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Abstract Here, we report novel methods to measure rate

constants for homodimer subunit exchange using double

electron–electron resonance (DEER) electron paramag-

netic resonance spectroscopy measurements and nuclear

magnetic resonance spectroscopy based paramagnetic

relaxation enhancement (PRE) measurements. The tech-

niques were demonstrated using the homodimeric protein

Dsy0195 from the strictly anaerobic bacterium Desulfito-

bacterium hafniense Y51. At specific times following

mixing site-specific MTSL-labeled Dsy0195 with uni-

formly 15N-labeled Dsy0195, the extent of exchange was

determined either by monitoring the decrease of MTSL-

labeled homodimer from the decay of the DEER modula-

tion depth or by quantifying the increase of MTSL-labe-

led/15N-labeled heterodimer using PREs. Repeated

measurements at several time points following mixing

enabled determination of the homodimer subunit dissoci-

ation rate constant, k-1, which was 0.037 ± 0.005 min-1

derived from DEER experiments with a corresponding

half-life time of 18.7 min. These numbers agreed with

independent measurements obtained from PRE experi-

ments. These methods can be broadly applied to protein–

protein and protein-DNA complex studies.

Keywords DEER � PRE � EPR � NMR � Protein �
Homodimer � Rate constants � Subunit exchange

Introduction

Proteins are commonly found to exist and function as

homodimers, heterodimers, homo-oligomers, or heter-

oligomers (Mathhews and Sunde 2012). Indeed, a recent

analysis of the Swiss-Prot database predicted that more

than 86 % of proteins exist naturally as oligomeric com-

plexes either as dimers (50 %) or higher-order oligomers

(36 %) (Shen and Chou 2009). A similar analysis predicted

[80 % of Escherichia coli proteins exist as homo-oligo-

mers (Goodsell and Olsen 2000). Homo-oligomers have

been found to represent the majority (50–70 %) of proteins

with a known quaternary structure and the homo-oligomer

assembly has been suggested to provide insight into the

evolution of protein complexes (Levy et al. 2008). Fur-

thermore, a genome-wide study of the yeast proteome

indicated that the cellular proteins partitioned into 491

complexes that differentially combined to enable diversi-

fication of potential functions (Gavin et al. 2006) demon-

strating the implicit importance of protein complex

formation and dissociation.

Protein complexes can be grouped into distinct catego-

ries depending on the strength of the interaction between

individual chains as defined by the equilibrium dissociation

constant, Kd. At one extreme, protein complexes with sub-

nanomolar Kds are described as having ‘‘strong’’ interac-

tions and are considered to exhibit ‘‘permanent’’ associa-

tion. At the other end of the spectrum, protein complexes

with greater than micromolar Kds are described as having

‘‘weak’’ interactions and the corresponding complexes are

considered ‘‘transient’’, existing in an equilibrium between

monomer and oligomer forms that are freely able to

exchange with each other (Vinogradova and Qin 2012).

Interestingly, knowledge of the Kd for a given protein

complex does not provide direct information regarding the
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rate of subunit exchange, which, in the case of a predom-

inantly oligomeric complex, is governed by the dissocia-

tion rate constant, k-1.

The definition of Kd in terms of k-1 and k1 implies that

the half-life of different protein complexes with the same

Kd can vary by several orders of magnitude, from minutes

to years, depending on the values of k-1 and k1. The

kinetics of protein subunit exchange in homo- or hetero-

multimeric protein assemblies, however, is largely unex-

plored, with the exception of aA-crystallin, for which

subunit exchange has been investigated by both fluores-

cence resonance energy transfer (FRET) (Bova et al. 1997,

2000; Liang and Liu 2006) and mass spectrometry (Sobott

et al. 2002; Aquilina et al. 2005). Notwithstanding, the

kinetics and thermodynamics of subunit exchange in mul-

timeric proteins is of great potential biological significance

since proteins frequently have multiple functions in the cell

that require exchanging binding partners in order to carry

out specific biochemical or cellular functions.

The functional significance of transient protein–protein

interactions in weak oligomeric complexes has been

reviewed by Nooren and Thornton (2003). Several exam-

ples contained therein indicated that the transient nature of

proteins in equilibrium can be directly related to their

biological function. Despite the potential importance of

weak transient interactions to the biological function of

protein assemblies, experimental characterization of sub-

unit exchange kinetics remains challenging and the litera-

ture addressing these issues is surprisingly sparse. A few

studies investigating the biological significance of subunit

exchange in oligomeric proteins include the histidine

kinase EnvZ homodimer in Escherichia coli using cross-

linking experiments (Cai and Inouye 2003), the HIV-1

protease dimer using fluorescence measurements (Darke

et al. 1994) and Hepatitis B virus capsids using mass

spectrometry (Uetrecht et al. 2010).

Besides its fundamental importance to biological func-

tion, there is a practical need to understand subunit

exchange kinetics when preparing mixed labeled samples

for solution-state NMR structure determination of

homodimeric and oligomeric proteins. In particular, a 13C-

edited/12C-filtered NOESY spectrum (Otting and Wüthrich

1989; Lee et al. 1994; Folmer et al. 1995) is routinely

collected in order to determine NOEs that define the dimer

interface using a mixed sample of a homodimeric protein in

which one chain is uniformly 13C-labeled and the carbon

atoms of the other chain are at natural abundance, i.e. 12C.

Such a sample is prepared by mixing a pure sample of 13C-

labeled protein with a protein with the carbon atoms at

natural abundance, and waiting for the subunit chains to

exchange to produce a mixed 13C-labeled/12C-labeled

sample. If subunit exchange occurs on the order of minutes,

collection of the edited-filtered NOESY can proceed

without delay, however, if the exchange occurs on the

order of months or years, then collection of the dataset

would be impractical.

Here, in order to broaden the array of experimental

techniques available for investigation of subunit exchange

kinetics in oligomeric proteins, we have developed novel

pulsed electron paramagnetic resonance spectroscopy

(EPR) double electron–electron resonance (DEER) and

nuclear magnetic resonance spectroscopy (NMR) para-

magnetic relaxation enhancement (PRE) based methods for

measurement of rate constants for subunit exchange. While

DEER and PREs have been widely applied to protein

structure determination, protein–protein and protein-DNA

complex structure determination (Battiste and Wagner

2000; Borbat et al. 2002; Hilger et al. 2007; Rumpel et al.

2008; Ward et al. 2009; Yang et al. 2010, 2011), transient

intermediate detection (Iwahara and Clore 2006; Tang

et al. 2006), characterization of dynamics of transient

macromolecular interactions (Clore et al. 2007; Tang et al.

2007; Tang et al. 2008a, b) and weak protein–protein

interactions (Jeschke et al. 2006a; Yu et al. 2009), these

methods have not previously been used for measurement of

homodimer protein subunit exchange rate constants. We

demonstrated these new experimental approaches using the

homodimer protein Dsy0195 from the strictly anaerobic

bacterium Desulfitobacterium hafniense Y51.

Theoretical development

Our sample preparation strategy for measurement of rate

constants for homodimer subunit exchange is summarized

in Fig. 1. Two different protein forms were prepared: (1-

oxy-2,2,5,5-tetramethyl-D-pyrroline-3-methyl)-methane-

thiosulfonate (MTSL)-labeled protein (referred to as M)

and 15N-labeled protein (referred to as N). Both protein

forms were assumed to exist in equilibrium between

monomer and dimer in solution as depicted in Fig. 1a and

b, and represented by Eqs. (1) and (2), respectively. For a

pure solution of M or N, the fraction of MM or NN dimer

in solution will depend on the total protein concentration as

governed by the dissociation constant Kd (Eqs. 1–2) where

Kd is defined as k-1/k1 (or equivalently, koff/kon), and k1

and k-1 (kon and koff) refer to the association and dissoci-

ation rate constants, respectively. The homodimer domi-

nates the equilibrium when Kd is small relative to the total

protein concentration. For example, the dimer fraction

would be greater than 90.0 % when Kd is 100 times smaller

than the total protein concentration. Knowledge of Kd,

however, does not provide direct information about the

kinetics of subunit exchange. In our case, since we are

concerned with proteins that exist predominantly as

homodimers or homo-oligomers in solution, our goal was
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to design experiments that enabled direct measurement of

k-1, which would be rate limiting for subunit exchange.

In order to further develop our theory, any small

potential structural differences that might affect the kinet-

ics of subunit exchange caused by MTSL- or 15N -labeling

were neglected and Kd, k1 and k-1 were assumed to be the

same for MTSL-labeled, 15N-labeled, and native unlabeled

proteins. The assumption that MTSL-labeling does not

alter the kinetics of homodimer dissociation can be cross-

validated, even in the absence of knowledge of the struc-

ture, using the methods described below by repeating the

k-1 measurements with MTSL labeling in multiple posi-

tions in the amino acid sequence.

Based on these assumptions, and assuming that Kd was

small compared to the total protein concentration, the

dimer species will be dominant in solution after mixing

solutions of M and N and the subunits will exchange at a

rate limited by k-1. Initially, at time t = 0, no MTSL-/15N-

labeled heterodimer (MN) will be present in solution. Over

time, however, MN will form in solution from association

of free M and N monomers as indicated in Eq. (3) resulting

in time-dependent concentrations of MM, NN, and MN

(Fig. 1c) until equilibrium is reached.

MM �
k�1

k1

MþM ð1Þ

NN �
k�1

k1

Nþ N ð2Þ

2� Mþ N �
k1

k�1

MN

� �
ð3Þ

In the special case where M and N are mixed at a 1:1

ratio, the premixing concentration of MM or NN will be

equal to the total dimer concentration after mixing. Even

though the overall dimer concentration in solution remains

constant after mixing, it will become redistributed among

three species, MM, NN and the MN. The net redistribution

exchange process can be described by Eq. (4):

MM + NN �
k�1

k�1

2MN ð4Þ

Since k-1 is rate-limiting for subunit exchange, this

dissociation rate constant will also govern the rate at which

equilibrium is established between dimer forms as

indicated in Eq. (4). Under the special case described

above, a statistically predictable 1:2:1 distribution of dimer

species MM, MN and NN will be present in solution at

equilibrium.

Equation (4) is potentially confusing since it represents

the sum of Eq. (1) through (3) and indicates that the overall

equilibrium constant Keq for subunit exchange is equal to 1.

Eq. (4) indicates that the rate constant governing subunit

exchange in either direction is k-1 (koff). This is true

because in order to reach the overall equilibrium, MM must

dissociate into M ? M, NN must dissociate into N ? N,

and MN must dissociate into M ? N. Thus, both the for-

ward and backward rates in eq. (4) are limited by k-1.

Therefore, Keq, defined as the ratio of the rate constants for

the forward to backward reactions, is equal to k-1/k-1, i.e.

Keq = 1. This conclusion is confirmed by applying the

rules governing calculation of the equilibrium constant for

simultaneous equilibria (where the overall equilibrium

constant is the product of the equilibrium constants for

each reaction), which yields an overall Keq = 1.

General considerations for experimental measurement

of k21 using DEER or PREs

The DEER EPR experiment can detect the presence of

MTSL-labeled dimers in solution due to the intra-dimer

dipolar interaction between unpaired electrons in the nitr-

oxide radical of the MTSL group covalently attached to

each subunit. Specifically, the DEER modulation depth

reports on the concentration of MM in solution. Among the

three dimer species that can form after mixing solutions of

M and N, only MM can contribute to the DEER modulation

depth while MN can only contribute to the DEER back-

ground due to inter-dimer dipolar interactions between

unpaired electrons, and NN is not detectable by DEER or

EPR and can not contribute to the DEER modulation depth.

Fig. 1 General strategy for measurement of rate constants for

homodimer subunit exchange. a represents the equilibrium between

MTSL-labeled protein homodimer (MM) and MTSL-labeled mono-

mer (M). b represents the equilibrium between 15N-labeled protein

homodimer (NN) and 15N-labeled protein monomer (N). c represents

the equilibrium between the MTSL-/15N-labeled protein heterodimer

(MN) and the individual monomer species (M) ? (N). The 1:1 ratio

indicates that equal concentrations of a and b are mixed in equal

volumes. After mixing, the MN heterodimer depicted in (c) will be

produced as the subunits undergo exchange. Under these conditions,

three distinct dimer species, MM, MN, and NN, will exist in a 1:2:1

ratio at equilibrium. The k1 and k-1 refer to the association and

dissociation rate constants for each dimer/monomer equilibrium,

respectively. DEER?/NMR? means detectable by DEER/NMR, and

DEER-/NMR- means not detectable by either technique
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The NMR PRE experiments can detect the presence of

MTSL-labeled protein/15N-labeled protein heterodimers

(MN) from changes in amide proton to amide nitrogen

cross peak intensities measured from two-dimensional
1H-15N heteronuclear single quantum coherence (HSQC)

or heteronuclear multiple quantum coherence (HMQC)

experiments. PREs can only be detected in MN species

while NN homodimers produce NMR spectra free from

PREs and no NMR signal can be detected from MM

homodimers.

A fundamental requirement for experimental determi-

nation of rates of homodimer or heterodimer subunit

exchange is the ability to measure the amount of MM or

MN in solution as a function of time. The DEER and PRE

based experiments described above enable such measure-

ments. A further requirement is determination of the order

of the kinetics of subunit exchange, which was determined

to be first-order.

According to first order kinetics, the concentration of the

MM dimer will decrease over time according to a single

exponential decay as a function of the product of the dis-

sociation rate constant k-1 and the exchange time, t.

Therefore, a plot of the decay of the DEER modulation

depth or NMR cross peak intensity as a function of the

exchange time as the system moves from its initial state

towards equilibrium can be fit to a single exponential decay

to determine k-1. The explicit mathematical expressions

derived for both DEER EPR and PRE NMR experiments

are developed below.

DEER modulation depth analysis and simulations

Over the course of subunit exchange, the DEER modula-

tion depth depends on the amount of MM in solution. The

DEER modulation frequency depends on the dipole–dipole

interaction between unpaired electron spins, i.e. the dis-

tribution of distances between the two MTSL nitroxides.

For a solution of specific site-directed MTSL-labeled

dimer, the distance distribution between the two nitroxides

will be constant when the protein exists as a homodimer

and DEER modulation frequency will be constant. The

only factor that can alter the DEER modulation depth over

the course of subunit exchange is a change in the con-

centration of MM. When M and N are mixed in a 1:1 ratio,

DEER modulation depth will decay according to Eq. (5):

IðtÞ
I0

¼ 0:5� expð�k�1tÞ þ 0:5 ð5Þ

Here, I(t) stands for the DEER modulation depth at a

given subunit exchange time t, and I0 indicates the initial

DEER modulation depth at t = 0 prior to subunit

exchange. Note that in the limit of t [[ 1/k-1, which

would be the case at equilibrium, I(t) decays to 50 % of I0.

The simulation decay curve for this process is depicted in

Fig. 2 for the 0.5 ratio of [MM] to the sum of homodimers

([MM] ? [NN]).

Homodimer dissociation rate constants can be deter-

mined for homodimer Kd values up to *1–5 mM using

this EPR DEER method for 1:1 mixtures of MM and NN.

The upper limit in Kd is related to the maximum protein

concentration that can be used for DEER experiments in

order to avoid significant intermolecular dipolar back-

ground signals that would interfere with data analysis,

which is about 500 lM, but can be higher depending on the

specific protein under investigation. If we assume that the

DEER experiment can work over a range of 10–500 lM

MM concentration, then, for a total starting protein con-

centration of 500–100 lM with a dimer dissociation con-

stant Kd = 1 mM, the MM concentration at equilibrium

will range from 134 to 8.5 lM. After mixing with an equal

amount of NN dimer, the labeled dimer concentration at

equilibrium will fall in the range of 67–4.3 lM, well within

the measurable range of the DEER experiment. For a total

starting protein concentration range from 500 to 100 lM

with a dimer dissociation constant Kd = 5 mM, the initial

MM concentration would range from 42 to 2 lM. After

mixing with an equal amount of NN, the MM concentration

at equilibrium will fall in the range of 21–1 lM, where the

upper limit falls in the measurable range of the DEER

experiment. Clearly at the upper limit Kd = 5 mM, one

would have to work at the highest possible total protein

concentration in the available range. When higher protein

concentrations near *500 lM or above are used for

DEER measurements, the intermolecular background sig-

nal can become large relative to the modulation depth itself

Fig. 2 Simulation of DEER modulation depth versus subunit

exchange time according to Eq. (6). The initial fraction of MM out

of the total dimer concentration, [MM]0/([MM]0 ? [NN]0), is indi-

cated at the right of each curve. A k-1 = 0.037 min-1 was used in Eq

(6) for the simulations
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and must be subtracted prior to analysis of the DEER

modulation depth introducing an increasing risk of error in

the determination of the DEER modulation depth, espe-

cially in a series of time measurements.

In general, it is not necessary to mix equal amounts of M

and N in order to measure k-1. The initial concentration of

MM in solution and the final ratio of MM:MN:NN dimers will

depend on the ratio of concentrations of M to N in solution, as

depicted in Fig. 2. The general expression for the DEER

modulation depth as a function of time is given by Eq. (6):

IðtÞ
I0

¼ ½NN�0
ð½MM�0 þ ½NN�0Þ

� expð�k�1tÞ

þ ½MM�0
ð½MM�0 þ ½NN�0Þ

ð6Þ

Here, [MM]0 and [NN]0 stand for the initial dimer

concentrations before subunit exchange, the [NN]0/

([MM]0 ? [NN]0) term represents the fraction of MM

exchanged at equilibrium, and [MM]0/([MM]0 ? [NN]0)

represents the non-exchanged fraction of MM. A

decreasing fraction of MM in the mixture would be

associated with a larger decay in the DEER modulation

depth (Fig. 2). These simulated DEER decays can be used

to optimize experiments to achieve the best fit of DEER

modulation depth decay.

PRE analysis and simulations

The dissociation rate constant k-1 can also be determined

from a time-course analysis of PREs. However, the data

analysis is complicated by the fact that at any given time

during exchange, the NMR cross peak intensity for any

amide proton in the 15N-labeled chain is a sum of intensity

contributions from NN, N, and MN, where the intensity

contribution from MN depends on the magnitude of the

PRE for a given residue. For the special case of a 1:1

mixture of M and N in a 1:1 volume ratio, the observed

NMR signal can be described by the Eq. (7):

IðtÞ
I0

¼ f0:5� expð�k�1tÞ þ 0:5g þ Ipara

Idia

f0:5� ½1

� expð�k�1tÞ�g þ IN

I0

ð7Þ

Here, I(t) stands for the observed NMR cross peak

intensity at a given subunit exchange time t, I0 stands for

the observed NMR cross peak intensity before subunit

exchange, and IN stands for NMR cross peak intensity from

the N monomer in solution. Ipara stands for the NMR cross

peak intensity from a given amide proton in the MN

heterodimer, and Idia stands for the NMR cross peak

intensity from a given amide proton in the absence of

PREs. The PRE magnitude from MN for any given amide

is dependent on its distance distribution to the nitroxide of

MTSL, which should be constant for all MN heterodimers.

Idia can be easily estimated from NN.

Similar to the DEER method, k-1 can be determined

using the NMR PRE method for the homodimers with Kd

up to *1 mM, beyond which the small dimer concentra-

tion in solution would limit the PRE measurements. For

example, if a 1 mM protein solution was prepared for a

protein with a Kd * 1 mM, only *40 % of the protein

would remain in solution in the dimer form at equilibrium,

i.e. the total dimer concentration would be *0.4 mM, and

furthermore, the dimer species would be distributed over

MM, MN and NN, so the concentration of MN would be

just 0.2 mM and the concentration of NN would be

0.1 mM. Therefore, measurement of PREs and decay

curves at these concentrations would be at the practical

limit of detection for the NMR technique.

In general, when unequal amounts of M and N are

mixed, the observed NMR cross peak intensity in PRE

experiment can be described by Eq. (8):

IðtÞ
I0

¼ ½MM�0
ð½MM�0þ½NN�0Þ

� expð�k�1tÞþ ½NN�0
ð½MM�0þ½NN�0Þ

� �

þ Ipara

Idia

½MM�0
ð½MM�0þ½NN�0Þ

� ½1� expð�k�1tÞ�
� �

þ IN

I0

ð8Þ

Here, [MM]0 and [NN]0 stand for the initial dimer

concentrations before subunit exchange. The NMR signal

contribution from monomer N can be neglected when

[N] is small relative to either [NN] or [MN] in the final

equilibrium, which will be true when Kd is much smaller

than the total protein concentration.

The time-dependent NMR signal following mixing

equal amounts of M and N during subunit exchange was

simulated following using Eq. (8), where Idia was normal-

ized and k-1 of 0.037 min-1 was used (Fig. 3a, b). Fig-

ure 3a shows the simulated exponential decay of the
1H-15N HSQC or HMQC cross peak intensity of NN, and

exponential growth of the 1H-15N HSQC or HMQC cross

peak intensity of MN for three different PREs magnitudes

indicated by Ipara: strong PRE (Ipara = 0), medium PRE

(Ipara = 0.5) and weak PRE (Ipara = 1). Figure 3b illus-

trates the simulated time-dependent NMR signal intensity,

which is the sum of NN and MN contributions, for the three

different PRE magnitudes over the course of subunit

exchange. If weak or no PREs can be observed, as is the

case for amide proton to nitroxide distances greater

than *30 Å (Battiste and Wagner 2000), the overall NMR

signal will not change upon mixing and it would not be

possible to derive k-1 from cross peaks for these residues.

On the other hand, when PREs can be measured, it is

possible to derive k-1 from fitting the decay of the 1H-15N

HSQC or HMQC cross peak intensity as a function of time.
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For a dimer with Kd much smaller than the total protein

concentration required for PRE experiment (*0.3–1.0 mM

typically), the magnitude of the overall NMR signal decay

is not only dependent on the magnitude of PRE, but also on

the initial M and N concentration ratio. Figure 4 shows the

simulated NMR signal decay for a series of NN fractions of

the total dimer concentration as indicated (Fig. 4d), also for

different PRE magnitudes. From Fig. 4, it is evident that

smaller fractions of NN and stronger PREs lead to greater

magnitudes of 1H-15N HSQC or HMQC cross peak decay.

Materials and methods

Preparation of protein samples

Samples for DEER and PRE measurements were prepared

as previously described for determination of the solution

NMR structure of Dsy0195 (Yang et al. 2010, 2011)

including the protein construct, expression and purification,

characterizations of dimeric state in solution, and site-

directed spin labeling of Dsy0195-S36C-MTSL/Dsy0195-

S52C-MTSL.

DEER experiments

15N- and MTSL-labeled Dsy0195-S36C samples were

dissolved in buffer containing 20 mM NH4OAc, 200 mM

NaCl, and 5 mM CaCl2 (pH 4.5) diluted to a final con-

centration of 30 % (w/w) glycerol. The final sample con-

centration was about 0.2 mM. The exchange rate was

assumed to be independent of the presence of 30 % glyc-

erol and flash freezing, which was confirmed by compari-

son with the exchange measurements using the NMR-based

PRE method in the presence of the presence of 10 %

glycerol. All DEER experiments were carried out at

Q-band (34 GHz) on a Bruker ELEXSYS E580 pulsed

EPR instrument at 80 K. Each DEER experiment required

12.5 min of data acquisition.

DEER experiments were repeated five times on a control

sample (0.1 mM, diluted by buffer). The mixtures of 15N-/

MTSL- labeled Dsy0195-S36C (each 0.1 mM) were pre-

pared at ten mixing times: 2.5, 5, 10, 15, 25, 35, 52.5, 70,

112.5, 155 min. Each sample (*20 lL) was put into an

EPR capillary tube at the selected mixing time at room

temperature (293 K), and then flash frozen in liquid

nitrogen immediately before DEER data collection. Each

DEER time point measurement was repeated.

All DEER spectra were analyzed using Tikhonov reg-

ularization simulations with DeerAnalysis2011 (Jeschke

et al. 2006b) to eliminate three-dimensional homogeneous

background contributions from intermolecular interactions.

The resulting spectra were scaled so that the maximum had

a value of 1. The modulation depth for each spectrum was

measured by taking 1—the spectrum minimum. For the

series of exchange experiments shown in Fig. 5, the

modulation depth of the initial t = 0 spectrum was scaled

to 1 and the modulation depths calculated for the remaining

exchange spectra were scaled with the same factor.

PRE experiments

15N- and MTSL-labeled Dsy0195-S52C samples were

dissolved in buffer containing 20 mM NH4OAc, 200 mM

NaCl, 5 mM CaCl2 (pH 4.5), 10 % D2O, and 10 % (w/w)

glycerol. The final sample concentration was about

0.6 mM. One control sample 15N-Dsy0195-S52C (0.3 mM,

diluted by buffer) was prepared in order to estimate the

inherent cross peak intensity error. This control experiment

was repeated 10 times at 10 min intervals. The 15N-/

Fig. 3 Simulation of NMR cross peak intensity versus subunit

exchange time for the PRE experiment using Eq (8). a Simulation of

NMR cross peak intensity decay from NN (Idia, normalized to 1,

magenta) versus mixing time, and growth from MN for three different

PRE magnitudes indicated by Ipara, which was normalized to Idia

(orange, Ipara = 1; wine, Ipara = 0.5; and royal, Ipara = 0). The olive

line stands for the intensity of 0.5. b The summation of the NMR

signal intensity (Iobs) from NN and MN. k-1 of 0.037 min-1 was used

in Eq. (8) for the simulations
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Fig. 4 Simulation of NMR

cross peak intensity versus

subunit exchange time for PRE

experiments for a series of NN

concentration fractions of the

total dimers [NN]0/

([MM]0 ? [NN]0) as indicated.

a Simulation curves with PREs

indicated by Ipara/Idia of 0.8.

b Ipara/Idia of 0.5. c Ipara/Idia of

0.2. d Ipara/Idia of 0. k-1 of

0.037 min-1 was used with

Eq. (8) for simulations

Fig. 5 Time-domain DEER

signals and fits of modulation

depth decay curve versus

mixing time to determine k-1

values. a Overlay of the scaled

refocused echo intensity for five

repeated DEER experiments of

0.1 mM Dsy0195-S36C-MTSL.

b Time-domain DEER signals

of 1:1 mixtures of Dsy0195-

S36C-MTSL/15N-Dsy0195-

S36C at a series of exchange

time points indicated in order,

from bottom to top, at right.

Exchange took place at room

temperature (293 K). The

repeated DEER experiments are

shown in c. Fits of the

experimental data to a single

exponential decay for data in

b and c are shown in d and e,

and the best fit of the

exponential decay to the

average of the modulation depth

versus exchange time is shown

with error bars in f
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MTSL- labeled Dsy0195-S52C (total 300 lL) were mixed

at 1:1 ratio at 298 K before PRE data collection. The PRE

experiment was repeated at the following exchange times:

6, 8, 10, 15, 20, 25, 35, 45, 52.5, 60, 70, 90, 112.5, 140,

155, 180 and 210 min.

All PRE experiments were performed using the 2D

SOFAST-HMQC pulse sequence (Schanda and Brutscher

2005). The NMR data collection parameters were as fol-

lows: recycling time trec = 100 ms, 40 complex points in

the second dimension (15N) with sweep width of 29 ppm,

t1
max = 23 ms, t2

max = 47 ms, the total experiment time for

each spectrum is 58 s. The flip angle for the first proton

pulse was 120�. The band-selective 1H pulses were cen-

tered at 8.0 ppm covering a bandwidth of 4.0 ppm. All

NMR spectra were collected on a Bruker Avance 600 MHz

NMR spectrometer at 293 K, processed using NMRPipe,

and analyzed by SPARKY.

Results and discussion

Experimental EPR-based DEER measurements

of subunit exchange

The Dsy0195-S36C mutant was prepared for DEER

experiments since the distance between S36 Cb atoms in

the two subunits of the homodimer (*32 Å) (Yang et al.

2010) was suitable for DEER measurements (*15–80 Å)

(Pannier et al. 2000). Initial attempts at collection of a time

series of DEER measurements using a single sample

proved unsuccessful due to freeze–thaw cycling introduc-

ing uncertainty into the exchange time period. Alterna-

tively, a series of identical samples were prepared and

allowed to undergo exchange for different periods of time

prior to flash freezing and DEER data collection. In order

for this approach to work, it was necessary to demonstrate

high reproducibility of measurement of the DEER modu-

lation depth for repeated insertions of EPR sample tubes

into the resonant cavity. After carefully controlling the

insertion depth for repeated sample insertions, we were

able to achieve highly reproducible data for repeated

measurements. To illustrate the reproducibility of repeated

measurements, five repetitions of the DEER experiment

were collected on a control sample of Dsy0195-S36C-

MTSL (Fig. 5a). The results indicated that quantitative

measurement of the DEER modulation depth was highly

reproducible. The exchange time for the series of DEER

experiments could be precisely and accurately controlled

since each mixed sample was flash frozen in liquid nitrogen

immediately before data collection.

Figure 5b shows the intensity of the DEER modulation

depth for a series of exchange times corresponding to 0,

2.5, 5, 10, 15, 25, 35, 52.5, 70, 112.5 and 155 min after

mixing MTSL-labeled Dsy0195 and 15N-labeled Dsy0195.

The DEER modulation depth decreased with increasing

exchange time (Fig. 5d), as expected, indicating a

decreasing fraction of MM homodimer in solution over

time. The DEER time course experiment was repeated and

found to be highly reproducible (Fig. 5c, 5e). The mean

modulation depth versus exchange time fit well to a first

order exponential decay as shown in Fig. 5f. The k-1

derived from the fitted curve was 0.037 ± 0.005 min-1

indicating a homodimer half-life time of about 18.6 min.

While it was not possible to experimentally determine

the homodimer dissociation constant Kd from the data

collected here, one could estimate the lower limit for Kd

using the diffusion-limited value of k1 (Smoluchowski

1917; Gabdoulline and Wade 2002) and then apply the

definition of Kd = k-1/k1, i.e. koff/kon however, this would

likely result in a highly inaccurate estimate of Kd. Alter-

natively, one could use more sophisticated approaches to

compute kon, such as Brownian dynamics (Gabdoulline and

Wade 2002; Scholosshauer and Baker 2004) presumably

leading to a more accurate estimate of Kd.

Experimental NMR-based PRE measurements

of subunit exchange

NMR PRE experiments were conducted in solution after a

specified mixing time. In contrast to EPR DEER experi-

ments, subunit exchange continued during NMR PRE data

collection. This is a potential problem if the exchange rate

is comparable, or fast, relative to the time required for data

collection. To minimize this problem, rapid data collection

was accomplished using a 2D band-selective optimized

flip-angle short-transient 1H-15N heteronuclear multiple

quantum coherence (SOFAST-HMQC) (Schanda and

Brutscher 2005) experiment for PRE measurements.

Spectra obtained in this fashion required only 58 s total

acquisition time for each exchange time point measurement

and the exchange time was considered to be at the mid-

point of the data collection time. The mutant Dsy0195-

S52C was prepared for NMR PRE experiments since the

distance between the S52 Cb atoms in the two subunits of

the homodimer (*15 Å) was expected to produce mea-

surable PREs (\22 Å) (Yang et al. 2010).

Since the rate constant for subunit exchange would be

derived from a fit of the decay of 1H-15N HMQC cross

peaks as a function of exchange time, we first set out to

determine the magnitude of the intrinsic experimental

variation in cross peak intensities due to repeated mea-

surements on the same sample. In order to estimate the

inherent cross-peak intensity error for a series of time-

course measurements, ten repetitions of 2D SOFAST-
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HMQC spectra were collected on a control sample of

0.3 mM 15N-Dsy0195-S52C. From these data, we evalu-

ated the normalized amide proton to amide nitrogen

cross-peak intensity for *39 amino acids and found that

the intensity fluctuated by up to 15 % about the normal-

ized mean (Fig. 6a), which indicated that averaging of

multiple NMR PRE measurements would be required for

a reliable fit and accurate determination of k-1.

A series of 2D SOFAST-HMQC spectra of the mixed

sample of MTSL-labeled Dsy0195 and 15N-labeled

Dsy0195 were collected at exchange times 6, 8, 10, 15,

20, 25, 35, 45, 52.5, 60, 70, 90, 112.5, 140, 155, 180 and

210 min. As subunit exchange proceeded, an increasing

amount of MN dimer was evident as indicated by weaker,

broader peaks for some residues, including L79, Y81 and

E84 (Fig. 6b–e). The maximum PRE would lead to a

50 % decrease in cross peak intensity for 1:1 mixing of

the homodimer mixture as indicated previously (Rumpel

et al. 2008). No chemical shift effects/differences were

observed between the monomer and dimer species under-

going exchange. The PRE experiment was repeated four

times at each time point using different samples for signal

averaging. After NMR data collection and processing, 39

non-overlapped cross peaks were chosen for analysis. The

k-1 was derived by fitting the decay of the NMR cross peak

intensity as a function of exchange time. Although the PREs

could be quantified in terms of distances, this was not nec-

essary to determine k-1.

The resulting first-order exponential decay curve fits are

shown for the averaged normalized cross peak intensities

versus exchange time for residues L79, Y81 and E84

(Fig. 6f-h). The corresponding k-1 values derived from the

decay curves were 0.033 ± 0.013, 0.040 ± 0.011 and

0.037 ± 0.008 min-1, respectively. Although the mean

value of k-1 (0.037 min-1) was consistent with that

determined from the DEER experiments, the uncertainty in

k-1 derived from the PRE measurements was larger as

indicated by the error bars in the fitted curves. Weaker

PREs were detected for other peaks from residues located

farther from the MTSL on the other subunit, however, only

peaks for residues L79, Y81 and E84, which were located

on the interface relatively close to the interchain MTSL

nitroxide and had strong PREs, were fit to acceptable

accuracy.

Fig. 6 PRE experiments and

fitted curves for determination

of k-1 values. (a) Average

normalized intensity of 39 non-

overlapped peaks from ten-

repeated 2D SOFAST-HMQC

data sets collected on 0.3 mM

Dsy0195-S52C. 2D SOFAST-

HMQC spectra of 0.3 mM 15N-

Dsy0195-S52C (b), and of a 1:1

mixture of 15N-Dsy0195-S52C/

Dsy0195-S52C-MTSL (each

0.3 mM) at exchange times of 6

(c), 70 (d), and 180 min (e),

respectively. Three cross peaks

corresponding to residues L79,

Y81 and E84 are labeled, for

which peak broadening from

PREs is clearly evident. The

final averaged, normalized cross

peak intensities, and associated

errors, versus exchange time

from amino acids L79, Y81 and

E84 were fitted and shown in

(f), (g), and (h)
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Advantages and disadvantages of DEER and PRE

based measurements of subunit exchange

We have demonstrated that rate constants for homodimer

subunit exchange can be determined using either

NMR-based PRE measurements or EPR-based DEER

measurements. The two techniques are complementary in

that they enable independent measurement of the dissoci-

ation rate constant, k-1, and that they are applicable over

different distance ranges between the MTSL spin labels

and/or 15N-labeled amino acids. Since only MTSL-spin

labeling of the protein, in addition to preparation of unla-

beled protein for mixing, is required for the EPR-based

DEER technique, it can be potentially applied to a wide

array of samples including protein–protein and protein-

DNA complex exchange studies. Furthermore, since the

DEER effect is measureable for MTSL labels separated by

up to *80 Å (Pannier et al. 2000), the EPR-based DEER

technique has effectively no upper molecular weight limit,

as long as the protein complex is soluble in the range of

10–500 lM in solution. The NMR PRE-based technique

has the additional requirement that 15N-labeled protein

must be prepared for mixing, and that it must be possible to

collect a 1H-15N HSQC or HMQC that has at least some

resolved cross peaks with measureable PREs. This latter

requirement restricts the method to the normal molecular

weight upper limit as for protein structure determination

using traditional solution state NMR methods,

i.e. *25 kDa in non-deuterated proteins, or [25 kDa in

deuterated proteins and using TROSY methods (Pervushin

et al. 1997).

The DEER and PRE methods have their own specific

advantages and disadvantages. One requirement, and lim-

itation, common to both is that the protein must be spin-

labeled. The standard way to accomplish this is to intro-

duce a site-specific spin label by covalently modifying a

single cysteine in the protein with MTSL. Generation of a

protein containing a single cysteine, however, may often

require site-directed mutagenesis. In the application of

DEER and PREs introduced here, however, since we need

not extract distance information, it is not necessary to

produce a protein containing a single cysteine. Rather, the

technique should work equally well if multiple cysteines

are present and modified in a single protein, as long as the

T2 of the unpaired electron is suitable, i.e. not too short, for

DEER measurements. The electron T2 is determined by the

local spin density around the unpaired electron, which is

dominated by the dipolar interaction with the unpaired

electron in the nitroxide radical on the MTSL group of the

other homodimer subunit. Since the sample is frozen dur-

ing the DEER measurement, the electron T2 will be inde-

pendent of either the dissociation rate constant k-1 or the

equilibrium dissociation constant Kd since the spin density

around the nitroxide radical is constant over the course of

the DEER measurement. Even if the measurement were

made in solution, the electron T2 values would be unaf-

fected by the rate of dimer dissociation since the electron

T2 values are on the order of microseconds, while the

dissociation rate constants amenable to DEER measure-

ment are on the order of minutes or longer. Therefore, the

dimer would appear static on the timescale of electron

relaxation.

Multiple MTSL labels on a single protein chain may

produce a DEER signal that is difficult or impossible to

interpret, however, it would lead to a near ideal response

for PRE measurements, with more residues on the
15N-labeled chain experiencing strong PREs, producing the

largest possible change in cross peak intensity upon mix-

ing, and therefore greatest sensitivity for determination of

k-1. One caveat in having multiple MTSL labels on a

single protein chain is that the binding affinity may be

significantly affected. Alternatively, the protein sequence

can be modified to introduce a specific metal binding site,

such as an lanthanide binding tag (LBT) (Cooper et al.

2008; Yagi et al. 2011), to engineer any protein to bind

single paramagnetic Gd3? ion, which could then be used

for DEER and PRE measurements in a protein with any

number of naturally occurring cysteine residues.

After one or more paramagnetic spins have been intro-

duced into the protein, the DEER method requires a much

lower protein concentration (*0.01–0.5 mM) for data

measurement compared to that required for NMR mea-

surements (*0.3–1 mM) due to the greater intrinsic sen-

sitivity of EPR compared to NMR. The study reported here

benefited greatly by the sensitivity gained from Q-band

DEER experiments (Ghimire et al. 2009; Polyhach et al.

2012), which if not available, would greatly decrease the

sensitivity advantage enjoyed by the EPR technique. The

lower sample concentration actually benefits the DEER

experiment as long as sufficient signal intensity is available

to measure the DEER modulation depth.

This is due to reduction in background contributions

from interdimer dipolar interactions that can be significant

at protein concentrations greater than about 0.1 mM, which

require increasing dependence on background subtraction

to be able to interpret the data.

The DEER experiment also requires substantially less

sample volume (*10–20 lL) compared to the NMR

experiments (*250 lL), resulting in a substantially

smaller overall sample requirement. Furthermore, the

DEER approach requires only MTSL or LBT-based spin-

labeling, whereas, either MTSL or LBT spin-labeling and
15N-labeling is required for NMR-based PRE measure-

ments. However, when both EPR and NMR techniques can

be used, the 15N-labeled sample can be used for both

DEER and PRE experiments. Application of both
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techniques offers the advantage of independent determi-

nation and validation of k-1. Finally, DEER modulation

can be detected over a much greater range of distances

between spin labels (*15–80 Å) compared to the rela-

tively narrow range of distances (\30 Å) suitable for PRE

measurements.

One obvious advantage of the NMR PRE method is that

it can be conducted if pulsed EPR at Q-band is unavailable.

Another advantage of the PRE approach is that indepen-

dent determinations of k-1 can be made using multiple

amino acid residues from a single spin-labeled protein

sample, in contrast, to the DEER methods, which allows

only a single measurement of k-1 from a single spin-

labeled sample. A disadvantage of the PRE approach is that

several replicated data sets must be collected to produce

acceptable accuracy due to the intrinsic random fluctua-

tions of the cross peak intensities, compared to the highly

reproducible DEER decay profiles observed in this study.

Finally, considering the experimental data collection

time required for both methods, the DEER method can

monitor relatively fast exchange processes compared to the

NMR PRE method, with the DEER method being limited

only by the time it takes to freeze the sample after mixing,

since the exchange process is quenched upon freezing.

Assuming the first DEER point is collected at a minimum

exchange time of 1 min, and assuming t1/2 is approxi-

mately 5 min, the largest dissociation rate constant that can

be measured using DEER is (ln2)/5 = 0.14 min-1. For

subunit exchange t1/2 longer than 5 min, both the DEER

and PRE methods are practical and reliable.

Conclusions

In conclusion, the PRE- and DEER-based approaches

introduced here for measurement of rate constants for

subunit exchange in protein complexes should be of broad

general interest. While FRET and nanoelectrospray mass

spectrometry have been previously used to characterize the

kinetics of subunit exchange in multimeric proteins, the

magnetic resonance techniques introduced here signifi-

cantly broaden the array of available tools for character-

ization of subunit exchange kinetics in protein complexes

including protein homodimers, protein heterodimers, pro-

tein homo-oligomers, and hetero-oligomeric protein–pro-

tein complexes as well as protein-DNA and protein-RNA

complexes. While the FRET and mass-spectrometry tech-

niques have an advantage compared to both the PRE- and

DEER-based techniques in terms of sensitivity, the mag-

netic resonance techniques introduced here offer the

capability to characterize subunit exchange kinetics under

the exact pH, buffer, and concentration conditions used to

study the structure and dynamics of protein complexes

using complementary magnetic resonance techniques or

x-ray crystallization conditions. As a result, these PRE- and

DEER-based methods should enable broader investigations

of the biological significance of subunit exchange kinetics

in protein complexes. Finally, NMR spectroscopists using

solution-state NMR methods for structure determination of

protein complexes should find practical application of the

techniques while preparing samples for 13C-edited/12C-

filtered NOESY experiments.
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