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Abstract: The three-dimensional structures of macromolecules fluctuate over a wide range of time-scales.
Separating the individual dynamic processes according to frequency is of importance in relating protein
motions to biological function and stability. We present here a general NMR method for the specific
characterization of microsecond motions at backbone positions in proteins even in the presence of other
dynamics such as large-amplitude nanosecond motions and millisecond chemical exchange processes.
The method is based on measurement of relaxation rates of four bilinear coherences and relies on the
ability of strong continuous radio frequency fields to quench millisecond chemical exchange. The utility of
the methodology is demonstrated and validated through two specific examples focusing on the thermo-
stable proteins, ubiquitin and protein L, where it is found that small-amplitude microsecond dynamics are
more pervasive than previously thought. Specifically, these motions are localized to o helices, loop regions,
and regions along the rim of  sheets in both of the proteins examined. A third example focuses on a 28
kDa ternary complex of the chaperone Chz1 and the histones H2A.Z/H2B, where it is established that
pervasive microsecond motions are localized to a region of the chaperone that is important for stabilizing
the complex. It is further shown that these motions can be well separated from extensive millisecond
dynamics that are also present and that derive from exchange of Chz1 between bound and free states.
The methodology is straightforward to implement, and data recorded at only a single static magnetic field

are required.

Introduction

Macromolecules such as proteins populate many microstates
that differ in structure and energy. Molecular function is often
dictated by the relative populations of these diverse states and
their rates of interconversion, ranging from the nanosecond time-
scale in the case of domain rearrangements to orders of
magnitude slower for protein unfolding events.' * Indeed, there
is now increasing evidence to suggest that microsecond—milli-
second (us—ms) time-scale dynamics are used to navigate
complex energy landscapes so as to connect various functional
states.”’ A rigorous characterization of these dynamic processes
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is therefore a prerequisite for understanding protein function.
Nuclear magnetic resonance (NMR) spectroscopy,®® fluores-
cence spectroscopy (including fluorescence correlation spectros-
copy),'®"? and vibrational spectroscopy'*'> have emerged as
powerful techniques for characterizing the motions of macro-
molecules in solution. However, NMR spectroscopy is often
the method of choice because site-specific dynamics information
can be obtained at many positions throughout the molecule, often
over a wide range of motional time-scales. Yet, it is precisely
the sensitivity of the NMR method to this broad spectrum of
time-scales that can make data analysis complex.

Consider the case of a protein tumbling in solution with an
anisotropic diffusion tensor. Traditionally, backbone amide '*N
Ry, R,, and steady-state 'H—'SN NOE experiments'® are
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recorded, often at more than one static magnetic field strength,
from which both site-specific internal “fast” dynamics (pico-
to nanoseconds, ps—ns) parameters are extracted, as well as
the principal components and orientation of the diffusion tensor.
The obtained transverse relaxation rates are also sensitive to
processes occurring on slower time-scales (¢s—ms) that give
rise to a contribution to R,, R.y, which is also fitted. In cases
where us—ms exchange is pervasive, such as for partially
unfolded proteins, or even in certain regions of folded domains,
it can be difficult to separate the different time-scale processes
(ps—ns from us—ms) in an accurate manner. Over the past
decade, a number of NMR methods have been developed to
address this issue. Original approaches were based on the
measurement of N, 'H dipole—'>N chemical shift anisotropy
cross-correlated relaxation interference'” ' that is independent
of chemical exchange. A more recent method, developed in our
laboratory, measures the decay rates of four coherences,
R>(2H,N,), R,(2H.N,), R,(2H,N,), R1(2H_N,) (see below), which
can be combined in such a way so that contributions to
relaxation from only pure dipolar interactions remain (that is,
the effects of exchange are subtracted out). It is also possible,
however, to take a separate linear combination of these four
rates so that site-specific values for exchange contributions on
the us time-scale, Ry s, are isolated, which forms the basis for
the studies reported here.

There are a number of distinct advantages in using this (four-
rate) approach to quantify exchange in proteins. First, the rates
are already available as part of a larger study of ps—ns time-
scale dynamics. Second, they can be recorded at only a single
static magnetic field strength and with a single carrier offset.
In contrast, other approaches such as those that extract exchange
contributions from transverse relaxation rates are often based
on measurements at multiple fields and assumptions about the
time-scale of the chemical exchange process. Third, measure-
ments such as off-resonance relaxation dispersion, which are
complementary, require much longer measurement times be-
cause both the offset and the spin-lock field strength must be
varied, with spin-lock field strengths that are significantly larger
than the exchange process employed.

Herein, we establish the utility of this approach for measuring
microsecond chemical exchange processes with a series of
applications that quantify such dynamics in a pair of well-folded
and thermally stabile proteins, human ubiquitin and the Bl
immunoglobulin binding domain of peptostreptococcal protein
L (protein L). We first cross-validate the methodology by
comparing R, rates measured on these proteins using two
different approaches, emphasizing that the new measurements
eliminate the limitations of previous experiments that focus on
extraction of exchange contributions from quantification of the
magnetic field dependence of transverse relaxation rates. A
major conclusion of the present study is that, despite the fact
that both ubiquitin and protein L have been thought of in the
past as rigid entities, with little dynamics of interest, the work
here establishes that microsecond time-scale motions are present
in o helices, loop regions, and in the rims of 3 sheets in both
of these molecules, emphasizing that such dynamics are a likely
feature of all proteins. In this regard, the results are consistent
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with elegant studies of Griesinger and co-workers based on
residual dipolar coupling measurements in ubiquitin that make
clear the importance of motion in the function of this protein.”
A second application is presented involving the characterization
of microsecond motions in the histone chaperone Chz1?° in
complex with the variant histone H2A.Z-H2B. We show that
such dynamics can be separated from pervasive contributions
to 1N linewidths from millisecond time-scale motions that report
on the association/dissociation process of the chaperone and
from extensive nanosecond processes that vary significantly
along the protein backbone.?'

Results and Discussion

Isolation of Exchange Contributions. Molecular motions
modulate the interactions between NMR active nuclei, leading
to the relaxation of nuclear spins. Thus, accurate measurement
of nuclear relaxation rates provides an avenue for probing
molecular dynamics over a wide range of time-scales, from
picoseconds to seconds. Micro- to millisecond time-scale
chemical exchange processes (often referred to as “slow
motions”) enhance transverse nuclear relaxation rates, while
motions with time-constants from picoseconds to nanoseconds
(“fast motions™) affect both longitudinal and transverse relax-
ation rates. A separation of different motional processes can be
difficult in cases where large amplitude ps—ns and pervasive
ms time-scale dynamics are present because contributions to
the transverse relaxation rate from the slow motions (line
broadening) and the fast motions (line narrowing) tend to cancel.

Previously, an approach for achieving this separation was
described on the basis of recording four relaxation rates,
corresponding to R,(2H.N,), R,(2H.N,), R,(2H,N,), and
R\(2H.N,), where R, »(2H,N,) is the autorelaxation rate of the
coherence 2H,N, and H, and N, are the canonical Cartesian
product operator density elements.”” Two-dimensional NMR
experiments for measuring these rates have been described in
detail previously.”* As described there, and below, the R,(2H,N.)
rate is derived from the related rotating frame relaxation rate
R,,(2H".N,) that is measured in the presence of a continuous
'H spin-lock radio frequency field, R»(2H.N,) follows from
R1,(2H.N",), while R,(2H,N,) is determined from R;,2(2H".N",)
that is measured in the presence of a double {'H,' N} spin-
lock. The individual autorelaxation rates®*~2° of the four relevant
coherences above are given by

d2
R(QHN) = %(61(%) + 6J(wy) + EIwy) + Ay + Ay
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d2
R,2H\N,) = %(41(0) + Jwy — wy) + 3wy +

6J(wy + wy) + RJwy) + By + Ay + R HY)  (2)

d2
R,2HN)) = %(41(0) + Jwy — oy) + 3wy +
2
C
6J(wy + wy) + EN(4J(O) + 3J(wy) + Oy + Ay +

R o(NY ()

d2
R,QHN,) = %(31(%) + Jwy — wy) + 3wy +
2
6J(wy + wy)) + %(41(0) + 3J(wy) + Oy + Oy +

R ,(ZHN) (4)

where dHN = (/40/4Jr)hyHerﬁﬁ;, CN — B()'}/NAO'N\/((I + 7]2N/3)/3),
o is the permeability of free space, A is Planck’s constant
divided by 27, yy and yy are the magnetogyric ratios of 'H
and N, respectively, ryy is the vibrationally averaged distance
between 'H and "N nuclei, By is the static magnetic field
strength, Aoy = 011n — (022N T+ 0338)/2 (shift anisotropy), and
1N = (028 — 03N)/(0118 — Oion) (reduced asymmetry), where
011N, OnNs and o33 N are the principal components of the nitrogen
CSA tensor**?” and oi,n = 1/3(011n + 0nn + 033n). The
power spectral density function, J(w), describes the frequency
distribution of the stochastic motions that modulate both the
'"H—N dipole—dipole and the '’N CSA interactions and in its

simplest form is given by***’
St (1= s,
J(w) = 2 Cz 2 2 2 27 I/T,e = ]/TC + I/Te
S+ o’z 1+ o’t?

®)

where S is an order parameter describing the amplitude of ps—ns
motions occurring on the time-scale 7., and 7¢ is the correlation
time for the assumed isotropic motion. In what follows, the
specific form of J(w) is arbitrary, that is, the dynamics could
be more complex than what is “captured” by eq 5; this has no
effect on the robustness of the extracted exchange contributions
because the only assumption about the spectral density function
made below is that J(w) o< 1/w? for @ > wy + wn.%" The
contributions to the longitudinal relaxation of the 'H ('’N) spin
from interactions with external spins are given by Ay (Ax), while
¥y and Yy are additions to 'H and "N transverse relaxation
rates, respectively, that result from interactions with proximal
external spins and from other magnetization leaking mecha-
nisms, such as exchange with the solvent. Finally, R, ,(H.) and
Rexp(N,) are contributions to the R,(2H\N;) and R»(2H.N,)
relaxation rates, respectively, which originate from chemical
exchange processes that are measured in the presence of 'H
and N spin-lock fields (see above). The corresponding
contribution to the rate Rex ,(2H,N,) can be written to very good
approximation as Rey ,(H,) + Rex ,(N,) that follows directly from
the fact that relaxation rates are measured under spin-locking
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conditions (see Supporting Information). In eqs 1—4, we have
neglected contributions to relaxation from '"H CSA; however,
these subtract out in what follows below.

Previously, we showed that it is possible to isolate a pure
dipole—dipole “chemical exchange-free” measure of >N back-
bone transverse relaxation, Ryq:

R4y = (172)[R,(2HN)) + R,(2HN,) — R,(2H\N,) —
R,2HN)] (6)

with small systematic errors due to cross-relaxation between
amide protons and proximal proton spins minimized by record-
ing spectra on proteins with deuteration levels of 50% or higher.
We now turn our attention to quantification of the chemical
exchange contribution to nitrogen transverse relaxation, Rey o(N,),
that reports on micro-millisecond time-scale motions in
proteins.>* ** A linear combination of eqs 1—4 is constructed
that isolates R ,(N,) according to (see Supporting Information):

2
¢
Ry (N + Oy = %{RI(ZHZNZ)(—l + 2N ) + R,(2HN,) x
HN
4012\, CIZ\I
1 - — + R,2HN)| -1 — — + R,(2HN) x
HN HN
CIZ\I 2 2
1+ Iy + Ay — 0.035Qd;y — 4c)J(0.87wy)  (7)
HN

with each of the terms defined above and where the high
frequency spectral density elements, J(wy + wn), J(wn), and
J(wy — o), have been combined using the relation J(ew) ~
(0.87/€)2J(0.87wy).}*>3° For macromolecules, 0.035(3dhn —
4c%)J(0.87wy) and Ay can be neglected; for example, in the case
of ubiquitin at 298 K, for which 7c &~ 5 ns (278 K; 7¢c =~ 9 ns),
0.0353din — 4ck)J(0.87wy) = 1.6 x 107271 £ 7 x 107 57!
(9 x 107*s7" £ 5 x 107* s7!) on average, and this term will
only get smaller with proteins of increasing size. Contributions
to transverse relaxation of >N from external spins 1y can be
minimized by using highly deuterated samples (discussed
previously in the context of measuring Ryq).>* From the X-ray
structure of protein L and using a value of $* = 0.85 for all
5N-distal proton interactions, a maximum value of ¥y = 0.05
(0.1) s™!is calculated at 298 (278 K), assuming that the protein
is deuterated at all positions other than amides, well below the
accuracy of measurement of us exchange contributions (see
Supporting Information). In principle, ¥y can be separated from
Rex p(N,) if measurements are carried out at multiple static
magnetic fields and if the field dependencies of the individual
contributions are known and are different. For example, for both
ubiquitin and protein L considered here, Rey ,(N,) o< By (see
below), while remote dipolar contributions are field independent.
In what follows, we have assumed ¥y = 0.

From the above discussion, it follows that to excellent
approximation:
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1 ci
Rex,p(Nx) - E RI(Q'HZNZ) -1+ —+
HN
4¢3 2
N CN
R,CHN|1 — —2) +R,CHN)|—1 — — | +
3din .
&
R,CHN)|1 + — (8)
HN

It is worth reemphasizing that eq 8 is derived under the
assumption that R ,(2H,N,) is very well approximated by
Rex o(H,) + Rex ,(N,). That this is the case under the spin-locking
conditions used experimentally is established in the Supporting
Information. From eq 8, it is clear that accurate values of both
cn and dyy are required to obtain meaningful R., , rates. So long
as the “correct” values are used, it is straightforward to show
directly from eq 8 that Ry, isolated from the four R;,(2H,N,)
rates is independent of molecular tumbling and fast internal
dynamics. That is, exchange contributions are completely
isolated from ps—ns time-scale motions. However, values of
Aoy are known to vary between residues with Agy, = —172
ppm,?’373" rmsd (Aon) ~ 10 ppm, leading to some uncertainty
in calculated R ,(N;) rates. In general, if a value of cy is used
in eq 8, while the correct value is ¢, then the error in the
calculated Rex, rate, ARex p(Ny) = Rexp(CN) — Rexp(€), is given
by

AR, (N = 2 = DIy = 40)  ©)

so that slightly negative values of AR ,(N,) are derived when
the assumed |Aonl is larger than the actual value, for example.
Thus, R, rates may have some dependence on molecular
tumbling that reflects the errors in CSA and bond lengths used
in the analysis. It is thus conceivable that even in the absence
of chemical exchange, nonzero values of R, , could be obtained
(see below). It is worth noting that the same situation occurs,
of course, in the measurement of exchange contributions to
relaxation from R;, R, and 'H—'°N NOE data sets, where
uncertainties in constants result in a “mixing” of ps—ns and
exchange dynamics as well.

In principle, information about residue-specific variations in
Aoy can be obtained from experiments based on dipole-CSA
cross-correlated relaxation,>® such as those that measure Mxys
for example, and subsequently used in analyses that quantify
exchange. However, small variations in the angle between the
axial component of the CSA tensor and the 'H—'>N bond vector,
and differences in intrinsic dynamics on a per-residue basis,
prevent an accurate determination of residue-specific Aoy from
this experiment alone. Rather than attempting to obtain residue-
specific Aoy values and incorporate these into the calculation,
we prefer to estimate the uncertainty in R, ,(N,) values based
on the rmsd of experimentally determined Aoy and the known
dynamics parameters of each protein using eq 9. In what follows,
we have used Aoy, = —172 ppm, ryy = 1.02 A.

As described above, R,(2H,N,) and R,(2H,N,) relaxation rates
used to quantify R ,(N,) are recorded in the presence of a
nitrogen spin-lock field that quenches contributions from
exchange processes with rate constants smaller than the spin
lock field strength.®® Typically, a 2 kHz "N spin lock field is
applied, so that the resulting exchange contribution calculated
from eq 8 is only sensitive to exchange processes faster than
~2000 s~!. More quantitatively, for the case of a system
undergoing exchange between two sites, A = B, with forward
rate k, and reverse rate kg, this contribution is given by*°

pApBAw2kex

—— (10)
QL + vy + K2,

Rex,p(Nx) =

where Aw = Qp — Q,, with Q, and Qp the offsets of the PN
resonance frequencies of sites A and B (rad/s) from the nitrogen
spin-lock carrier, wgy, is the field strength of the spin-lock field
(rad/s), kex = ka + kg is the rate of exchange, and the population
of the minor state is pg = kalkex and pa = 1 — pg. Thus, in
concert with eq 8, the four relaxation rates R »(2H,N,) provide
a way to measure contributions from exchange on the order of
or faster than ~wg . The time-scale of the processes contributing
to Rex, can be estimated in a number of ways. For exchange
events with frequencies on the order of wsg/(27), relaxation
dispersion experiments are powerful for quantifying the ex-
change time-scale.*'*? In cases were both us and ms processes
are present, the exchange parameters isolated from fits of
relaxation dispersion profiles can be used to estimate the small
contributions to measured R, ,(N,) rates from the ms time-scale
process (via eq 10) and subtracted from measured R, values
to “isolate” contributions from us exchange exclusively, as
described later in the text. Further insight can be obtained by
measuring R, ,(N,) for different offsets of the nitrogen rf-carrier
(Qg) and/or different nitrogen spin-lock strengths (ws ) to extract
ke in cases where ke, < 25 000 s~'.** Note that only R,(2H,N,)
and the R,(2H,N,) must be measured as a function of {Qg, ws; },
because R;(2H,N,) and R,(2H,N,) rates are independent of the
nitrogen spin-lock strength and carrier offset. If no variation is
observed in Rex ,(N,), then it follows that k% > w3, + Q3, and
exchange parameters ke, py, and Aw are unfortunately insepa-
rable. If it can be argued that a range of residues are all affected
by the same chemical exchange process, as seen previously,***
then the observed Rey ,(N,), which is proportional to Aw?, can
be used to obtain qualitative information on the structural
changes that are involved in the transition. Below we have not
attempted to determine the individual exchange parameters, but
rather show that accurate R ,(N,) can indeed be obtained.
Validation of the Methodology. In what follows, we consider
a pair of proteins, protein L and human ubiquitin, where the
exchange contribution R ,(N,) can be quantified both from the
measurement of the rates described above (eq 8) and from an
independent set of experiments, outlined below. It is known
from previous studies that chemical exchange processes for both
of these proteins are in the fast-exchange regime, that is, ke, >
Aw. For ubiquitin, residues 23—25, 55, and 70 undergo
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exchange with a rate constant ke, ~ 25 000 s™" at 280 K;*’ thus, gElE T e
ws1? + kex? > Qp? s0 that Ry ,(N,) < By>. Moreover, we have = a RMSD =0.41s71 -
used amide proton R, experiments*® to probe exchange in ®
protein L. A pair of exchange processes are found, including -
one affecting the relaxation of residues 4—7 and a second in 'E,: i:
the vicinity of residues 51—53, with rates of ~8000 and x<
~37 000 s~!, respectively (see Supporting Information), so that At
Rex,, o< By’ in this case as well. 4 Q‘
Because the fast exchange condition applies for both ubiquitin s
and protein L (although not in general for all proteins, see &
below), Rex ,(N;) can be measured using a second approach for =
these proteins distinct from the one described above, in which
the exchange contribution is extracted from SN R;, Ry, E
relaxation rates and steady-state 'H—""N NOE values measured 2
at multiple magnetic fields,? using the relation Rey ,(N,) o< By? E
(see below). The rotating frame relaxation rate is given by = g
= 8
R\, (N) = R,(N,) cos” 0 + Ry(N,) sin’ 0 (11) % d
T =
where tan 6 = wg /Q and Q = psQa + ppp is the offset of the i:
exchange averaged resonance position from the carrier (rad/s). In %
eq 11, & L | .

2

d 2
R,N) = (% + %)(41(0) + 3J(wy) +

1.34942,J(0.87wy) + R, (N + 9y (12)

ex,p
where the high-frequency spectral density terms, J(wy + ),
J(wy), and J(wg — o), have been combined into a term
proportional to J(0.87wy), as described above. A spectral density
mapping of R, Ry, and "H—""N NOE values measured at static
magnetic fields of 11.7 and 18.8 T (six measurables) into five
discrete values of the power spectral density function {J(0),
J(on,i171), J(nasst), J0.87w171), J(0.87wy 181)} and an ad-
ditional parameter that accounts for the exchange, &, where R, ,(N.)
= EBy, is performed that then allows the determination of Rex o(N.)
from the relaxation data. Figure 1 illustrates the comparison of
Rex ,(N,) values derived from the four R, »(2H,N,,) relaxation rates
measured at 18.8 T (eq 8) and from spectral density mapping of
Ry, Ry,, and 'H—""N NOE data recorded at 11.7 and 18.8 T for
both ubiquitin (Figure 1a) and protein L (Figure 1b). Overall, there
is a very good correlation between R, ,(N,) rates derived by the
two different methods, cross-validating the present approach. A
similar plot is shown in the Supporting Information where R ,(N)
rates derived from R;,(2H,N,) values measured at 11.7 T are
compared to the corresponding R rates derived from spectral
density mapping of R;, R;,, and 'H—'"°N NOE data. Remarkably,
even very small R, ,(N,) contributions are determined accurately,
and the agreement between the two methods is high once again.
What then is the advantage of measuring {R, »(2H,N,)}? First, the
four R;»(2H,N,) values need be acquired at only one static
magnetic field strength, in this case 18.8 T (Figure 1, or 11.7 T as
in the Supporting Information), obviating the need for data at two
or more fields that are necessary in the spectral density mapping
approach. This is a considerable benefit because it avoids errors
associated with different spectrometer usage (temperature differ-
ences, slight differences in wg, values between the measurements
at different fields) that can become important for the quantification
of small exchange contributions. In addition, assumptions about
the dependence of R..,(N,) on By are not needed (here we have
shown that the quadratic dependence is justified, but this will not

(45) Massi, F.; Grey, M. I.; Palmer, A. G. Protein Sci. 2005, 14, 735-742.

2 3 4
Raxp(Nx) (8~1); [Ryp, Ry, NOE] @ 11.74T and 18.79T

Figure 1. Exchange contributions R.,,(N,) obtained from measurement
of residue-specific R,(2H,N,), R,(2H.N,), R,(2H,N,), and R,(2H.N,) relax-
ation rates at a magnetic field strength of 18.8 T (y-axis) agree with the
corresponding values isolated from N R;, "N R;,, and 'H—"N NOE
measurements at two static magnetic fields (11.7 and 18.8 T) for U-?H,"”N-
labeled human ubiquitin (a) and U-?H,'’N-labeled protein L (b), 278 K. A
5N spin-lock field strength of 2 kHz was used for all experiments. The
dashed lines correspond to y = x, and the rmsd is calculated as
VEx — vi)?/N). The inset in (a) shows an expansion of the region
corresponding to small R ,(N,) rates. A similar plot is shown in the
Supporting Information where R, (N,) was obtained from R,(2H,N.),
R,(2H.N,), R,(2H,N,), and R;(2H_N.) relaxation rates measured at a magnetic
field strength of 11.7 T.

be the case in general®®). One might argue that an appropriate spin-

lock field strength, wg, can be chosen in a conventional R;,
experiment to ensure that Ry, is always proportional to By’ (see eq
10). However, because in practice chemical shifts of the excited
state are likely not to be available, strong spin-lock fields (3 kHz)
must be used to ensure that R , follows a quadratic B, dependence.
Of course, the application of such strong fields would exacerbate
the difficulties in ensuring identical sample temperatures for
experiments recorded at the multiple magnetic fields, a requirement
for the R, analysis. Moreover, very strong fields lead to efficient
quenching of the exchange effect that is to be measured in the
first place. The approach described here where four R, ,(2H,N,,)
rates are measured at a single field avoids these issues.

Studies of Ubiquitin and Protein L Establish Significant
Microsecond Fluctuations Even in These Thermostable
Proteins. Residue-specific Ry ,(N,) rates, obtained from mea-
sured R;»(2H,N,) values, are shown for ubiquitin (at 278 K,
Figure 2a; and 298 K, Figure 2c¢) and for protein L (278 K,
Figure 2b). The error introduced due to the uncertainty in the
magnitude of the CSA, dcsa (site-specific variation in Aoy of
+10 ppm?”*737), is combined with each residue-specific
experimental error in Rey,(N,), Ogy, (red vertical bars), to
generate the total error Oto = v (Ofxp T OZsa), shown as light
blue error bars in Figure 2. From eq 9, it is clear that dcsa
depends on the rotational correlation time. Herein, we have
assumed that Ocsa corresponds to an error in the assumed Aoy
value of 10 ppm so that dcsy ~ 0.4 s™! for ubiquitin at 278 K
(Figure 2a), ~ 0.5 s™! for protein L at 278 K (Figure 2b), and
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Figure 2. Residue-specific microsecond chemical exchange contributions,
Rexo(N,), derived from the four relaxation rates R,(2H.N,), R,(2H.N,),
R>(2H,N,), and R,(2H.N.) for (a) human ubiquitin at 278 K, (b) protein L
at 278 K, and (c) ubiquitin at 298 K. The inset in (c) is a comparison of
Rex ,(N,) derived at 278 K versus R o(N,) derived at 298 K for ubiquitin.
An PN spin-lock field strength of 2 kHz was used to monitor the R,(2H.N,)
and R,(2H,N,) rates. The red error bars correspond to the experimental error
in the determination of Re,(N,), while the blue error bars include both
experimental errors and errors introduced by the uncertainty in Aoy (£10
ppm), as described in the text.

A~ 0.25 s7! for ubiquitin at 298 K (Figure 2c). Only those
residues for which Rex y(Ny) — Ot > O are considered to show
exchange.

Several residues of human ubiquitin have previously been
identified to exhibit chemical exchange (e.g., 23—25, 43, 45,
55, and 70), and clearly these residues show large Rey,(N,)
contributions in Figure 2a. However, many more residues show
significant exchange contributions, such as 9—14. Similarly,
many significant R, ,(N;) values are observed for protein L
(Figure 2b), in particular for residues in the a helix region that
includes amino acids 25—42. Thus, for both of these proteins,
microsecond chemical exchange seems to be localized to a
helical and loop regions and is certainly much more extensive
than observed before.

It is worth noting that the derived exchange contributions
cannot be due to simple exchange of amide protons with solvent,
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because such contributions will rigorously cancel in the linear
combination of eqs 7 and 8. Neither can protein aggregation be
a factor because R ,(N,) is independent of overall protein
concentration over the 3—4-fold concentration range examined
for both ubiquitin and protein L (see Supporting Information).
Large site-specific variations of Aoy suggested earlier*®™*® could
explain some of the chemical exchange contributions observed
in Figure 2; however, to account for all of the residues not
previously identified as undergoing exchange,*’ an average value
of (Ag) = —179 ppm (ubiquitin) and (Ac) = —186 ppm (protein
L) must be used, at variance with previous solid-state®*>” and
solution-state NMR studies.?” Further evidence that the elevated
Rex o(N,) rates are interpreted correctly in terms of microsecond
exchange comes from a temperature-dependent study of ubig-
uitin where R. ,(N,) is measured at 298 and 278 K. At the higher
temperature, the exchange contributions are attenuated as shown
in a comparison of Figure 2a and c, likely reflecting an in-
crease in ke, (eq 10). That exchange must be present can be
“visualized” in an alternate manner, as shown in the inset to
Figure 2c. Recall that the derived R, ,(N,) rates from eq 8 are
nonzero when the value of Aoy used differs from the actual
residue-specific CSA value, even in the absence of chemical
exchange. That is, REaed = Remeet + 1/6(ck — M3 (wn) —
4J(0)), eq 9. Moreover, assuming only very small changes in
internal dynamics with temperature, it follows that

<[4J(0) = 3J()]hosk
[4J(0) — 3J(wp )]sk

> =047 £0.02 (13)

$0 that RIcasured. 28 = () 47Rmeaswred.278 i the absence of exchange and
when o #= % Those residues for which Rexosx/Rexoisk values
significantly differ from 0.47 (Figure 2c, inset) must experience
microsecond exchange, and site-specific variation of Aoy cannot
explain the observed deviations. Indeed, Rexp(Nyog <
0.47R.x »(N,)27s for many of the ubiquitin residues with statisti-
cally significant Ry ,(N,) (Figure 2a,c, numbered residues). It
is worth noting that while Rey ,(Ny)208 < 0.47Rcy ,(N,)273 implies
exchange, residues for which Ry ,(Ny)208 = 0.47Rcx (Ny)273 may
also undergo exchange because contributions from exchange
and overall tumbling could scale approximately the same way
with temperature.

Color-coded values of Ry ,(N,) calculated from measured
Ri>(2H,N,,) rates using eq 8 are plotted on the structures of
ubiquitin (Figure 3) and protein L (Figure 4). It is clear that
residues with microsecond chemical exchange include those in
a-helices, loops, and to some extent on the strands that define
the “rim” of 3 sheets. By contrast, very limited us exchange is
present for amide nitrogens located in the core of § sheets. Of
interest, residues 9—14 in ubiquitin, which are shown here to
have elevated R, ,(N,) values, have been identified in a previous
study based on residual dipolar couplings to have enhanced
dynamics® and play a role in a conformational selection process,
which facilitates the binding of this protein to its many targets.>"
This study makes clear that even thermo-stable proteins that

(46) Fushman, D.; Tjandra, N.; Cowburn, D. J. Am. Chem. Soc. 1998, 120,
10947-10952.

(47) Hall, J. B.; Fushman, D. J. Am. Chem. Soc. 2006, 128, 7855-7870.

(48) Burton, R. A.; Tjandra, N. J. Biomol. NMR 2006, 35, 249-259.

(49) Cornilescu, G.; Marquardt, J. L.; Ottiger, M.; Bax, A. J. Am. Chem.
Soc. 1998, 120, 6836-6837.

(50) O’Neill, J. W.; Kim, D. E.; Baker, D.; Zhang, K. Y. J. Acta
Crystallogr., Sect. D: Biol. Crystallogr. 2001, 57, 480-487.

(51) Hicke, L.; Schubert, H. L.; Hill, C. P. Nat. Rev. Mol. Cell Biol. 2005,
6, 610-21.
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Rex,p(Nx) (s1)

Figure 3. Microsecond chemical exchange contributions for human
ubiquitin depicted on the 3D structure (pdb 1D3Z).*° The rims of the j
sheet, the a helix, and in particular the loop regions show significant Rey (N,
contributions due to microsecond molecular fluctuations, which are absent
from the protein core. The orientation in (a) is similar to that presented
previously in a study focusing on dynamics based on residual dipolar
couplings,” while (b) is a view from a different angle. Residues with large
Rex o(N,) are indicated on the structure. No data are available for residues
depicted with gray color.

Rex,p(Nx) (s1) +C

>2.0 I

15

0.5

0.0

Figure 4. Microsecond chemical exchange contributions for protein L
shown on the 3D structure (pdb 1HZ6).>° The loop regions and the o helix
between K28 and K41 show significant R, ,(N,) rates, which are absent in
the core of the 8 sheet. No data are available for residues depicted with
gray color.

have been thought previously to be very rigid, such as ubiquitin
and protein L, can have rather pervasive us dynamics. Indeed,
such a result must have been anticipated by the early pioneers
in the biomolecular NMR field,”> >* who showed that aromatic
groups in proteins can undergo a wide range of motions on very
different time-scales that must involve significant structural
rearrangements.

Microsecond Time-Scale Motions in a Histone—Chaperone
Complex. Many molecular complexes are dynamic over a wide
range of time-scales, and it is often of interest to separate the
different motional processes according to their frequencies. One
such complex involves the histone chaperone Chzl that
transports and delivers the variant histone H2A.Z to the
nucleosomal remodeling complex,?® which, in turn, inserts
H2A.Z into nucleosomes to alter levels of gene expression in
eukaryotic cells. The binding kinetics and in particular the

(52) Wauthrich, K.; Wagner, G. Trends Biochem. Sci. 1978, 3, 227-230.

(53) Campbell, 1. D.; Dobson, C. M.; Williams, R. J. P. Proc. R. Soc.
London, Ser. B 1975, 189, 503-509.

(54) Snyder, G. H.; Rowan, R.; Sykes, B. D. Biochemistry 1976, 15, 2275—
2283.

stability and dynamics of the Chz1:H2A.Z-H2B complex may
be key for understanding both the delivery process and the
function of this chaperone. Previous studies of the association/
dissociation reaction:*'

Kon

H2A.Z-H2B:Chzl

B H2A.Z-H2B + Chzl (14)
off

have established that ko = 22 £ 2 57!, kop = 108 = 107 M™!
s, and Kp = 0.22 + 0.02 uM, 35 °C. These values were
obtained by CPMG relaxation dispersion measurements that are
sensitive to the millisecond time-scale association/dissociation
that occurs when a near 1:1 mixture of chaperone and histone
is present. In addition to this process, there are significant “fast”
local fluctuations over a range extending from 100 ps to 2 ns,”
overall rotation of the complex (~12 ns), and, as we show
below, extensive us dynamics. The pico—nanosecond fluctua-
tions cause line narrowing of NMR signals, with both the
millisecond and the microsecond time-scale processes leading
to line broadening. The entanglement of these various processes
makes their separation challenging.

As described above, the key to the separation of us from ms
exchange events lies in the use of kHz spin-lock fields that
suppress contributions from the ms time-scale process. For N
experiments that monitor the fate of Chzl during the binding
reaction of eq 14, the exchange rate is given by kex = konX
[H2A.Z-H2B] + ko, and previous studies have shown that for
(total) concentrations of Chzl and H2A.Z-H2B ~ 1 mM
employed presently, kex & kon[H2A.Z-H2B] = 1500 s~! at 35
°C. Thus, contributions to R ,(N,) from ligand association/
dissociation, Ry ., Will be largely quenched by the 2 kHz N
spin-lock field (wg;.n) used to record R,(2H,N,) rates, because
kex < wsLNn. More quantitatively,

2
Pchzi Awass/disskass
RCX,'ASS = 2 2 2 (15)
Qo T 05+ ki

where Awaggiss = Qe — QLcngi:H2az-me, With Qep,y and
Qcnzrmazams the offsets of PN resonance frequencies of
probes in free and bound Chzl from the spin-lock carrier
(rad/s), k. is the pseudo first-order rate constant for the
reaction, k.,[H2A.Z-H2B], and pcn,1 << 1 is the population
of free Chzl. Values of R s Were calculated for all residues
of Chzl using measured chemical shift changes IAwcpmal,
peh = 1.5%, and ks = 1500 s~! derived earlier from
relaxation dispersions experiments.*' For all residues of Chzl,
Rexass < 3.5 871, with Reyass < 1.1 s7! for 96% of the N
sites. Thus, even though it is a reasonable approximation to
assume that millisecond processes are quenched effectively
by the spin-lock, the “pure” contribution from microsecond
dynamics can be calculated as Rexus = Rex p(Ny) — Rexass.
Large microsecond exchange contributions are observed for
residues 94—115 of Chz1, encompassing the CHZ recognition
motif that plays an important role in stabilizing the Chz1:H2A.Z-
H2B ternary complex,” Figure 5. By contrast, Rex s values are
much smaller for the N- and C-terminal helices. Although
the time-scale(s) of the microsecond motions cannot be
calculated directly from the R ,s rates, estimates can be
made. Microsecond processes must be of the same order of
or faster than the nitrogen spin-lock frequency (2000 Hz)
used in the R.,,(N,) measurements to avoid quenching by

(55) Zhou, Z.; Feng, H.; Hansen, D. F.; Kato, H.; Luk, E.; Freedberg, D. I.;
Kay, L. E.; Wu, C.; Bai, Y. Nat. Struct. Mol. Biol. 2008, 15, 868-9.
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Figure 5. Exchange contributions to "N transverse relaxation rates,
Rex o(N,), of Chz1 in the ternary Chz1:H2A.Z-H2B complex from dynamic
processes with time-scales faster than ~0.5 ms. The secondary structure
elements are shown on the top of the plot. The thick pale red line is a
“running average” calculated as Reyave(i) = 0.25R(i — 1) + 0.5R(i) +
0.25R(i + 1). Large R.y,(N;) values are primarily observed for residues
94—115 (the CHZ motif), whereas the N-cap and C-cap helices only show
small contributions from microsecond dynamics. The red error bars
correspond to the experimental error, whereas the blue error bars are
calculated to take into account both the variability of CSA values (from
—182 to —162 ppm?>7*>~37) and the experimental error (see text and legend
of Figure 2).

the spin-lock field (see above), but sufficiently slow so that
self-quenching does not occur (note that R , becomes small
for large key, eq 10). Assuming two-site exchange with a
limiting scenario of pg = 50% and Awn = 10 ppm, ws;, =
2 kHz, then k., must be less than 4 x 10° s™! to account for
the Re s values observed in Figure 5. Thus, our experiments
establish that the CHZ motif of Chzl bound to histones
H2A.Z-H2B is dynamic on a microsecond time-scale, ranging
between 2.5 and 500 us. Such motion may well affect the
stability of the complex and may play a role in regulating
dissociation of chaperone that is strongly anchored to H2A.Z-
H2B by a large interaction surface and strong electrostatic
attractive forces.

In summary, we have presented a new approach for quantify-
ing microsecond time-scale dynamics in proteins from chemical
exchange contributions, R, to amide nitrogen transverse
relaxation rates. The method is based on the measurement of
four relaxation rates that can be combined in a straightforward
manner to isolate exchange contributions on a per-residue basis.
Notably, the influence of millisecond (ke < 2000 s~') motions
is effectively eliminated by recording individual relaxation rates
in the presence of a nitrogen spin-lock field of approximately 2
kHz. Perhaps surprisingly, rather extensive microsecond time-
scale dynamics have been detected in both human ubiquitin and
protein L, two molecules that are thermo-stable and that are
likely more rigid than many other proteins. Such motions are
located exclusively in a helices, loops, and on the rim of
sheets, with the 5 sheet core much less dynamic. The results
from the present work suggest, therefore, that microsecond
dynamics are likely to be more pervasive in proteins than
previously thought. Finally, it has also been shown that
microsecond motions can be separated from other chemical
exchange processes, as demonstrated in the context of a
histone—chaperone complex. Relaxation data measured at only
a single static magnetic field are required. The described method
will provide a very useful addition to a growing body of
backbone spin-relaxation measurements that quantify dynamics
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over a wide range of time-scales and that provide insight into
the relation between motion and protein function.

Material and Methods

Sample Preparation. U-['°N,2H] human ubiquitin was expressed
with a cleavable His-tag and purified by standard methods.’® A
pair of protein samples with concentrations of 2.2 and 0.7 mM were
prepared using a 20 mM Na;POy4, 10 mM NaCl, 0.03% NaNs, 90%/
10% H,0/D-0, pH 5.5 buffer. U-["*N,?H]-protein L was produced
as described previously.”” Two protein L samples were obtained
with protein concentrations of 2.7 and 0.5 mM in 50 mM Na3;POy,
20 uM EDTA, 0.05% NaNj3, 90%/10% H,O/D,0, pH 6.0 buffer.
An approximate 1:1 mixture of U-["N,2H] Chzl (~1 mM) and
U-[°N,?H] single-chain H2A.Z-H2B (~1 mM) was prepared as
described previously”” in a buffer consisting of 25 mM MES, 200
mM NaCl, 1 mM EDTA, pH 6.0, and 10% D,0.

NMR Spectroscopy. The four relaxation rates R,(2H,N,),
R>(2H.N,), R,(2H,N,), and R;(2H.N,) were derived for human
ubiquitin ((278 K; 0.7 mM), (278 K; 2.2 mM), and (298 K; 2.2
mM)), for protein L ((278 K; 0.5 mM) and (278 K; 2.3 mM),) and
for Chzl in the Chz1:H2A.Z-H2B ternary complex (308 K) at a
static magnetic field strength of 18.8 T (800 MHz proton frequency),
using pulse schemes for measuring the rotating frame relaxation
rates, Ri,(2H".N,), Ri,(2H.N")), R, 52(2H’zN’z), and R,(2H,N,), that
have been published previously.”® Briefly, the rotating frame
antiphase relaxation rate, R;,(2H’.N,), was measured with 'H
magnetization spin-locked’® along an effective field that is given
by the vector-sum of the spin-lock field (ws.u ~ 13 kHz, along x)
and the offset of the 'H nucleus from the 'H radio frequency (rf)
carrier (Qy, along z), Oty = @sL.p T+ L. The proton carrier was
placed at 9.5 ppm as suggested previously.?* It follows directly
that 2H’.N, = sin(6y)2H,N, + cos(6y)2H,N,, where tan 0y =
wsL.i/Ryu, and consequently it can be shown that

R, ,(2H'N,) = R,(2HN,) sin’ 6, + R,(2HN,) cos” 6
(16)

Similarly, R,(2H.N’,) was measured with the "N magnetization
spin-locked along an effective nitrogen field so that

R, (QHN") = Ry(2HN)) sin” O + R,(2HN,) cos” Oy
A7)

where tan Oy = wspn/Qn, wsLx is the strength (rad/s) of the N
spin-lock field, and Qy is the offset (rad/s) of the >N nucleus from
the N radio frequency carrier placed at 119 ppm. Finally, the
“double-rotating frame” rate, R, pz(2H'ZN’Z), was measured with 'H
and >N magnetization spin-locked along their respective fields so
that

R, ,QH'N’) = Ry(2H\N,) sin® 6, sin” O +
R,(2H,N,) sin” 0y cos® O + R,(2H.N,) cos” O sin” O +
R,(2HN)) cos” 0y, cos” O (18)

The transverse relaxation rates R,(2H,N.), R»(2H.N,), and R>,(2H,N,)
were derived from the four measured relaxation rates R;,(2H.N,),
R,(2HN"), R, »(2H’.N")), and R,(2H.N,) via eqs 16—18 and used
in subsequent analyses.

The relaxation rates R, ,(2H,N,) were measured with delays of
2.5, 5.3, 83, 11.5, 15.1, 19.2, 23.7, 28.8, 35 ms (ubiquitin and
protein L) and 2, 3.8, 5.9, 8, 10.4, 12.8, 15.5, 18.4, 21.5 ms for the
histone—chaperone complex. 'H and "N continuous wave (CW)
spin-lock field strengths varied between 11.5 and 13.7 kHz for 'H

(56) Distefano, D. L.; Wand, A. J. Biochemistry 1987, 26, 7272-7281.

(57) Scalley, M. L.; Yi, Q.; Gu, H. D.; McCormack, A.; Yates, J. R.; Baker,
D. Biochemistry 1997, 36, 3373-3382.
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(depending on the sample) and were very close to 1.9 kHz for °N.
Nitrogen R; and R, relaxation rates along with steady-state "H—'5N
NOE values® were obtained for the backbone amides of ubiquitin
(298 and 278 K) and protein L (278 K) at static magnetic field
strengths of 11.7 and 18.8 T. Relaxation delays of 0.01, 0.1, 0.21,
0.34, 0.49, 0.67, 0.67, and 0.9 s were used for the R; measurements,
while the R, rates were quantified from experiments recorded with
delays of 2, 9.5, 20, 32, 60, 78, and 100 ms. In all cases, the N
field strength applied during the spin-lock period in the Ry,
experiments was very close to 1.9 kHz, with fine-power adjustments
to ensure that identical spin-lock powers were used for a given
sample at both static magnetic fields. 'H—N NOE values were
quantified from two spectra, with and without proton presaturation.
The spectrum with presaturation was recorded with a prescan delay
of 9 s followed by 6 s of proton saturation, while the spectrum
without proton presaturation was recorded with a 15 s prescan delay.

Data Processing. Data sets were processed with the NMRPipe
program® and analyzed with UCSF Sparky.®' Signal intensities
were determined using the program FuDA (flemming @pound.med.
utoronto.ca; http://pound.med.utoronto.ca/software) by fitting a
mixed Gaussian/Lorentzian line-shape to each correlation and
assuming a common line-shape for a given cross-peak within a
relaxation series (i.e., line-shape and peak positions are independent
of relaxation delay). All relaxation rates were determined by fitting
a single exponential decay function, /(T ) = A eXp(—RT e1ax), tO
the measured intensity versus Typ.x profile. Microsecond chemical

(59) Farrow, N. A.; Muhandiram, R.; Singer, A. U.; Pascal, S. M.; Kay,
C. M.; Gish, G.; Shoelson, S. E.; Pawson, T.; Forman-Kay, J. D.;
Kay, L. E. Biochemistry 1994, 33, 5984-6003.

(60) Delaglio, F.; Grzesiek, S.; Vuister, G. W.; Zhu, G.; Pfeifer, J.; Bax,
A. J. Biomol. NMR 1995, 6, 277-293.

(61) Kneller, D. G.; Kuntz, I. D. J. Cell. Biochem. 1993, 254-254.

exchange contributions, R.,,, were calculated using eq 8. Uncer-
tainties in relaxation rates were obtained from the covariance matrix
method®® and propagated with a Monte Carlo procedure.
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protein L is fast on the NMR chemical shift time-scale. Figure
S2: Same correlation as in Figure 1 but with R, (N,) values
obtained from R,(2H,N,), R»(2H,N,), R,(2H,N,), and R;(2H,N,)
relaxation rates measured at a magnetic field strength of 11.7
T. Figure S3: To an excellent approximation, R.x(H,) + Rex(N,)
= Rx(H.N,) using the spin-lock experiments described in this
Article. Figures S4 and S5: No aggregation for either ubiquitin
or protein L in the concentration ranges used in the present
study. Figure S6: Contributions from external protons are
negligibly small for ubiquitin. Derivation of eq 7. This material
is available free of charge via the Internet at http://pubs.acs.org.
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