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Structural flexibility is essential to protein function, but the full
range of internal dynamics has not yet been explored. Solution NMR
relaxation methods routinely probe motions faster than ∼10 ns or
slower than ∼10 µs.1 Residual dipolar couplings from weakly
aligned proteins indicate fluctuations in the 10-8-10-5 s window2

but do not provide the associated correlation times. To study internal
protein dynamics in this relatively inaccessible time window by
NMR relaxation, isotropic averaging of spin couplings by protein
tumbling must be prevented. This is accomplished by direct
protein-protein contacts in microcrystals, studied by solid-state 13C
or 15N relaxation,3 or by covalent cross-links between fully hydrated
proteins, studied by water 1H, 2H, or 17O magnetic relaxation
dispersion (MRD).4,5

In MRD studies of immobilized proteins, information about
protein dynamics is conveyed to the observed bulk water resonance
via internal water molecules and, for 1H and 2H, also via labile
OH and NH hydrogens. If they exchange with bulk water on the
relaxation time scale, these intermediary species probe protein
dynamics in two ways. While residing on the protein, the
intermediary species is dynamically coupled to the protein and thus
reports on protein motions on time scales shorter than the residence
time. Exchange plays the same role for an immobile protein as
tumbling does for a free protein: it eliminates the effect of slower
internal motions and induces relaxation by randomizing the
orientation of the residual spin-lattice coupling tensor. For internal
waters,5 such exchange-mediated orientational randomization (EMOR)
provides access to intermittent protein fluctuations involving highly
excited conformational states. For exposed labile hydrogens,
exchange is rate-limited by the chemical step so the residence time
yields a protection factor but no information about protein dynamics.

The EMOR mechanism accounts quantitatively for water 1H and
2H MRD data from polysaccharide and polypeptide gels.6,7 These
gels are built from compact double or triple helices, and internal
motions are not evident in the MRD data, except via intermittent
fluctuations that control internal-water exchange. Globular proteins
are more flexible, and slow side-chain motions have been detected
by 2H MRD.5 Whereas 2H relaxes by a single-spin electric-
quadrupole mechanism, magnetic dipole-dipole couplings induce
cross-relaxation between intermediary protons and nearby protein
protons, potentially making 1H MRD a more sensitive probe of
internal dynamics. To explore this possibility, we present here 1H
MRD data from mammalian ubiquitin (mUb), immobilized by
glutaraldehyde (GA) cross-linking of lysine side chains.8 There is
currently no consensus on the mechanism of water 1H relaxation
in systems containing immobilized biomolecules, including biologi-
cal tissue. Our second objective here is to resolve this issue by
comparing 1H MRD data from deuterated and protonated forms of
ubiquitin.

We analyzed the 1H MRD data with the most general version of
the EMOR approach,7b with the 1.8 Å resolution crystal structure
(1UBQ)9 of mUb as input, as well as with an alternative, essentially

phenomenological, approach.4 The latter approach rests on two
major assumptions. First, a coarse-grained two-phase (2P) descrip-
tion10 is used, based on the assumption that coherent spin diffusion
and/or cross-relaxation is so fast that the 1H magnetization of the
entire protein can be characterized by a single longitudinal relaxation
rate R1P(ω0). The observed R1 is identified with the rate of the slowly
decaying magnetization component in the 2P model,10

R1 ) (R1P + R1W + k)/2

- {[R1P - R1W + (fW - fP)k]2/4 + fPfWk2}1/2 (1)

where fP ) 1 - fW is the fraction of protons that belong to the
protein. The relaxation rate, R1W, of the water phase and the
protein-water magnetization exchange rate constant, k, are both
taken to be frequency-independent.4

The alternative model further assumes that protein 1H relaxation
is induced by small-amplitude collective vibration modes (‘frac-
tons’) in a direct mechanism akin to spin-phonon coupling in
crystalline solids.11 In this spin-fracton (SF) model,4 the internal-
motion time scale is set by a spectral dimension, dS, that governs
the low-frequency scaling of the vibrational density of states, σ(ω)
∝ ωdS - 1, and one obtains4

R1P(ω0) ) 3πM2dS

kBT
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Here, M2 is the average 1H second moment of the protein, b ) 3
- dS(1 + 2/df), df is the fractal dimension of the proton distribution,
and Ω is a high-frequency mode cutoff.12

Although the 2PSF and EMOR models differ in physical content,
they can both provide adequate fits to 1H MRD data. However,
the two models make very different predictions about the effect
of HfD substitution in the protein, and they can therefore be
discriminated by comparing the 1H MRD profiles from partially
deuterated (D-mUb) and fully protonated (H-mUb) ubiquitin.
Analysis of 1H NMR spectra (Figure S1) from the two proteins
shows that 83% of the 485 nonexchangeable hydrogen sites are
deuterated in D-mUb. Because the protein is dissolved in H2O,
essentially all OH and NH sites carry protons, but the hydro-
phobic core is extensively deuterated (Figure 1). The experi-
mental results show that protein deuteration reduces R1 by merely
20% (Figure 2).

In the 2PSF model, deuteration affects R1 mainly via the
reduction of fP (by a factor 2.8) and M2 (by a factor 3.1). But these
global variables only capture a part of the isotope effect. The fracton
modes are thought to propagate mainly along the backbone.4 The
effective M2 should then be dominated by the mostly �-strand
backbone of mUb, where HR deuteration increases the nearest-
neighbor H-H separation by a factor of 2, thereby reducing the
effective M2 by an order of magnitude.

As a result of these HfD substitution effects, the 2PSF model
predicts at least an order-of-magnitude reduction of R1 at low
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frequencies, whereas a mere 20% reduction is observed. We
therefore conclude that the SF mechanism can account for at most
a small fraction of the observed R1. To illustrate the isotope effects
on R1 that enter via fP and the aVerage M2, we determined b )
0.78 and k ) 364 s-1 from a fit12 of eqs 1 and 2 to the H-mUb
data (Figure 2a, solid curve). We then used these parameter values
and the known deuteration pattern to predict the MRD profile for
D-mUb (Figure 2a, dashed curve). Even though this simple analysis
underestimates the isotope effect on R1P (see above), the HfD
substitution effect on R1 predicted by the 2PSF model is a factor
of 3-4 larger than the observed effect (Figure 2a).

We now ask if the EMOR model can account for the isotope
effect. With a residence time of 20 ns and an 17O order parameter
of 0.6,5 the single internal water molecule in mUb makes a
negligible (<0.2 s-1) contribution to R1. At pH 5.3, mUb contains
0.8 COOH protons and their contribution is also negligible (<0.1
s-1). We thus conclude that the 11 hydroxyl protons (most of which
are fully solvent-exposed; see Figure 1) are responsible for the 1H
dispersion. In H2O solvent at pH 5.3, their residence times should
be on the order of 10-2 s, but additional proton exchange catalysis
by PIPES buffer and excess GA reaction products evidently reduce
this to ∼10-4 s.

As for the 2PSF model, we determined EMOR parameters from
a fit13 to the H-mUb profile (Figure 2b, solid curve) and then used
these three parameters and the known deuteration pattern to predict
the D-mUb profile (Figure 2b, dashed curve). The agreement
between predicted and measured R1 indicates that the EMOR model
captures the essential features of the relaxation mechanism. With
residence times on the order of 10-4 s, the EMOR dispersion is
close to the adiabatic limit where the dispersion frequency is given
by the inverse dipole coupling.7 For relaxation induced by a pure
EMOR mechanism, with OH protons exchanging from a rigid
protein, we thus expect a nearly Lorentzian dispersion centered at
∼20 kHz. The observation of a more extended MRD profile
indicates internal motions of substantial amplitude on a µs time
scale. For the fit in Figure 2b, a model-free spectral density function
was used, yielding a correlation time τint ) 2.7 µs and an order
parameter Sint ) 0.47.14 Interestingly, µs side-chain motions in mUb
have also been inferred from residual dipolar couplings.2b

In summary, MRD data on deuterated mUb support the EMOR
model for water 1H relaxation in immobilized proteins but are
incompatible with the 2PSF model. The present analysis also
demonstrates that 1H MRD provides information about side-chain
dynamics in the 10-8-10-5 s time window.
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Figure 1. Crystal structure of mUb,9 showing the D (blue), OH (yellow),
and other H atoms (red) in the studied D-mUb variant.

Figure 2. Water 1H MRD profiles from immobilized H-mUb (b) and
D-mUb (O) at pH 5.3, 20 °C, and a H2O/mUb mole ratio of 4000. The
dashed curves are predictions of the (a) 2PSF and (b) EMOR models for
the D-mUb profile, based on fits (solid curves) to the H-mUb data. The
2PSF prediction for D-mUb is an upper bound.
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