30°C, (®) 40°C and (®) 50°C. Solid lines
represent a fit of a first-order exponential function to obtain &, Such progress curves were
used to obtain the rate constants in B and C. (B) pH dependence of the second-order rate
constants, k' =k;,/[ABD)], for the reaction of ABD with L-GSH at (@) 20°C, (®) 30°C, (®)
40°C and (@) 50°C. Solid lines represent a fit of Eq. 8 to derive the apparent pK; of L-GSH
as a function of temperature: (@, 8.03 £ 0.01), (®, 7.9+ 0.1), (®, 7.88 £ 0.08), (@, 7.75
0.08). (C) Temperature dependence of &” at pH (®) 6, (®) 7, (®) 8 and (®) 8.5. Solid lines
represent a fit of the Arrhenius relationship (Eq. 10) to obtain £4/R as a function of pH: (@,
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-9300 + 200 K), (@, -8300 + 200 K), (@, -7800 + 200 K), (@, -7400 £ 200 K). The inset is a
plot of the pH dependence of £, derived from this data. InA is independent of pH and
temperature: (@, 28.4 + 0.8), (®, 27.1 £0.9), (¥, 27.3£0.5), (@, 26.2 = 0.8). The average
value and standard error of InA (27.3 £ 0.3) is the same for any cysteine and was used in all
fQCR simulations and data analysis.
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Figure 2. Simulation of the relationships between fractional labeling and protein stabilities at
different temperatures in an fQCR experiment

(A) Simulation of the Gibbs-Helmholtz relationship (Eq. 11) using a ACy, 7;and AH,of 3
kcal mol'l K1, 329 K (56°C) and 105 kcal/mol respectively. Colors in panels A, B and C
indicate a set of temperatures within a typical GUWO: (@) 60°C, (®) 57°C, (®) 55°C, (®)
53°C, (@) 51°C, (@) 49°C, (@) 47°C, (@) 45°C and (®) 43°C. (B) Simulated QCR kinetic
traces calculated from Ajupe ;derived from A Gy ;in panel A using Eq. 5. Values of &;,, were
simulated using a InA, £,/Rand ABD concentration of 27.3, -8300 K and 2.6 mM
respectively. (C) Simulated temperature dependence of fractional labeling at 300 s
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(indicated by the arrow in panel B). The solid line is a simulation of Eq. 15 using a InA, £/
Rand ABD concentration of 27.3, -8300 K and 2.6 mM respectively.
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Figure 3. Simulation of EX2 conditions

(A) Dependence of log[Aape ] on log[ABD] at (@) 40°C, (@) 45°C, (®) 50°C, (V) 55°C,
(W) 60°C and (W) 70°C (refer to SlI-4 for the details of this simulation). EX2 conditions
(closed circles and solid lines) hold in the linear portion of these graphs (slope of 1.0 £ 0.2).
(B) Apparent unfolding free energies derived by transforming the simulated rate constants in
panel A using Eq. 5. The subset of free energy profiles (@, @, ®) that correspond to an EX2
mechanism give a coincident free energy profile. The subset of free energy profiles that
correspond to a loss of EX2 conditions at higher ABD concentrations and temperatures (¥,
¥, ¥) diverge from the coincident free energy profile “peeling”.
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Figure 4. fQCR results for SN and RBP
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A, D, G: Temperature dependence of fractional labeling at single timed reaction endpoints
monitored by ABD fluorescence fit with Eq. 16. Different curves represent different ABD
concentrations or labeling times: SN.L36C, 300 s, (¥) 200 uM (V) 400 uM, (@) 800 M
and (@) 1600 .M; RBP.A188C, 300 s (closed circles and triangles) or 600 s (closed
squares), (¥, V) 200 uM (¥, V) 400 uM, (@, V) 800 nM, (V) 1200 pM, and (@, V) 1600
pwM; RBP.L61C, 300 s, (7) 100 uM (V) 200 uM, (@) 400 M, (®) 600 .M, (@) 800 M
and (@) 1200 .M. B, E, H: Dependence of labeling rate constant on ABD concentration to
identify EX2 conditions: SN.L36C, (@) 31.5°C, (@) 31.9°C, (@) 32.7°C, (®) 34.1°C, (®)
36.2°C, (@) 38.7°C and (@) 41.5°C; RBP.A188C, () 48.1°C, (@) 49.6°C, (@) 50.8°C, (®)
52.4°C, (@) 53.9°C, (@) 55.6°C and (@) 57.7°C; RBP.L61C, (V) 45.6°C, (¥) 47.1°C, (V)

Proteins. Author manuscript; available in PMC 2012 May 5.

65



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Isom et al.

Page 22

49.1°C, (¥) 51.7°C, (¥) 54.3°C and (') 56.9°C. EX2 conditions (closed circles and solid
lines) hold where the slope of the linear fit exceeds ~0.8. C, F, I: Transformation of
fractional labeling to conformational free energy using Egs. 13 and 5, and using the
temperature dependence of k;,;obtained from Eq. 14. Gibbs-Helmholtz relationships
(dashed line, Eq. 11 with A C, fixed at 3.0 kcal mol-t K1) can be fit to cases where EX2
conditions can be observed for at least some combinations of temperature and protein
concentration (SN.L36C, RBP.A188C). Non-EX2 behavior is seen as peeling (F). The
transformation of fjto A Gy, is done only for £;values between 0.02 and 0.95 to minimize
artifacts associated with the experimental uncertainty encountered at very low and high
levels of cysteine labeling.
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222nm

Normalized CD

Temperature (C)

Figure 5. Thermal unfolding of SN and RBP
Temperature unfolding of SN.L36C (¥), RBP.L61C (O) and RBP.A188C (@) at pH 7

monitored by CD signal at 222 nm. A fit of Eq. 1 to the data (solid lines) gives apparent 7,
values of 40 £ 1°C, 53 £ 1°C and 56 = 1°C respectively.
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Figure 6. Ligand binding

Temperature slices were collected in the absence (black) and presence (purple) of 100 M
pdTp and 20 uM ribose for SN.L36C (A) and RBP.A188C (B) respectively. The insets in
panels A and B correspond to the free energy profiles derived from the primary fQCR data
for SN.L36C in the absence (black, AH,; =83 = 1 kcal/mol, 7,,=41 = 1°C) and presence
(purple, AH,;; =94 £ 3 kcal/mol, 7,,,= 43 £ 1°C) of pdTp, and for RBP.A188C in the
absence (black, A H,;, =138 £ 1 kcal/mol, 7,,,=57 £ 1°C) and presence (purple, AH,; = 160
+ 8 kcal/mol, 7,,=59 + 1°C) of ribose.
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Figure 7. The sensitivity of the fQCR experiment

fQCR data collected in a PHERAstar FS plate reader for variant RBP.A188C at 1 pM
(closed circles) and 0.01 M (open circles) concentrations. 10 L of protein sample was
labeled for 300 seconds at each temperature in the gradient and loaded into a 384-well
microplate for quantitation. Lines represent a fit of Eq. 15, and error bars correspond to the
propagated error of RFU,,4y in each experiment.
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Table Il
Kpof SN and RBP as a function of temperature
Protein T°C | A®°G kcal/mol | ALGy kcal/mol | KppM
SN.L36C 40 0.2 0.8 65
38 0.7 13 54
36 11 19 45
34 16 23 38
32 19 2.8 32
30 23 32 27
RBP.A188C | 56 0.1 15 2.7
54 0.9 24 23
52 16 32 2.0
50 23 4.0 17
48 3.0 48 14
46 3.7 55 12
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