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Translational diffusion coefficient
ation times are of interest for many studies carried out in solution, including
characterization of biomolecular structure and interactions. Here we have evaluated the estimates of protein
effective rotational correlation times from their translational self-diffusion coefficients measured by pulsed-
field gradient NMR against correlation times determined from both collective and residue-specific 15N
relaxation analyses and those derived from 3D structure-based hydrodynamic calculations. The results show
that, provided the protein diffusive behavior is coherent with the Debye–Stokes–Einstein model,
translational diffusion coefficients provide rapid estimates with reasonable accuracy of their effective
rotational correlation times. Effective rotational correlation times estimated from translational diffusion
coefficients may be particularly beneficial in cases where i) isotopically labelled material is not available, ii)
collective backbone 15N relaxation rates are difficult to interpret because of the presence of flexible termini or
loops, or iii) a full relaxation analysis is practically difficult because of limited sensitivity owing to low protein
concentration, high molecular mass or low temperatures.

© 2008 Elsevier B.V. All rights reserved.
1. Introduction

Knowledge of the effective rotational correlation times is of
significant value in biophysical characterization of biomolecules in
solution. The rotational correlation time of a protein in solution can be
rigorously determined from its experimentally measured backbone
relaxation parameters if its 3D structure is known [1]. An effective
rotational correlation time, τc, defined by an isotropic rigid rotor, is
often estimated from the ratios of backbone transverse and long-
itudinal 15N relaxation rates, R2/R1, of residues not experiencing slow
timescale/large amplitude internal motion or chemical/conforma-
tional exchange [2–4]. In order to identify those residues with sig-
nificant internal motion (i.e. residues experiencing slow timescale/
large amplitude internal motion or involved in chemical/conforma-
tional exchange), and for them to be excluded from the determination
of τc, residue-specific 15N R1 and R2 values need to be obtained.
Alternatively, collective 15N relaxation rates of backbone amides have
been used for rapid estimates of protein effective rotational correla-
tion times [5,6]. This kind of rapid estimation of τc is beneficial, in
particular when a full relaxation analysis is practically hindered due to
limited sensitivity, for example in cases of inadequate protein con-
and the SOCS box domain of
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centration, high molecular mass or low temperatures. However, the
inevitable inclusion of residues with significant internal motion in the
estimation of rotational correlation time from collective 15N relaxation
rates makes the resulting τc a lower limit of the actual value, with the
extent of underestimation depending on the details of internal motion
of the protein [6]. Collective 15N relaxations rates may therefore result
in a severe underestimation of the rotational correlation time if sub-
stantial local motion is present.

Protein translational self-diffusion coefficients, which are readily
measurable by pulsed-field-gradient NMR (PFG-NMR), have been
used widely to characterize protein/peptide self-association and ag-
gregation [7,8], amide exchange [9], folding and unfolding [10] and
ligand binding [11]. Given that molecular translational and rotational
diffusion are well described by the Stokes–Einstein and the Debye–
Stokes–Einstein equations, experimentally measured self-diffusion
coefficients have been employed previously to calculate protein
hydrodynamic radius, Rh [12], as well as for the estimation of protein
rotational correlation times [13,14]. Here we have further explored the
suitability of translational self-diffusion coefficients measured by PFG-
NMR for rapid estimation of protein effective rotational times using a
protein complex in the presence of a referencemolecule. The resultant
effective rotational correlation times calculated directly from transla-
tional diffusion coefficients are comparedwith those determined from
collective and residue-specific 15N relaxation analyses, as well as those
obtained from 3D structure-based hydrodynamic calculations. Our
results show that a rapid estimate of rotational correlation time of a
protein/protein complex, which is otherwise difficult to determine by
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alternative means, can be obtained exclusively from translational
diffusion coefficients measured by PFG-NMR (Eq. (6)) with reasonable
accuracy.

2. Experimental

Measurements were carried out primarily on a 15N-labelled 30 kDa
ternary protein complex of mouse elonginB, elonginC and the SOCS
box domain of SOCS3 (termed ElonBC-SB) using a Bruker DRX600
spectrometer with a 5 mm triple resonance probe (equipped with
triple gradients). A detailed description of expression and purification
of this ternary complex as well as a table summarizing NMR ex-
periments performed (Table S1) are given in the Supplementary data.
Dioxane, with a published hydrodynamic radius of 2.12 Å [12], was
used as a an internal reference molecule. For the evaluation of small
molecules other than dioxane as alternative internal references, a
second sample containing dioxane, DMSO, acetone, and acetonitrile
was prepared in a similar buffer solution to that used for ElonBC-SB.

Pulsed field gradient strengths were calibrated initially by mea-
suring the self-diffusion coefficient of residual H2O in a freshly pre-
pared 100% 2H2O sample (99.96 2H2O from CIL, catalog No: DLM-6)
at 298 K. A diffusion coefficient of 1.9×10−9 m2 s−1 for the residual
H2O signal [15] was used for back calculation of the field gradient
strengths. The pulsed field gradient strengths (Gx and Gy) were further
calibrated against the dimension of a standard 5 mm NMR sample
tube (an internal diameter of 4.24mm,Wilmad-Labglass, part No 535-
pp-7) using a 1D gradient echo sequence. The twomethods resulted in
almost identical calibration values (within 1%) for both Gx and Gy.

Translational self-diffusion coefficients were measured using a
longitudinal eddy-current delay stimulated echo (LEDSTE) sequence
[16] incorporating a WATERGATE segment for water suppression [17],
as described previously [8]. For each measurement, a series of 12
diffusion weighted 1D spectra was recorded in a 2D manner using
gradient pulses of 6 ms duration, a separation of 50.8 ms, and field
gradient strengths ranging from 2.5 to 31 G cm−1 applied in either the
x or y direction (Gx and Gy). All measurements were repeated with
shorter gradient pulse durations of 2 ms and a corresponding separa-
tion of 46.8 ms in order to facilitate measurements of the more rapid
diffusion rate of dioxane compared to ElonBC-SB. Translational dif-
fusion coefficients, Dt, were obtained by fitting peak intensities to the
following equation using the T1/T2 relaxation routine in TOPSPIN
(Version 1.3 Bruker BioSpin):

I ¼ I0exp −γ2g2δ2 Δ−δ=3ð ÞDt

n o
ð1aÞ

where γ is the 1H gyromagnetic ratio and g, δ and Δ are the ampli-
tude, duration and separation of the gradient pulses, respectively. For
ElonBC-SB, translational diffusion coefficients averaged over a number
of peaks in the aliphatic regions as well as over values measured
with the diffusion encoding field gradient applied in either the x or y
direction are reported. Similarly, for dioxane, reported values are also
those averaged over values measured with Gx and Gy.

A two-component fit was also considered for dioxane in order
to take into account possible contributions from resonances from
ElonBC-SB that may have overlapped with the resonance of dioxane
using the following equation:

I ¼ IREF0 exp −γ2g2δ2 Δ−δ=3ð ÞDREF
t

n o
þ I0exp −γ2g2δ2 Δ−δ=3ð ÞDt

n o
ð1bÞ

where Dt
REF and Dt represent translational diffusion coefficients of the

reference molecule, dioxane, and ElonBC-SB with Dt being fixed at the
diffusion coefficient of the complex as obtained from Eq. (1a). No
significant improvement was found for translational diffusion coeffi-
cients of dioxane obtainedwith Eq. (1b) in comparisonwith Eq. (1a) as
the signal of dioxane is much stronger than that of background protein
in the present study. Therefore, only the fitting results from Eq. (1a)
are reported.

The dependence of the translational and rotational diffusion
coefficients on solution viscosity (η) and hydrodynamic radius (Rh)
is described by the Stokes-Einstein equation and the Debye–Stokes–
Einstein equation, respectively:

Dt ¼ kBT= 6πηRhð Þ ð2Þ

Dr ¼ kBT= 8πηR3
h

� � ð3Þ

where kB is the Boltzmann constant and T is the absolute temperature.
The rotational correlation time, τc, can thus be expressed as a function
of η and Rh:

τc ¼ 1= 6Drð Þ ¼ 4=3ð Þ πηR3
h= kBTð Þ� � ð4aÞ

or η and Dt:

τc ¼ 1= 6Drð Þ ¼ 1=162ð Þ k2BT
2= π2η2D3

t

� �� � ð4bÞ

or Rh and Dt:

τc ¼ 1= 6Drð Þ ¼ 2=9ð ÞR2
h=Dt ð4cÞ

In the presence of a reference moleculewith known hydrodynamic
radius, the hydrodynamic radius of a protein, Rh, can be obtained from
its translational diffusion coefficient, Dt, using the following equation
[18]:

Rh ¼ RREF
h DREF

t =Dt
� � ð5Þ

where RhREF and Dt
REF are the hydrodynamic radius and translational

diffusion coefficient of the reference molecule, respectively. Eq. (4c)
can be rearranged as:

τc ¼ 2=9ð Þ RREF
h DREF

t

� �2
= Dtð Þ3 ð6Þ

Clearly, from Eq. (6), the effective rotational correlation times can
be calculated exclusively from experimentally measured translational
diffusion coefficients of a protein or protein complex, Dt, and transla-
tional diffusion coefficient of a reference molecule, Dt

REF, with a known
hydrodynamic radius, RhREF. In the present study, dioxane was used as
the reference molecule, with a hydrodynamic radius of 2.12 Å [12].

Collective 15N relaxation rates, R1 and R2, of backbone amides were
measured from the first-increment FIDs of 15N relaxation weighted
15N-HSQC spectra at temperatures of 283, 288, 293, 298, 303, 310 and
318 K using standard pulse sequences in the Bruker pulse sequence
library similar to those published previously [19]. Collective R1 and R2
values were obtained by fitting the integrals of all peaks across the
amide region (6.0–12.0 ppm) to a two-parameter exponential decay
(Eq. (7a)) using the T1/T2 relaxation subroutine in TOPSPIN (Version
1.3 Bruker BioSpin). In contrast to the collective backbone 15N R1 decay
curves, which fit satisfactorily to a single two-parameter exponen-
tial decay, 15N R2 decay curves clearly deviated from a single two-
parameter exponential decay. A dual two-parameter exponential
decay fit was subsequently performed (Eq. (7b)) for R2 using SigmaPlot
(version 8.0, Systat Software)

I tð Þ ¼ I 0ð Þexp −tRið Þ; i ¼ 1;2 ð7aÞ

I tð Þ ¼ If 0ð Þexp −tR2f
� �þ Is 0ð Þexp −tR2sð Þ ð7bÞ

where R2s and R2f represent the slower and faster components of
collective 15N R2 rates, respectively. Effective rotational correlation
times of ElonBC-SB were then estimated from its collective 15N R2f/R1
ratios using the program tmestwithin theModelfree software package
(A.G. Palmer, Columbia University). Rotational correlation times of
ElonBC-SB were also estimated from collective backbone 15N relaxation



Fig. 2. Translational diffusion of ElonBC-SB and reference molecule dioxane.
(A) Translational diffusion induced signal attenuation shown as relative intensities
versus the strength of diffusion encoding, γ2g2δ2(Δ−δ/3), (283 K (●), 288 K (▲), 293 K
(♦), 298 K (■), 303 K (○), 310 K (Δ) and 318 K (◊)) for ElonBC-SB with corresponding
data for dioxane shown in the inset. All the lines represent the results of nonlinear
regression to Eq. (1a). (B) Experimentally measured translational diffusion coefficients
of ElonBC-SB and dioxane versus 1000/T. The temperature dependence of translational
diffusion coefficients of both ElonBC-SB and dioxane are very well described by an
Arrhenius function (lines).
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rates of α- and β-spin states measured at 283, 288, 293, 298, 310 and
318 K using the TRACT sequences described recently [6]. A total of 48
relaxation delayswas usedwith a recycle time of 2.5 s and 256 scans per
relaxation delay. Rα and Rβ rates were subsequently obtained by fitting
the integrals of all peaks across the amide region (6.0–12.0 ppm) to a
two-parameter exponential decay (Eq. (7a)) and a dual two-parameter
exponential decay (Eq. (7b)) for Rα and Rβ using the T1/T2 relaxation
subroutine in TOPSPIN (Version 1.3 Bruker BioSpin) and/or SigmaPlot
(version 8.0, SYSTAT Software). The Rα and Rβ rates were then used to
calculate the effective correlation times as described by Lee et al. [6].

Hydrodynamic parameters of ElonBC-SB were calculated from
both the closest-to-mean structure of a family of 20 structures of
ElonBC-SB in solution (Babon et al., J. Mol. Biol., in press) and the
crystal structure of the SOCS2-elonginBC complex (only including the
SOCS box fragment (160–198), elongonBC+SOCS2160–198, PDB acces-
sion code 2C9W [20] using the programHYDRONMR (version 5a) [21],
with the viscosity of water [22] as an approximation of that for the
protein solution.

3. Results and discussion

This three-protein complex, ElonBC-SB, was chosen as it is suf-
ficiently stable to allow measurements over a range of temperatures
and it represents a ‘real life’ situation where the presence of un-
structured regions can dominate collective 15N relaxation rates and
make rapid τc estimation difficult in the absence of a residue-specific
relaxation analysis. SOCS box proteins form stable ternary complexes
with the elonginBC. As shown in Fig. 1, ElonBC-SB is well structured in
solution and retains its predominant structural elements (Babon et al.,
J. Mol. Biol., in press) as seen in the crystal forms of SOCS2-elonginBC
[20], even though local flexibility of several loop and terminal regions
is clearly evident in the spectra of ElonBC-SB, as residues of these
regions give resonances in narrowly dispersed and heavily crowded
region (Supplementary data, Fig. S1). These flexible regions include
the C-terminal half of the SOCS box peptide of SOCS-3, residues 99–
115 of elongin B and residues 69–79 of elongin C (Babon et al., J. Mol.
Biol., in press). Flexibility of several regions in the complex was also
evident in the crystal structure of SOCS-2 and elonginBC complex
[20]; for example, atomic coordinates were not defined for residues
Fig. 1. Ribbon diagrams of solution structure of mouse elonginBC in complex with the
SOCS box domain of SOCS3 (A, residues from D203 to L225 of the SOCS box domain of
SOCS3 in solution were not defined) and crystal structure of elonginBC in complex with
SOCS2 (B, only showing the SOCS box fragment of SOCS2, residues 160–198) [20]. Colour
schemes: SOCS box fragment: green, elongin B: red, and elongin C: black. In the crystal
structure of elonginBC in complex with SOCS2 (B) atomic coordinates are not defined
for residues 105–118 of elongin B and residues 46–57 and 85–87 of elongin C.
105–118 of elongin B and residues 46–57 and 85–87 of elongin C as a
consequence of missing electron density in the X-ray diffraction map.

Translational self-diffusion induced signal attenuation versus the
strength of diffusion encoding, γ2g2δ2(Δ−δ/3), and Arrhenius plots
showing the temperature dependence of diffusion coefficients for
both ElonBC-SB and dioxane are presented in Fig. 2. Diffusion coef-
ficients of both ElonBC-SB and dioxane over this temperature range
are described very well by the Arrhenius function, indicating that their
diffusive behaviour is coherent with the Stokes–Einstein model. Ex-
perimental translational diffusion coefficients, calculated hydrody-
namic radii (Eq. (5)), and effective rotational correlation times (Eq. (6))
of ElonBC-SB for temperatures ranging from 283 to 318 K are sum-
marized in Table 1. Translational diffusion coefficients of ethylenedia-
mine tetraacetic acid (EDTA), a common addition to the buffer solution
for protein samples used for structural studies, and apparent
hydrodynamic radius calculated from its translational diffusion coef-
ficient using Eq. (5) are also given in Table 1. Under the present
conditions, EDTA gave apparent hydrodynamic radii ranging from4.35
to 4.54 Å with an averaged value of 4.46±0.07 Å.

Similar values were obtained from hydrodynamic calculations
performed using the closest-to-mean structure of a family of 20
structures of ElonBC-SB in solution (Babon et al., J. Mol. Biol., in press)
and the crystal structure of the SOCS2 SOCS box (SOCS-2160–198) in
complex with elonginBC, elongonBC+SOCS2160–198, the closest



Table 1
Translational diffusion coefficients and effective rotational correlation times of ElonBC-SB

T Dt
REF a Dt

b Rh
c τcd Dt

HYDROe τcHYDROe Dt
EDTAf Rh

EDTAf

(K) (10−9 m2 s−1) (10−11 m2 s−1) (Å) (ns) (10−11 m2 s−1) (ns) (10−9 m2 s−1) (Å)

283 0.66±0.02 4.92±0.3 28.2 35.9 (31.5) 5.89 (5.45) 30.8 (37.7) 0.31±0.01 4.51
288 0.77±0.01 5.90±0.2 27.6 28.8 (25.4) 6.88 (6.37) 26.4 (32.3) 0.36±0.01 4.53
293 0.90±0.01 6.88±0.4 27.7 24.7 (22.0) 7.96 (7.36) 22.8 (27.9) 0.42±0.01 4.54
298 1.03±0.02 7.91±0.4 27.6 21.4 (19.0) 9.10 (8.43) 19.9 (24.4) 0.49±0.01 4.46
303 1.16±0.01 8.99±0.2 27.3 18.5 (16.3) 10.30 (9.57) 17.6 (21.5) 0.55±0.01 4.47
310 1.37±0.02 10.46±0.4 27.7 16.3 (14.41) 12.20 (11.29) 14.9 (18.2) 0.66±0.01 4.40
318 1.60±0.02 12.85±0.8 26.4 12.1 (10.5) 14.50 (13.40) 12.5 (15.3) 0.78±0.01 4.35

a Experimentally measured translational diffusion coefficients of reference molecule, dioxane, shown as average value±standard deviation.
b Experimentally measured translational diffusion coefficients of ElonBC-SB and standard deviation, shown as average value±standard deviation.
c Hydrodynamic radii of ElonBC-SB calculated from experimentally measured translational diffusion coefficients using Eq. (5).
d Effective rotational correlation times of ElonBC-SB calculated using Eq. (6). Corresponding values calculated from translational diffusion derived Rh value (column 4) using the

viscosities of H2O are shown in parentheses.
e Translational diffusion coefficients and rotational correlation times of ElonBC-SB calculated using HYDRONMRwith an atomic element radius (AER) of 3.1 Å from crystal structure

of elongonBC+SOCS2160–198. Corresponding values for AER of 5.0 Å are shown in parentheses. Hydrodynamic radii calculated are 26.9 Å for an AER of 3.1 Å and 29.1 Å for an AER of
5.0 Å, respectively.

f Translational diffusion coefficients of ethylenediamine tetraacetic acid (EDTA) and apparent hydrodynamic radius calculated from its translational diffusion coefficient using
Eq. (5). In the present study, EDTA gave apparent hydrodynamic radii ranging from 4.35 to 4.54 Å with an averaged value of 4.46±0.07 Å. It is worth noting that the apparent
translational diffusion coefficient of EDTA may vary upon binding of ions.

Fig. 3. Collective backbone 15N relaxation decay curves of ElonBC-SB. (A) R1 and (B) R2 at
283 K (○), 293 K (□) and 310 K (Δ). Dashed lines represent the results of nonlinear
regression of a two-parameter single exponential decay whereas solid lines represent
the results of nonlinear regression of a dual two-parameter exponential decay.
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homologue in the Protein Data Bank [20] and data from the latter were
reported. Hydrodynamic radii calculated from the crystal structure of,
elongonBC+SOCS2160–198 with atomic element radii (AER) of 3.1 and
5.0 Å (representing the lower and upper limits of the typical range of
AER [21]) are 26.9 and 29.1 Å, respectively. Corresponding translational
diffusion coefficients and rotational correlation times of ElonBC-SB
from hydrodynamic calculations of elongonBC+SOCS2160–198 are
summarized in Table 1. While hydrodynamic radii, Rh, derived from
translational diffusion coefficients of ElonBC-SB agree very well with
calculated values across the temperature range studied, experimen-
tally measured translational diffusion coefficients were found to be
systematically lower than those from hydrodynamic calculations
(Table 1), as reported previously [23]. These lower experimentally
measured translational diffusion coefficients resulted in apparently
higher τc values for ElonBC-SB (Eq. (6) and Table 1).

It has been shown previously that a quick estimation of protein
rotational correlation time can be obtained from its collective 15N
relaxation parameters without the need for a residue-specific relaxa-
tion analysis [5,6]. In order to compare rotational correlation times
derived from translational diffusion coefficients with τc estimated
from collective 15N relaxationmeasurements, collective 15N relaxation
parameters of ElonBC-SB were also measured using both conventional
pulse sequences as well as the recently reported TRACT sequences [6].
Decay curves of collective 15N R1 and R2 and single-spin-state Rα and
Rβ rates of ElonBC-SB at several temperatures are shown in Figs. 3
and 4, respectively. In contrast to collective backbone 15N R1 decay
curves, which fit satisfactorily to a single two-parameter exponential
decay (Fig. 3A), 15N R2 decay curves clearly deviate from a single two-
parameter exponential decay (Fig. 3B, dashed lines). This is consistent
with the fact that internal motion has much more profound effects on
R2 than R1. It was found subsequently that the collective backbone 15N
R2 decay curves could be fitted satisfactorily to a dual two-parameter
exponential decay (Fig. 3B, solid lines). The faster component, R2f, was
thus taken as an approximation of the collective R2 value from re-
sidues less affected by internal motion and was chosen for the
estimation of effective rotational correlation times of the ElonBC-SB
complex. Similarly, for the single-spin-state relaxation rates, both Rα
and Rβ decay curves also deviate from a single two-parameter ex-
ponential fit, particularly at lower temperatures (Fig. 4). Again, a dual
two-parameter exponential decay was found to give very good fits at
lower temperatures. Experimentally measured collective 15N relaxa-
tion rates and subsequently calculated rotational correlation times are
summarized in Table 2. Residue-specific backbone 15N R1 and R2 rates
were obtained for ElonBC-SB at 310 and 318 K (Supplementary Ma-
terial, Figs. S1 and S2 and Table S2). Overall averaged R1, R2 values for
ElonBC-SB are 1.03±0.12 s−1 and 19.74±5.30 s−1 at 310 K and 1.52±
0.20 s−1 and 13.55±3.30 s−1 at 318 K. Effective rotational correlation
times of the complex calculated from averaged ratios of R2/R1 of
backbone amides located in the structured regions are 14.5±0.7 and
9.6±0.5 ns for 310 and 318 K, respectively, as estimated using the



Fig. 4. Single-spin-state 15N relaxation Rα (●) and Rβ (○) decay curves of ElonBC-SB
obtained using the TRACT sequence at temperatures 283 K (A), 288 K (B) and 293 K (C).
As in Fig. 3, dashed and solid lines represent the results of nonlinear regression of single
and dual two-parameter single exponential decays, respectively.
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program tmest within the Modelfree software package (A. G. Palmer,
Columbia University).

Effective rotational correlation times of ElonBC-SB derived from
both translational diffusion coefficients and collective 15N relaxation
Table 2
Collective backbone 15N relaxation rates and rotational correlations of ElonBC-SB

T (K) R1 (s−1) R2
a (s−1) R2f, R2sb (s−1) R2f/R1c τc

d (ns)

283 1.31±0.04 4.9±0.4 17.4±3.7 12.3±2.9 10.9±1.5
2.9±0.40

288 1.24±0.05 5.0±0.5 19.6± 3.5 15.8±2.9 12.4±1.3
2.6±0.3

293 1.26±0.06 5.8±0.4 15.0±0.9 11.9±0.9 10.7±0.5
2.5±0.2

298 1.18±0.04 6.8±0.6 15.9±1.9 13.5±1.7 11.4±0.8
1.9±0.4

310 1.14±0.05 8.7±0.6 15.1±2.3 13.2±2.1 11.3±1.0
2.1±1.0

318 1.39±0.13 9.9±0.3 – 7.1±0.7 7.9±0.5

a Single-component two-parameter fit (relaxation rates and standard errors of nonlinear
b Two-component dual two-parameter fit.
c Collective 15N R2f /R1 ratios (calculated using R2f, the faster component from a dual two
d Effective rotational correlation times calculated from the collective 15N R2f /R1 ratios.
e Effective rotational correlation times calculated from the difference of collective single-
rates over the temperature range studied are shown in Fig. 5. While
values of rotational correlation times of ElonBC-SB derived from
translational diffusion coefficients and collective single-spin-state 15N
relaxation rates differ, both can be described by the Vogel–Fulcher–
Tamman (VFT) equation (Fig. 5B), τc=τ0exp(AT0 / (T−T0)), where τ0, A
and T0 are fitting parameters, reflecting that the diffusive behavior of
ElonBC-SB is consistent with the Debye–Stokes–Einstein model across
the temperature range. In contrast, rotational correlation times at
lower temperatures, derived from collective R2/R1 ratios measured
from conventional relaxation-weighted HSQC spectra, clearly
deviated from the VFT equation, suggesting they are not an adequate
reflection of the true τc values.

Rotational correlation times from collective backbone single-spin-
state 15N relaxation rates, Rα and Rβ, have been shown previously to
give reasonable τc values [6]. However, in the case of a protein domain
containing flexible loops and termini, collective backbone 15N
relaxation rates gave rotational correlation time significantly lower
than the value from residue-specific relaxation analyses [5]. It was also
observed that 15N relaxation R1 and R2 rates obtained from the first-
increment FIDs of relaxation-weighted HSQC spectra were signifi-
cantly different from the averaged R1 and R1 values calculated from
values measured for individual residues [5]. For collective 15N
relaxation rates the presence of flexible termini and/or loops becomes
much more significant, particularly for R2, as the collective relaxation
rates are dominated by residues from flexible termini and/or loops. In
this study, τc estimated from the faster component of collective R2
values (resulting from the fit of a dual two-parameter exponential
decay approximation using average first-increment FIDs of 15N R2
weighted 15N-HSQC spectra acquired with a conventional pulse
sequence) was reasonable at higher (310 and 318 K) but not at
lower temperatures (Fig. 5). This indicates that even the faster
component resulting from a dual exponential decay approximation
fails to produce a sufficiently reliable R2 value for backbone amides
with minimal influence from internal motion. In contrast, we found
that single-spin-state 15N relaxation rates, Rα and Rβ, as measured
using the TRACT sequences, gave reasonable, lower limit, estimations
of τc provided fits to a dual exponential decay rather than a single
exponential decay were performed. Thus, when estimating protein
effective rotational times in solution using collective 15N relaxation
rates, it appears that the conventional sequences are more susceptible
to the presence of flexible termini and/or loop regions than the newly
introduced single-spin-state TRACT sequences.

In contrast to effective rotational correlation times derived from
collective backbone 15N relaxation parameters, effective rotational
correlation times calculated from translational diffusion coefficients
using Eq. (6) agree well with τc values derived from residue-specific
relaxation analysis and those calculated from the structure of a highly
Rα (s−1) Rαf, Rαs (s−1) Rβ (s−1) Rβf, Rβs (s−1) τc
e (ns)

10.3±0.2 17.8±4.2 16.2±0.7 69.6±5.2 25.1
5.0± 2.6 10.5±0.4

12.1±0.2 23.0±6.4 20.7±0.8 56.4±4.5 16.0
7.4± 2.2 11.6±0.7

12.3±0.2 15.4±2.2 22.9±0.8 47.7±3.8 15.4
1.4±6.4 10.7±1.1

13.4±0.2 – 26.3±0.7 38.1±3.4 11.7
10.1±2.6

14.8±0.6 – 31.5±1.2 – 7.6

18.1±0.6 – 30.8±0.9 – 5.4

regression are shown).

-parameter exponential fit).

spin-state 15N relaxation rates of backbone amides, Rβ−Rα [6].



Fig. 5. Effective rotational correlation times versus η/T (A) and 1000/T (B) derived from
(□) collective 15N relaxation parameters 15N R2/R1 ratio of first-increment FIDs of
relaxation-weighted 15N-HSQC spectra; (◊) single-spin-state TRACT sequences, (○)
translational diffusion coefficients and (Δ) calculated from hydrodynamic radii (using
values given in Table 2 and the viscosities of water as an approximation). Lines in A
represent linear regression fits to the data and pass through the origin as described by
the Stokes–Einstein equation, whereas lines in B represent fitting to the Vogel–Fulcher–
Tamman (VFT) equation. The shaded bands represent rotational correlation times of
ElonBC-SB as calculated from the crystal structure of elonginBC+SOCS-2160–198 with
atomic element radii (AER) of 3.1 and 5.0 Å, respectively. Rotational correlation times,
τc, at 310 and 318 K determined using averaged R2/R1 ratios of residues from well
ordered and structured regions of the complex are indicated as vertical bars with their
lengths corresponding to the error ranges (⧳).
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similar protein complex solved by X-ray crystallography. We note that
τc values derived from translational diffusion coefficients appear to be
slightly longer than those derived from the residue-specific 15N
relaxation analysis (Fig. 5). The difference between effective rotational
correlation times estimated from backbone 15N relaxation time and
Table 3
Translational diffusion coefficients and hydrodynamic radii of alternative small molecules

Dioxane (88 Da) DMSO (78 Da) Acetone (5

T (K) Da (10−9 m2 s−1) Rh (Å) Da (10−9 m2 s−1) Rh
b (Å) Da (10−9 m

283 0.67±0.01 2.12 0.72±0.01 1.97 0.80±0.01
288 0.80±0.01 2.12 0.85±0.01 2.00 0.95±0.01
293 0.92±0.01 2.12 0.98±0.02 1.99 1.09±0.02
298 1.06±0.01 2.12 1.14±0.01 1.97 1.27±0.01
303 1.21±0.01 2.12 1.31±0.01 1.96 1.46±0.01
310 1.43±0.01 2.12 1.54±0.01 1.97 1.72±0.01
318 1.71±0.01 2.12 1.83±0.01 1.98 2.05±0.01

a Translational diffusion coefficients shown are average value±standard deviation calculat
y direction.

b Rh values for DMSO, acetone, acetonitrile, and EDTA calculated using Eq. (5) with an Rh o
0.01, 1.77±0.01, 1.40±0.01, and 4.52±0.08 Å, respectively.
translational diffusion coefficients (Fig. 5) may, to some extent, reflect
the internal motion possessed by those backbone amides used for the
determination of τc from their relaxation parameters, as any internal
motion will lead to an underestimated τc [24]. The apparent over-
estimated τc values from translational diffusion coefficients, as can be
seen from Eq. (6), could also be a consequence of: (1) experimentally
measured translational diffusion coefficients are somewhat under
estimated (as observed previously that experimentally measured
translational diffusion coefficients are systematically smaller than
theoretically calculated values [23]) and/or (2) the hydrodynamic
radius of the reference molecule, Rh

REF, is over estimated (i.e. the
hydrodynamic radius of dioxane is in fact less than 2.12 Å as reported
previously [12].). Nevertheless, translational diffusion coefficients,
which can be readily measured by PFG-NMR under identical solution
conditions to those used for other studies, such asmolecular structural
and interaction studies, and without the need for isotopically labelled
materials, can be used to for rapid estimates of protein effective
rotational correlation times. Finally, these values derived from
translational diffusion coefficients may also be considered as an ex-
perimentally determined upper limit of the effective rotational cor-
relation time (Fig. 5). Together with values determined from collective
relaxation measurements the range of the effective rotational correla-
tion times of a protein in a given solution condition can be defined
experimentally.

It is worth noting that dioxane, even though it is a small molecule,
appears to function well as an internal standard for a relatively large
complex like ElonBC-SB (~30 kDa). Small molecules other than
dioxane have been used previously as internal references in transla-
tional diffusion measurements in order to facilitate comparisons
between samples with different solution conditions [25,26]. For small
molecules other than dioxane to be used as internal references for the
estimation of effective rotational correlation times, indicative values
of Rh are needed. We have carried out measurements of several other
small molecules, namely DMSO, acetone, and acetonitrile, in the
presence of dioxane under similar solution conditions to those used
for ElonBC-SB and the results are summarized in Table 3. Representa-
tive diffusion weighted spectra and diffusion induced peak inten-
sities decay curves are shown in Supplementary data (Fig. S3). Over
the temperature range 283–318 K, all three molecules behave as well
as dioxane and the measurements resulted in indicative hydrody-
namic radii of 1.97,1.77, and 1.40 Å for DMSO, acetone, and acetonitrile,
respectively. AsDMSO, acetone, and acetonitrile give rise to resonances
at chemical shifts different from dioxane (Fig. S3A, Supplementary
data), they may be of use when accurate measurements of diffusion
coefficients of dioxane become problematic due to spectral overlap.
Finally, translational diffusion coefficients of EDTA in the absence
of ElonBC-SB (Table 3) agree very well with those obtained in the
presence of ElonBC-SB (Table 1) with an indicative hydrodynamic
radius of approximately 4.50 Å.
8 Da) Acetonitrile (48 Da) EDTA (292 Da)

2 s−1) Rh
b (Å) Da (10−9 m2 s−1) Rh

b (Å) Da (10−9 m2 s−1) Rh
b (Å)

1.78 1.03±0.01 1.38 0.31±0.01 4.58
1.79 1.21±0.01 1.40 0.37±0.01 4.58
1.79 1.39±0.03 1.40 0.42±0.01 4.64
1.77 1.61±0.01 1.40 0.50±0.01 4.49
1.76 1.85±0.01 1.39 0.58±0.01 4.42
1.76 2.17±0.01 1.40 0.68±0.01 4.46
1.77 2.56±0.01 1.42 0.81±0.01 4.48

ed from eight measurements with diffusion encoding gradients applied either in the x or

f 2.12 Å for dioxane. Mean Rh values for DMSO, acetone, acetonitrile, and EDTA are 1.97±
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4. Conclusions

We have shown that, provided the protein diffusive behavior is
coherent with the Debye–Stokes–Einstein model, translational diffu-
sion coefficients provide a means for quick estimates of rotational
correlation times with reasonable accuracy, which may be otherwise
difficult to determine from alternative rapid methods, such as col-
lective backbone 15N relaxation rates. Translational diffusion coeffi-
cients provide rapid estimates of protein rotational correlation times
with the advantages that the protein of interest does not need to be
isotopically labelled and the resulting τc is not susceptible to internal
motion of the protein. This approach to determining effective rota-
tional correlation times may be particularly useful in studies of bio-
molecular structure and interactions in situations where i) isotopically
labelledmaterial is not available, ii) collective backbone 15N relaxation
rates are difficult to interpret because of the presence of flexible
termini or loops, such as in intrinsically unstructured proteins, or iii) a
full relaxation analysis is practically difficult because of limited sen-
sitivity owing to low protein concentration, high molecular mass or
low temperatures).
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