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Abstract Allosteric transmission of information between dis-
tant sites in biological macromolecules often involves collec-
tive transitions between active and inactive conformations.
Nuclear magnetic resonance (NMR) spectroscopy can yield
detailed information on these dynamics. In particular, relaxa-
tion dispersion techniques provide structural, dynamic, and
mechanistic information on conformational transitions occur-
ring on the millisecond to microsecond timescales. In this
review, we provide an overview of the theory and analysis
of Carr-Purcell-Meiboom-Gill (CPMG) relaxation dispersion
NMR experiments and briefly describe their application to the
study of allosteric dynamics in the homeodomain from the
PBX transcription factor (PBX-HD). CPMG NMR data show
that local folding (helix/coil) transitions in one part of PBX-
HD help to communicate information between two distant
binding sites. Furthermore, the combination of CPMG and
other spin relaxation data show that this region can also
undergo local misfolding, reminiscent of conformational
ensemble models of allostery.
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Introduction

Allostery is a biological phenomenon in which ligand binding
(Koshland et al. 1966; Monod et al. 1965), conformational
rearrangements (Farber and Mittermaier 2011; Volkman
et al. 2001), post-translational modifications (Nussinov et al.
2012; Volkman et al. 2001), or changes in dynamics
(Popovych et al. 2006) in one region of a protein produce a
change in the structure, dynamics, or activity at a distal site
(Fig. 1). This often manifests as switching between an active
and inactive form, which is essential for many biological pro-
cesses including cell signaling and transcriptional control
(Lefstin and Yamamoto 1998; Nussinov et al. 2013; Smock
and Gierasch 2009). For example, the binding of cAMP in one
domain of the catabolite activator protein (CAP) allosterically
activates DNA binding in the DNA binding domain,
more than 20 A away (Tzeng and Kalodimos 2009).
Phosphorylation of the bacterial nitrogen regulatory protein
C (NtrC) leads to a large conformational change, oligomeri-
zation, and transcriptional activation (Volkman et al. 2001).
The KIX domain from the CREB-binding protein coopera-
tively interacts with the activation domain from the mixed-
lineage leukemia transcription factor (MLL), and causes a
second binding site to transiently adopt its “bound” configu-
ration, even in the absence of the second ligand (Bruschweiler
etal. 2009). A disorder-to-helix conformational change in the
C-terminal region of the PBX homeodomain results in a five-
fold increase in its affinity for DNA although this region does
not directly contact the DNA (Green et al. 1998).

Solution nuclear magnetic resonance (NMR) spectroscopy
can provide detailed structural and dynamic information on
allosteric transitions, such as between active and inactive
forms. There exists an array of NMR experimental techniques
that can be used to characterize protein motions occurring on
timescales between microseconds and seconds, including R,
(microseconds) (Palmer and Massi 2006), Carr-Purcell-
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Fig. 1 Schematic representation
of an allosterically activated
enzyme. The molecule can
populate both an inactive (/)
conformer with low affinity for an
allosteric activator (blue square)
and an active conformer (4) with
high affinity for the activator.
Initially, the equilibrium favors
the (/) state and the enzyme is
inactive. Upon binding to the
allosteric activator, the population
shifts to the (4*) form and the
enzyme is active and able to bind I
to the substrate (vellow triangle)
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Meiboom-Gill (CPMG) relaxation dispersion (ms) (Hansen
et al. 2008a; Loria et al. 1999), chemical exchange saturation
transfer (CEST) (<s) (Vallurupalli et al. 2012), and ZZ-
exchange (s) (Farrow et al. 1994). In all the examples above
(i.e. CAP, NtrC, KIX, and PBX), NMR dynamics experiments
have shown that active and inactive forms exist in dynamic
equilibria (Bruschweiler et al. 2009; Farber et al. 2012; Tzeng
and Kalodimos 2013; Volkman et al. 2001). The sensitivity of
NMR signals to molecular dynamics is illustrated in Fig. 2 in
which a probe (nucleus) in a molecule of interest reports on
conformational exchange between two states. The NMR res-
onance frequency (chemical shift) of a probe depends on its
molecular environment. In this example, the number, width,
and position of peaks in NMR spectra depend on the exchange
rate between the states. At slow exchange rates, a pair of peaks
derived from the individual states is observed in NMR spectra,
whereas the signals shift, broaden and finally merge into a
single sharp peak as the rate increases. The increase in the line
width of the peak (broadening) at intermediate rates is a rich
source of information on the exchange process. This review
focuses on different ways of extracting information from
NMR line broadening and their application to allosteric dy-
namics in the homeodomain from the PBX transcription
factor.

Relaxation dispersion NMR
Peak broadening due to conformational exchange can be an-
alyzed by relaxation dispersion NMR techniques, including

rotating-frame (R),) relaxation and CPMG experiments.
These provide thermodynamic, kinetic, structural, and
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mechanistic information on systems that undergo confor-
mational exchange on the millisecond to microsecond
time scales. They are sensitive to low-lying excited states
with populations down to about 1 % (Loria et al. 1999;
Luz and Meiboom 1963; Palmer et al. 2001).
Conformational exchange on the millisecond time scale
can lead to fluctuations in chemical shift that cause
dephasing of the NMR signal, peak broadening, and the
elevation of R, (transverse) relaxation rates by an amount
Rey such that R,°*™*=R.,%+ R, where R, is the intrin-
sic (exchange-free) relaxation rate. The application of
variable spin-lock irradiation (R),) or trains of refocusing
pulses (CPMG) quenches the relaxation due to exchange
(Fig. 3). Sets of transverse relaxation rates collected as a
function of spin-lock strength and frequency (R,,) or
refocusing pulse repetition rate (CPMG) vary between
(R,°+Ry) at low spin-lock fields or pulse repetition rates
and asymptotically approach R, at large fields or repe-
tition rates. These dispersion profiles can be fitted to
dynamical models consisting of two (Carver and
Richards 1972) or more (Korzhnev et al. 2004) exchang-
ing states, as described below. The fits yield thermody-
namic and kinetic data in the form of populations and
rates of exchange, as well as structural information in
form of chemical shift differences between the exchang-
ing states. Relaxation dispersion experiments performed
over a range of temperatures can provide information on
enthalpy differences and activation energies between ex-
changing states. Furthermore, comparisons of data ex-
tracted at different sites within the molecule can help to
establish whether conformational transitions are coopera-
tive (Farber et al. 2010), and identify intermediates along
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Fig. 2 Simulated one-dimensional NMR spectra for nuclei exchanging
between two distinct chemical environments. a When the rate of
exchange is much slower than the difference in chemical shift, separate
peaks are observed for the two states. b Exchange broadening is caused
by stochastic variations in chemical shift, which cause the NMR signal to 0 Vepma (H2) 1000
decay more rapidly, leading to broader, weaker signals. ¢ When exchange Tigs
is far more rapid than the difference in chemical shift, a single sharp peak

is obtained at the population weighted average chemical shift

the reaction pathway (Korzhnev et al. 2004; Sugase et al.
2007).

Two site exchange

Consider an exchange between two states, A and B, associated
with spin precession frequencies of w and wg, and first order
rate constants kag and kga:

kap

wy & Wp. (1)
kBA

Fig. 3 CPMG relaxation dispersion experiments. a—¢ Simulated signal
trajectories for an ensemble of nuclei exchanging stochastically between
two environments with different chemical shifts during a 20 ms relaxation
delay. Vertical bars at the top of each panel represent refocusing pulses
applied during the relaxation delay. d Simulated peak that increases in
intensity at higher pulse repetition rates. e Calculated transverse
relaxation rates (R,) plotted as a function of vepmg=1/(27), where T is
the delay between successive refocusing pulses. Reprinted from
Mittermaier and Kay, Observing biological dynamics at atomic
resolution using NMR. Trends in Biochemical Science, 34/12, , 601—
611, Copyright 2009, with permission from Elsevier

In this case, a CPMG relaxation dispersion profile can be
parameterized in terms of the exchange rate, kex=kap+kga,
the population of the minor (B) state, pg=kap/key, and the
squared difference in precession frequency (or chemical shift)
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between the two states, Aw A32=(wB -w A)z. In the fast time-
scale regime, where ko, >>|Aw g/, the transverse relaxation
rate is given by the following analytical expression (Palmer
et al. 2001):

Qex 4VCPMG kex
Ry = p4Ry, + psRog + i <17 i tanh P (2)

Do =papsAw A2, while Ry.° and R,p° are the intrinsic
(exchange-free) transverse relaxation rates in states A and B,
and vepmg=1/(27cp), Where T, is the delay between succes-
sive refocusing pulses in the CPMG pulse train. In the inter-
mediate timescale regime, where k., ~|Aw,p|, the transverse
relaxation rate is given by the Carver-Richards expression
(Palmer et al. 2001):

1 _
Ry(verme) = B (R, + RYy + kex—2vcpygoosh™ (D cosh(n, )=D_cosh(r_)))

1 2AW7
D= |+l + =45
+ 2( /—¢2+§2>
V2 2, 2
= £+ /7 +
N+ I P P 13

2
b = (RS, =Ry + pakexpake) —Awiy + 4ppsk?,
§=2Awyp (R(Z)AiRgB ""ngex*PAkex)

(3)

For CPMG experiments in which magnetization remains
in-phase during the entire relaxation component (Hansen et al.
2008b), an exact solution for Ry(vcpmg) has been derived.
This can be expressed as Eq. (2) with a linear correction
(Baldwin 2014).

It should be noted that relaxation dispersion profiles are
usually fitted assuming R, A’= Ryp" (as we have done in the
examples below) even when the two intrinsic relaxation rates
differ. In the fast exchange limit (Eq. (2)), this assumption
does not affect the fitted kinetic parameters. However in the
case of intermediate exchange, this can lead to systematic
errors in the extracted values of ke, and pg, according to
(Ishima and Torchia 2006):

ApAR)
kzip :kex<1_ P 2)
ot @
app ex + 2
Pp =

P8 kAP AR

where k., PP and pg™P are the apparent exchange rate and
population of the minor state, k., and pg are the true values,
Ap=pa—ps, and AR’=AR,\*~AR,5°. In the example be-
low, we estimate that this could introduce errors in the fitted
parameters on the order of 2-6 %.
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Three state exchange

If CPMG relaxation dispersion data cannot be adequately fit to
a two-state exchange model, it can often be due to the pres-
ence of more than two exchanging states. The analysis of
CPMG data becomes increasingly complex with increasing
numbers of exchanging states, and often requires additional
information in order to extract accurate rates and populations
(Neudecker et al. 2006). The simplest multi-state system in-
volves linear three state exchange:

ky

C242B (5)
kfz k,]

In the fast exchange limit, the corresponding relaxation
dispersion profiles are given by the expressions (Grey et al.
2003):

R2 _ Rg + ¢fast (1—4VCPMGtanh{ Riast :l )
Kfast Rfast 4VCPMG

+ ¢slow (174VCPMGtal’lh { Kslow :| ) ,
Rslow Rslow 4v CPMG

d)ﬁut = (7/43.\‘1(114/@1 + 052) /Z,

¢S10W = ("ifastal_CVZ) /Z ;

Rfast = (kex + Z) / 2,

Rslow = (keX_Z) / 2 ’ <6)
kex= ki+ ka+ ka4 ks

Z = (ke?-4B)"?

B = kakao+ kika+ kak

a) = pApBAWABz +PBPCAWBC2 +PAPCAUJA02
oy = p (k1 Awss® + ka Awac?)

pa= kak2/ B

pg= kka/ B

pc= kaky/ B

where pa, pp, and pc are the relative populations of states A,
B, and C, and Awxy is the difference between '°N resonance
frequencies in states X and Y. Equations for three-site ex-
change in the intermediate timescale are far more complicated,
consequently explicit numerical modeling of the Bloch-
McConnell equations (McConnell 1958) is typically per-
formed (https://github.com/gbouvignies/chemex/releases;
Korzhnev et al. 2004; Vallurupalli et al. 2012).

Global fitting

In general, an NMR analysis of millisecond-microsecond
timescale protein dynamics begins with individual fits of re-
laxation data obtained for each broadened peak in NMR spec-
tra. In this step, a separate set of motional parameters (eg. Kex,
pe, Aw?, and R,°) are obtained for each residue undergoing
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exchange. If data for many residues throughout a protein yield
similar dynamical parameters, this can indicate that different
regions of the molecule participate in concerted motions. In
this case, analyzing the data for multiple residues simulta-
neously yields a more accurate description of the exchange
process. Fits are performed assuming that the parameters de-
scribing the shared characteristics of the concerted motion
(e.g., kex and pg) are identical for every residue, while the
local parameters (e.g., Aw?, R,") are optimized separately
for each residue. The goodness of fit is evaluated using the
standard residual y* parameter,

(755

=) (7)

TR

where R,®P and R,* are experimental and calculated
transverse relaxation rates, respectively, og, is the exper-
imental uncertainty, and the sum runs over all data for a
given residue. A comparison of values obtained in indi-
vidual fits (Xzindividual) with those of global fits where
exchange parameters are shared among all residues
(nglobal) can identify residues experiencing dynamics
distinct from the collective process. Global fitting is re-
peated, excluding in each iteration data for the residue
with the largest nglobal/xzindividual ratio. This procedure
is then repeated until the largest nglobal/ Xzindividual drops
below a certain threshold (we have found a threshold of
2 yields satisfactory results) (Mulder et al. 2001).

In the fast timescale regime for global exchange between
states, the concerted process is described by a single shared
parameter that gives the kinetics of the process, ke &°° In
addition, each residue is associated with an individual param-
eter, P =p ApBsz, that varies depending on the magnitude
of the difference in chemical shift between the two states.
Values can be calculated using a two-step protocol (Farber
et al. 2010, 2012; Farber and Mittermaier 2011). In the first
step, kex is fixed at closely-spaced intervals between a lower
and upper bound (e.g., 100 and 10,000 s™). For each value of
Key, all individual parameters are adjusted to minimize the x?
function

€XpP__ pcalc 2
XQ(kex) = Z (RZ i Rzzl (ke’C)) ) (8)

ORa

where R,*™(k.y) is computed using Eq. (2) and the sum runs

over all R, data points for a single residue. Aggregate x>
versus ke profiles can then be calculated according to

X?otal(kex) = Z X2 (kex)7 (9)

where the sum runs over data for all residues. The global value
of ke, is then selected such that

Xt20tal (k‘g)lcabal) = min (thotal(kex)) . (10)

In the second step, values of ®., are obtained for all resi-
dues by minimizing Eq. (8), fixing kex=kex&°""". Populations
and chemical shift differences of the major and minor states
can be obtained from @, only if the populations or differences
in chemical shifts for the two states are known.

In the fast timescale regime for global linear interconver-
sion between three states, the concerted process is described
by two shared parameters that are related to the kinetics of
exchange, K@ and Kgow2°". In addition, each residue
is associated with individual parameters, @pg and gow, that
vary depending on the magnitudes of the differences in chem-
ical shift between the three states. Similarly to fast-timescale
two-state exchange, a grid-search approach can be used to
determine the dynamical parameters for fast-timescale three
state exchange (Farber et al. 2012). In the first step, K, and
Kslow are arrayed over appropriate ranges of values
(Kgast™ Kstow)- Values of Qs @Psiows and Ry values are then
adjusted on a per-residue basis to minimize the x> function

RexP_Rcalc st Foslow 2
X2 (Hfasta ”slnw) = Z ( 2 2 (E_I;f s Rsl )) ) (11)
Ry

R>*™¢ is computed using Eq. (6), and the sum runs over all
R, data points for a single residue at at least two magnetic field
strengths. Aggregate x” surfaces are then calculated according
to

X[Qma] (K{fash ’{slow) = Z X2 (”ffasty /fslow)7 (12)

where the sum runs over data for all selected residues.
Globally-optimized values for Ky, and Ky are selected such
that

2 global  global \ __ . 2
Xtotal (Kfast ) Kslow = mm (Xtotal (’V"ifaSU HS]UW) ) .

(13)

In the second step, values of ¢p,g and 0. are obtained for

all residues by minimizing Eq. (11), fixing ke,g= KfasthObal and
— global
Kslow™ Kslow .

Experimental determination of R, — LOMSQ experiments

Instrumental considerations limit the maximum values of
verme (CPMG) or spin-lock field strengths (R ) that are
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experimentally accessible. As a consequence, these measure-
ments may not fully quench exchange contributions to R, (Ry)
when exchange is extremely rapid (ke,>= 10* s™). In this
situation it can be challenging to determine the exchange-free
transverse relaxation rate, R, or conversely, R... Kay and co-
workers (Hansen et al. 2007) have designed an elegant suite of
four relaxation experiments that provides exchange-free mea-
sures of dipole—dipole '°N transverse relaxation. In what fol-
lows, these will be referred to as LOSMQ (longitudinal order,
single and multiple quantum) experiments. These experiments
can be combined with spectral density mapping (Farrow et al.
1995) in order to obtain close estimates of R,’. Measurements
of single quantum longitudinal relaxation rates in the presence
of either 'H or '°N spin-lock fields, R;,(2H',N,) and
R,,(2H,N',), are combined with multiple quantum "H-N re-
laxation rates, Rlp2 (2H',N',), where both 'H and N spin-
locks are applied and two spin order relaxation rates,
R\(2H,N,), to isolate only contributions from 'H-'">N dipolar
relaxation (Hansen et al. 2007). Exchange-free transverse
dipole-dipole relaxation rates, Ryq, can then be obtained from
the linear combination of the four relaxation rates. R, and Rz
values differ since the former, but not the latter, contain con-
tributions from the chemical shift anisotropy relaxation mech-
anism. In order to obtain R,’ estimates, longitudinal "N relax-
ation rates, R;, and 'H-I5N steady-state NOE values can be
combined with R, values to determine values of the spectral
density function, J(w), at w=0, wy and 0.87wy, where wy
and wyy are the "N and '"H Larmor frequencies, respectively
(Farber et al. 2012; Farrow et al. 1994, 1995; Hansen et al.
2007). Exchange-free '°N R," relaxation rates can then be
back-calculated using the values of the spectral density func-
tion extracted above, according to the expression:

Ry = (d*/8)[4J(0) + 3J (wy) + 13J(0.870w)] (14)

+ (/6)[4J(0) + 3J (wy)],

where d=[1iohyyn/8m Krnin, ¢ = (wy/V3) (o=0L), Ho is
the permeability of free space, yy and yy are the respective
gyromagnetic ratios, 4 is Planck’s constant, r\y is the length
of the amide bond, and o) and o, are the parallel and perpen-
dicular components, respectively, of the axially symmetric
N chemical shift tensor (Cornilescu and Bax 2000). These
R20 estimates can be used to constrain fits of CPMG or R,
relaxation dispersion data, significantly improving the accura-
cy of the analysis. An important caveat is that this comparison
is only quantitative when CPMG pulse sequences that mea-
sure in-phase '°N transverse relaxation rates, such as rczz
(Wang et al. 2001) or "H-decoupled (Hansen et al. 2008a)
schemes are used. In contrast, relaxation rates obtained using
traditional relaxation-compensated CPMG schemes (Loria
et al. 1999) are a mixture of in-phase and anti-phase '°N
transverse relaxation rates and cannot be compared directly
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to LOSMQ-derived values. Also note that alternative methods
can be used to obtain independent R, estimates, such as the
"H-">N dipole/'°N CSA relaxation interference approach de-
veloped by Palmer and co-workers (Kroenke et al. 1998).

Application to the PBX1 homeodomain
Allostery mediated by a helix/coil transition

The PBX1 homeodomain (PBX-HD) is an 81-residue protein
consisting of 3 alpha helices that adopt a consensus
homeodomain structure and an unstructured 18-residue C-ter-
minal extension. PBX-HD cooperatively binds DNA with
Hox transcription factors and plays an important role in
anterior-posterior patterning in vertebrate development
(Chang et al. 1995). Allosteric interactions are important for
the formation of this ternary complex. DNA binding at one
surface of PBX-HD enhances interactions with Hox proteins
at another interface. Additionally, upon binding DNA, the C-
terminal extension of PBX-HD undergoes a disorder-to-helix
folding transition, although this region of the protein does not
directly contact DNA. Removal of the C-terminal extension
decreases the binding affinity of PBX-HD for DNA by 5-fold
and reduces cooperative interactions between PBX-HD and
Hox proteins when they bind DNA (Chang et al. 1995;
Green et al. 1998). Thus, the C-terminal extension is implicat-
ed in mediating allosteric communication between the DNA-
and Hox-binding regions of the PBX-HD. We recently studied
the nature of this allosteric coupling using NMR CPMG dy-
namics experiments (Farber and Mittermaier 2011; Farber
etal. 2012).

NMR '>N/'H cross-peaks for residues throughout PBX-
HD produced large-amplitude CPMG relaxation dispersion
profiles, indicative of millisecond timescale conformational
exchange. In particular, many signals from the C-terminal
extension were broadened beyond detection, and the remain-
ing signals produced the largest relaxation dispersion profiles
(Fig. 4). Individual analyses of relaxation dispersion profiles
for C-terminal residues yielded similar rates and populations.
Thus fitting was repeated assuming a global two-site ex-
change process. Relaxation dispersion experiments were re-
corded over a range of termperatures and key, pg, and Aw?
values were obtained at each temperature, yielding popula-
tions of the minor state of 5-10 % and exchange rates of
1500-2500 s~ The population of the minor state, pg, was
found to decrease with increasing temperature, while k., in-
creased. A van ‘t Hoff plot yielded a large negative enthalpy
change of AHA=-9.5 kcal mol ', and an entropy change of
ASAp=-38 cal mol ! K!. These values are about one-third
of those obtained for the entire folding reaction of a truncated
three-helix version of PBX-HD at 20 °C (AH=-
30 keal mol ™!, AS=-91 cal mol ' K™") (Farber et al. 2010).
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Fig. 4 Allostery in PBX-HD. a Red spheres identify residues whose
dispersion data agree with the global exchange process involving
folding of the C-terminal extension. Structures of DNA (/ight yellow)
and HoxB1 homeodomain (/ight blue) were taken from the X-ray
crystal structure of the ternay complex formed by the human isoforms
of'the proteins (1B72; Piper et al. 1999). The Hox-peptide is connected to
the remainder of the HoxB1 homeodomain by 20 disordered residues. b

Thus the transition to the minor state is consistent with the
folding of an unstructured region into an alpha helix.
Furthermore, Aw? values obtained from relaxation dispersion
data agree with chemical shift changes produced by DNA
binding, suggesting that the C-terminal extension adopts sim-
ilar (folded) conformations in the bound state and the weakly-
populated “B” conformation in the free state (Fig. 4b).
Relaxation dispersion data in the consensus homeodomain
region were consistent with the exchange dynamics found for
the C-terminal extension. This strongly suggested that PBX-
HD exchanges between a ground state in which the C-terminal
extension is disordered and a state in which the C-terminal
extension is ordered and the rest of the homeodomain experi-
ences some conformational rearrangement. Notably, these
concerted motions included residues in the Hox binding site
and in helix 3, which binds in the major groove of DNA
(Fig. 4). Thus, concerted motions occur in three regions of
the protein known to communicate allosterically, reinforcing
the idea that these regions are energetically linked. These dy-
namics suggested a simple physical model based on classical
Monod-Wyman-Changeux (MWC) theory (Monod et al.
1965) to explain the allostery observed for PBX-HD. In this
model, the major (A) conformer of PBX-HD has little or no
affinity for either DNA or the Hox-peptide, while the minor
(B) conformer has much greater affinity for both ligands.
When PBX-HD binds to DNA, it becomes locked in the minor
(high affinity) conformation, in which the C-terminal exten-
sion is ordered and the Hox binding surface is remodelled.
This is consistent with DNA-induced folding of the C-
terminal extension, as has been observed experimentally.
Further, binding of either DNA or the Hox-peptide to PBX-
HD locks the unoccupied site in the high-affinity configura-
tion. According to this mechanism, binding of the first ligand
could enhance the affinity for the second ligand by as much as
a factor of (1-pg)/pg, Which corresponds to about a factor of
34 at 37 °C. This helps to explain why DNA binding is

20 23 30 40 50 60 70
Residue Number

Differences in '°N chemical shift between the two exchanging forms of
unbound PBX-HD extracted from CPMG dynamics data (Awcpy) and
>N chemical shift changes produced by DNA binding (Adysqc) for all
residues with detectable signals in PBX-HD. Reprinted (adapted) from
Farber and Mittermaier, Concerted dynamics link allosteric sites in the
PBX Homeodomain, Journal of Molecular Biology, 405/3, 819-830,
Copyright 2011, with permission from Elsevier

promoted by addition of the Hox-peptide (Knoepfler and
Kamps 1995), and why the PBX/Hox-peptide interaction
has not been detected in the absence of DNA, since it is fairly
weak even in the presence of DNA (Sprules et al. 2003).

PBX-HD transient local misfolding

We subsequently used LOSMQ spin relaxation experiments to
estimate exchange-free 5N transverse relaxation rates, RZO, in
PBX-HD. Notably, in many cases, the LOSMQ-R,’ were
much greater than those extracted from an analysis of
CPMG data assuming two-state exchange (Fig. Sa, b). This
implied that PBX-HD undergoes millisecond/microsecond
exchange among more than two conformational states. We
therefore performed a global linear three-state exchange anal-
ysis of the CPMG data, fixing R, (i.e. the asymptotes of the
dispersion curves) equal to the LOSMQ-derived R,° values.
This fit gave the global values Kgpg=9500 s ' and Kyow=
2400 s~ ', which relate to the overall timescale of exchange.
As well, it yielded as values of @, and @y, 0N a per residue
basis. These relate to chemical shift differences among the
three states (Fig. 5¢). Fixing the LOSMQ-R,” was necessary
for the analysis; fits with fixed R," yielded definite values of
©asty While these parameters were completely undefined
when R,” was allowed to vary in the fits (Fig. 5d).

The extracted parameters did not, in themselves, yield much
physical insight into the nature of the exchange process. There is
a clear distinction between the CPMG-derived macroscopic
model, which is described by the parameters Kgow Fasts Pslows
and g, and “microscopic models” which are described by the
rate constants ki, k1, k», k5, as well as the chemical shift dif-
ferences Awap, Awac, and Awge. In general, a microscopic
model is of more value, as it provides an explicit description of
the conformational dynamics. The challenge lies in the fact that
a great many different microscopic models can be consistent
with the same macroscopic exchange parameters. In order to
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Fig. 5 Three-state fitting of PBX-HD: '>N CPMG relaxation dispersion
NMR data for N23c, located in the Hox binding site, of PBX-HD
measured at (a) 18.8 T and (b) 11.7 T. The horizontal gray lines
(CPMG-RZO) correspond to the asymptotic values of R, (Vepmg==),
extracted as adjustable parameters from global fits of CPMG data using
a two-state exchange model, Eq. (1). The horizontal black lines
(LOSMQ-R,") correspond to exchange-free "N R, values obtained
from LOSMQ relaxation data using Eq. (14). Gray curves correspond
to global fits of CPMG data using a two-state model, Eq. (1). Black
dashed curves correspond to global fits using a linear three-state
exchange model, Eq. (5), with the asymptotic R,’(18.8 T) fixed equal
to LOSMQ-R,". ¢ Residual x* surface for global fits of a linear three-

resolve this degeneracy, we noted that a strong correlation (=
0.99) existed between values of g, and squared differences in
5N chemical shift between the free and DNA-bound forms of
PBX-HD, A&”. Using this information in a grid-search selection
procedure, we showed that the populations of linear three-state
exchange are heavily skewed towards the middle state, A, which
is populated to more than 90 % (Farber et al. 2012), and in which
the C-terminal extension is unfolded. State A undergoes ex-
change on the order of 2000 s ' with a DNA bound-like state
(2 %) in which the C-terminal extension forms an « helix, and
ultrafast exchange on the order of 9000 s~ with a state (5 %) in
which the C-terminal extension adopts an alternate conforma-
tion. This conformation represents a locally misfolded form of
the C-terminal extension, which must unfold to re-form the ma-
jor conformation before it can proceed to the o helical form.
This has implications for the nature of allostery in PBX-
HD. In classical paradigms, protein molecules exist in two
conformations, often referred to as the “tense” and “relaxed”
states (Koshland et al. 1966; Monod et al. 1965). This implies
a tightly-controlled energy landscape with a small number
energy minima corresponding to discrete functional states.
More recently, allostery has been recast in terms of folding
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state exchange model (Eq. 6) to CPMG data, employing a two-
dimensional grid search in kg and Kgow. The surface was normalized
relative to the minimum x? value (indicated white x) which was assigned
a value of zero. d X2 profile for fits of a linear three-state exchange model
to CPMG data for N23c, the third residue of a three amino acid loop
extension occurring after homeodomain consensus residue 23,
employing a one-dimensional search in ¢y, with fixed values of Keg=
9500 s and Kyow=2400 s~', and R,°(18.8 T) either fixed equal to
LOSMQ-R,° (dashed curve), or varied as an adjustable parameter in the
fit (solid black curve). Reprinted (adapted) with permission from (Farber
et al. 2012). Copyright 2012 American Chemical Society

and binding energy funnels (Boehr et al. 2009; Kumar et al.
2000). These descriptions invoke the breadth of the protein
conformational ensemble: “proteins are inherently dynamic
and sample a vast ensemble of conformations” (Boehr et al.
2009), that represent “the repertoire of molecules available for
the binding event.” (Kumar et al. 2000) The behavior exhib-
ited by PBX-HD is reminiscent of both the old and new par-
adigms. The free protein exchanges among three conforma-
tional states separated by significant energy barriers. One of
the states resembles the ligand-bound form. Thus, classical
theory involving transitions among discrete states provides a
useful explanation for allostery in this molecule. Yet, the ex-
istence of the “locally misfolded” state is best understood
within the framework of folding and binding funnels, in ac-
cordance with the new ensemble view of allostery.

Conclusions

CPMG relaxation dispersion NMR experiments can provide
detailed atomic resolution information on millisecond
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timescale dynamics underlying allostery. In the case of ex-
change between two distinct conformations, such as that be-
tween active and inactive forms, CPMG data yield the popu-
lations, exchange rate, and chemical shift differences for the
two states. When exchange involves more than two states,
combining CPMG relaxation dispersion and LOSMQ spin
relaxation data is a powerful approach for characterizing the
dynamics. The parameters extracted from a three-state fit of
CPMG NMR data can be directly related to the physical pa-
rameters describing the exchange process only if additional
chemical shift, kinetic, or thermodynamic information is
available. By applying CPMG and LOSMQ methods to
PBX-HD, we found that in the absence of binding partners,
the protein exchanges among three states: a highly populated
one in which the C-terminal extension is unfolded, a second in
which the C-terminal extension forms an alpha helix and like-
ly mediates activation of DNA- and Hox-binding surfaces,
and a third in which the C-terminal extension is misfolded.
This combination of exchange between high and low binding
affinity forms with additional conformational equilibria repre-
sents a hybrid of traditional and more recent conformational
ensemble views of allostery.

Compliance with Ethical Standards

Funding This research was supported by the National Science and
Engineering Research Council (NSERC, Canada, grant number
327028-09). A.M. is a member of Groupe de Recherche Axé sur la
Structure des Protéines (GRASP). NMR experiments wererecorded at
the Québec/Eastern Canada High Field NMR Facility, supported by
McGill University and GRASP.

Conflict of interest Anthony Mittermaier declares that he has no con-
flict of interest. Patrick Farber declares that he has no conflict of interest.

Ethical approval This article does not contain any studies with human
participants or animals performed by any of the authors.

References

Baldwin AJ (2014) An exact solution for R2, eff in CPMG experiments in
the case of two site chemical exchange. J Magn Reson 244:114—124

Boehr DD, Nussinov R, Wright PE (2009) The role of dynamic confor-
mational ensembles in biomolecular recognition. Nat Chem Biol 5:
789-796

Bruschweiler S, Schanda P, Kloiber K, Brutscher B, Kontaxis G, Konrat
R, Tollinger M (2009) Direct observation of the dynamic process
underlying allosteric signal transmission. J] Am Chem Soc 131:
3063-3068

Carver JP, Richards RE (1972) A general two-site solution for the chemial
exchange produced dependence of T2 upon the Carr-Purcell pulse
separation. ] Magn Reson 6:89-105

Chang CP, Shen WF, Rozenfeld S, Lawrence HJ, Largman C, Cleary ML
(1995) Pbx proteins display hexapeptide-dependent cooperative
DNA binding with a subset of Hox proteins. Genes Dev 9:663—-674

Cornilescu G, Bax A (2000) Measurement of proton, nitrogen, and car-
bonyl chemical shielding anisotropies in a protein dissolved in a
dilute liquid crystalline phase. ] Am Chem Soc 122:10143-10154

Farber PJ, Mittermaier A (2011) Concerted dynamics link allosteric sites
in the PBX homeodomain. J Mol Biol 405:819-830

Farber P, Darmawan H, Sprules T, Mittermaier A (2010) Analyzing pro-
tein folding cooperativity by differential scanning calorimetry and
NMR spectroscopy. ] Am Chem Soc 132:6214-6222

Farber PJ, Slager J, Mittermaier AK (2012) Local Folding and
Misfolding in the PBX Homeodomain from a Three-State
Analysis of CPMG Relaxation Dispersion NMR Data. J Phys
Chem B 116:10317-10329

Farrow NA, Zhang O, Forman-Kay JD, Kay LE (1994) A heteronuclear
correlation experiment for simultaneous determination of 15N lon-
gitudinal decay and chemical exchange rates of systems in slow
equilibrium. J Biomol NMR 4:727-734

Farrow NA, Zhang O, Szabo A, Torchia DA, Kay LE (1995) Spectral
density function mapping using 15N relaxation data exclusively. J
Biomol NMR 6:153-162

Green NC, Rambaldi I, Teakles J, Featherstone MS (1998) A conserved
C-terminal domain in PBX increases DNA binding by the PBX
homeodomain and is not a primary site of contact for the YPWM
motif of HOXAL. J Biol Chem 273:13273-13279

Grey MJ, Wang C, Palmer AG 3rd (2003) Disulfide bond isomerization
in basic pancreatic trypsin inhibitor: multisite chemical exchange
quantified by CPMG relaxation dispersion and chemical shift
modeling. J] Am Chem Soc 125:14324-14335. This presents
CPMG relaxation dispersion equations for systems undergoing lin-
ear three-state exchange in the fast timescale regime. Simulations
show that when the two exchange pathways differ by about an order
of magnitude in timescale, relaxation dispersion profiles are clearly
biphasic. As described in this review, biphasic dispersion profiles
can manifest as offsets between CPMG- and LOSMQ-derived 15N
transverse relaxation rates, R2

Hansen DF, Yang D, Feng H, Zhou Z, Wiesner S, Bai Y, Kay LE (2007)
An exchange-free measure of 15N transverse relaxation: an NMR
spectroscopy application to the study of a folding intermediate with
pervasive chemical exchange. ] Am Chem Soc 129:11468-11479.
This describes a suite of four NMR spin relaxation experiments that
yield 15N transverse relaxation rates that are free from conforma-
tional exchange contributions. These can be combined with addi-
tional spin relaxation experiments and CPMG data to characterize
microsecond timescale and multi-site exchange processes

Hansen AF, Vallurupalli P, Kay LE (2008a) An improved N-15 relaxation
dispersion experiment for the measurement of millisecond time-
scale dynamics in proteins. J Phys Chem B 112:5898-5904. This
describes an 15N CPMG experiment in which 1H decoupling ap-
plied during the 15N relaxation delay provides several advantages.
Firstly, the experiment is capabale of characterizing slow (=5-50 s-1)
motions with greater accuracy. Secondly, unlike previous CPMG
experiments, it measures true 15N transverse relaxation rates that
may be compared quantitively to those obtained from different
NMR techniques

Hansen DF, Vallurupalli P, Kay LE (2008b) An improved 15N relaxation
dispersion experiment for the measurement of millisecond time-
scale dynamics in proteins. J Phys Chem B 112:5898-5904

Ishima R, Torchia DA (2006) Accuracy of optimized chemical-exchange
parameters derived by fitting CPMG R2 dispersion profiles when
R2(0a) not = R2(0b). J Biomol NMR 34:209-219

Knoepfler PS, Kamps MP (1995) The pentapeptide motif of Hox proteins
is required for cooperative DNA-binding with Pbx 1, physically con-
tacts Pbx1 and enhances DNA-binding by Pbx1. Mol Cell Biol 15:
5811-5819

Korzhnev DM, Salvatella X, Vendruscolo M, Di Nardo AA, Davidson
AR, Dobson CM, Kay LE (2004) Low-populated folding

@ Springer



200

Biophys Rev (2015) 7:191-200

intermediates of Fyn SH3 characterized by relaxation dispersion
NMR. Nature 430:586-590

Koshland DE Jr, Nemethy G, Filmer D (1966) Comparison of experi-
mental binding data and theoretical models in proteins containing
subunits. Biochemistry 5:365-385

Kroenke CD, Loria JP, Lee LK, Rance M, Palmer AG (1998)
Longitudinal and transverse H-1-N-15 dipolar N-15 chemical shift
anisotropy relaxation interference: Unambiguous determination of
rotational diffusion tensors and chemical exchange effects in biolog-
ical macromolecules. ] Am Chem Soc 120:7905-7915

Kumar S, Ma B, Tsai CJ, Sinha N, Nussinov R (2000) Folding and
binding cascades: dynamic landscapes and population shifts.
Protein Sci 9:10-19

Lefstin JA, Yamamoto KR (1998) Allosteric effects of DNA on transcrip-
tional regulators. Nature 392:885-888

Loria JP, Rance M, Palmer AG 3rd (1999) Transverse-relaxation-opti-
mized (TROSY) gradient-enhanced triple-resonance NMR spec-
troscopy. J Magn Reson 141:180-184

Luz Z, Meiboom S (1963) Nuclear magnetic resonance study of
protolysis of trimethylammonium ion in aqueous solution-order of
reaction with respect to solvent. J Chem Phys 39:366-370

McConnell HM (1958) Reaction rates by nuclear magnetic resonance. J
Chem Phys 28:430-431

Monod J, Wyman J, Changeux JP (1965) On the nature of allosteric
transitions: a plausible model. J Mol Biol 12:88-118

Mulder FA, Mittermaier A, Hon B, Dahlquist FW, Kay LE (2001)
Studying excited states of proteins by NMR spectroscopy. Nat
Struct Biol 8:932-935

Neudecker P, Korzhnev DM, Kay LE (2006) Assessment of the effects of
increased relaxation dispersion data on the extraction of 3-site ex-
change parameters characterizing the unfolding of an SH3 domain. J
Biomol NMR 34:129-135

Nussinov R, Tsai CJ, Xin F, Radivojac P (2012) Allosteric post-transla-
tional modification codes. Trends Biochem Sci 37:447-455

@ Springer

Nussinov R, Ma B, Tsai CJ, Csermely P (2013) Allosteric conformational
barcodes direct signaling in the cell. Structure 21:1509-1521

Palmer AG 3rd, Massi F (2006) Characterization of the dynamics of
biomacromolecules using rotating-frame spin relaxation NMR spec-
troscopy. Chem Rev 106:1700-1719

Palmer AG, Kroenke CD, Loria JP (2001) NMR methods for quantifying
microsecond-to-millisecond motions in biological macromolecules.
Meth Enzymol 339:204-238

Piper DE, Batchelor AH, Chang CP, Cleary ML, Wolberger C (1999)
Structure of a HoxB1-Pbx1 heterodimer bound to DNA: role of
the hexapeptide and a fourth homeodomain helix in complex forma-
tion. Cell 96:587-597

Popovych N, Sun S, Ebright RH, Kalodimos CG (2006) Dynamically
driven protein allostery. Nat Struct Mol Biol 13:831-838

Smock RG, Gierasch LM (2009) Sending signals dynamically. Science
324:198-203

Sprules T, Green N, Featherstone M, Gehring K (2003) Lock and key
binding of the HOX YPWM peptide to the PBX homeodomain. J
Biol Chem 278:1053-1058

Sugase K, Dyson HJ, Wright PE (2007) Mechanism of coupled folding
and binding of an intrinsically disordered protein. Nature 447:1021—
u1011

Tzeng SR, Kalodimos CG (2009) Dynamic activation of an allosteric
regulatory protein. Nature 462:368-372

Tzeng SR, Kalodimos CG (2013) Allosteric inhibition through suppres-
sion of transient conformational states. Nat Chem Biol 9:462—465

Vallurupalli P, Bouvignies G, Kay LE (2012) Studying “invisible” excit-
ed protein states in slow exchange with a major state conformation. J
Am Chem Soc 134:8148-8161

Volkman BF, Lipson D, Wemmer DE, Kern D (2001) Two-state allosteric
behavior in a single-domain signaling protein. Science 291:2429—
2433

Wang C, Grey MJ, Palmer AG 3rd (2001) CPMG sequences with
enhanced sensitivity to chemical exchange. J Biomol NMR
21:361-366



	Relaxation dispersion NMR spectroscopy for the study of protein allostery
	Abstract
	Introduction
	Relaxation dispersion NMR
	Two site exchange
	Three state exchange
	Global fitting
	Experimental determination of R20 – LOMSQ experiments

	Application to the PBX1 homeodomain
	Allostery mediated by a helix/coil transition
	PBX-HD transient local misfolding

	Conclusions
	References


