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Abstract

In structural biology, pulsed field gradient (PFG) NMR for characterization of size and
hydrodynamic parameters of macromolecular solutes has the advantage over other techniques that
the measurements can be recorded with identical solution conditions as used for NMR structure
determination or for crystallization trials. This paper describes two transverse relaxation-optimized
(TRO) 1°N-filtered PFG stimulated-echo (STE) experiments for studies of macromolecular
translational diffusion in solution, IH-TRO-STE and 1°N-TRO-STE, which include CRINEPT and
TROSY elements. Measurements with mixed micelles of the Escherichia coli outer membrane
protein X (OmpX) and the detergent Fos-10 were used for a systematic comparison of 1H-TRO-
STE and ®N-TRO-STE with conventional 2°N-filtered STE experimental schemes. The results
provide an extended platform for evaluating the NMR experiments available for diffusion
measurements in structural biology projects with molecular particles of different size ranges. An
initial application of the 15SN-TRO-STE experiment with very long diffusion delays showed that
the tedradecamer structure of the 800 kDa 7hermus thermophilus chaperonin GroEL is preserved
in aqueous solution over the temperature range 25-60°C.

This communication evaluates and applies transverse relaxation optimization (TRO) in
NMR experiments that are used to measure translational diffusion of macromolecular
solutes in liquids. Renewed interest in hydrodynamic measurements is generated by
increased focus of structural biology on supramolecular structures, which requires analytical
tools for the characterization of entities consisting of two or multiple non-covalently linked
molecules. Among the methods used, which include also ultracentrifugation, quasi-elastic
light scattering, small angle X-ray scattering and small angle neutron scattering, pulsed field
gradient (PFG) NMR has the advantage that the measurements can be carried out under
conditions of protein and detergent concentrations, ionic strength and temperature that are
closely similar to those used for NMR structure determination and crystallization trials. In
line with the aforementioned interest in hydrodynamic studies of supramolecular structures,
prominent applications of PFG-NMR diffusion measurements include monitoring of protein
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association,1~4 characterization of protein-ligand interactions,>’ and determination of the
size and shape of detergent micelles and membrane protein—detergent mixed micelles.8-11

NMR diffusion measurements initially used the spin echo (SE) experiment.12 Subsequently
the stimulated echo (STE) experiment, which enables storing the magnetization along the z-
axis during waiting periods when it is not being dephased or re-phased by magnetic field
gradients,13 has been widely used for studies of macromolecular systems with slow
longitudinal relaxation and fast transverse relaxation, i.e., with T > T,, where T, and T,
are the longitudinal and transverse nuclear spin relaxation times, respectively. More
recently, heteronuclear filters were incorporated into STE pulse sequences, in order to
distinguish between signals arising from stable-isotope-labeled and unlabeled components in
the solutions studied,14 and the X-STE experiment1:16 was designed to extend the size limit
for measurements of diffusion coefficients of isotope-labeled molecules beyond the STE
limit of about 50 kDa. This was achieved by storing the magnetization during the diffusion
delay on either 1°N- or 13C-spins, which both have slower relaxation rates than 1H-spins in
the same protein. Although the diffusion interval in X-STE could thus be increased about
10-fold when compared to STE,1° transverse relaxation during the INEPT 15N, 1H-
magnetization transfer steps became a limiting factor when working with large molecular
sizes. To further extend the size range, we now replaced the INEPT coherence transfers

in 15N-filtered PFG-STE experiments by CRINEPT.1? Studies of mixed micelles of the
outer membrane protein X (OmpX) from Escherichia coli and the detergent Fos-10 with the
experiments 1H-TRO-STE and 1°N-TRO-STE were used to compare the performance of
corresponding experiments with and without TRO. The 1°N-TRO-STE experiment was then
applied for studies of the hydrodynamic properties of the 800 kDa tetradecameric
chaperonin protein GroEL from Thermus thermophilus'8-12 under variable solution
conditions.

The IH-TRO-STE experimental scheme (Fig. 1A) is based on a heteronuclear-filtered PFG-
STE experiment (Fig. 1C in Tillet et al.®) in which the magnetization is stored in the bilinear
H,N, state during the delay T. In H-TRO-STE the delay t is adjusted for optimal
CRINEPT transferl” rather than being set to [2Jg X = 5.4 ms® . To avoid radiation
damping during the diffusion delay and prevent saturation of the labile protein protons,
water-selective soft pulses are applied to keep the bulk water magnetization along the z-axis
during the entire course of the experiment, and no 1°N-decoupling is applied during
acquisition in order to benefit from the 1°N-1H TROSY effect!®. The 1°N-TRO-STE
scheme (Fig. 1B) has in common with the X-STE experiment of Ferrage et al.1> that losses
due to longitudinal relaxation are reduced by keeping the magnetization in the A/, state
during the delay T. To further achieve efficient TRO, we introduced a 1H-to-1°N
magnetization transfer element consisting of two consecutive CRINEPT steps, zand zp,
and added ®N-1H TROSY by eliminating 1°N-decoupling during acquisition. In the
practice of PFG-STE experiments one measures the ratio of a signal, S, which is recorded
with variable amplitudes of the gradient pulse Gp and therefore attenuated by diffusion, and
a reference signal, Sy, which is recorded with very weak Gp amplitudes:

S /S o=exp(—g° Dy (A — §/3)). @

In Eq. (1), g=ynsGpb is the area of the gradient pulse Gp, where -y is the proton
gyromagnetic ratio and s represents the shape of the diffusion gradient with peak amplitude
Gp and duration 6, Dyis the translational diffusion constant, and & is the diffusion delay
(Fig. 1). Both signals, Spand S, are dampened by longitudinal 1H and 15N relaxation during
the delay T, affected by transverse 1H and 1N relaxation during the transfer periods, z; and

JAm Chem Soc. Author manuscript; available in PMC 2012 October 19.



1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Horst et al.

Page 3

), and modulated by scalar couplings. The resulting signal attenuation can be described by
the factors . rro.sTeand fy.7ro-sTE.

-r TS2T, 7
f A HzNz HzN; H'H
H-TRO-sTE— {3y € TR @

Fr-rro-se=0-5A, (A e e T+KN e T HaNcHoN: T)eS2rH Al (3
' yand Ty are average transverse auto-relaxation rate constants of in-phase and anti-
phase 15N and 1H coherences:20:21

l—‘H :{FH*' Ht +1—‘H+NZ‘H+N; 172 ()]

FN ={FN+ Nt +FH;N+.HZN+ }/2 (5)

T nynand Ty, 1,0, are the longitudinal relaxation rate constants for the A, and the H,/\,
states. For 15SN-TRO-STE the signal attenuation caused by diffusion between the two
gradients G, (length: 0.3 ms, gradient strength: 13 G/cm) was estimated to be < 1 %o even
for long diffusion delays (A = 1 s) and fast diffusion (D;= 2 x 10710 m2/s), and it was
therefore not considered in Eq (3).

The coefficients A, Ayand Ky are given by Egs. (6)—(8), where Fff) Z,f,fA and To7 ,fZCNiA ar
the transverse 1H and 1°N cross-correlated relaxation rate constants:
Ay=sinh () 0T, ) sin® (1, 7,) ®)
Ay=sinh* (@00 ) +sin? (n,,7) ™
KNzcoshZ(Fgf;:CNiATN) — sin® (1J,, 7)) ®)

The equations (6)—(8) describe linear combinations of polarization transfers via scalar
coupling (sine function) and via CRIPT (hyperbolic sine and cosine functions). For short

. . R . DD /CSA
rotational correlation times z,, the cross-correlated relaxation rate constants I’ wtpiy, and

FI;fZZCNﬁA are negligibly small and only the INEPT pathway given by the second term in Egs.

(6)—(8) contributes significantly to the CRINEPT transfer, whereas for zvalues > 100 ns,

DD/CSA DD /CSA . R . .
FH+.,4+NZ and FN#LM become large and CRIPT is the dominant polarization transfer

mechanism in the CRINEPT element.17 In the absence of spin relaxation, the signal
intensity in the 1°N-TRO-STE experiment would be reduced by a factor of 2 when
compared to other STE-type experiments (see Egs. (2) and (3)). Nonetheless, model
calculations of the relative sensitivities of the 1°N-TRO-STE, 1H-TRO-STE and X-STE
experiments for translational diffusion measurements predict that 1°N-TRO-STE is a
promising approach for studies of large supramolecular structures with rapid transverse spin
relaxation [Figure S1 in the Supporting Information (SI)].
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For an experimental validation of the predictions in Fig. S1, we recorded 1°N-TRO-

STE, H-TRO-STE and X-STE experiments of [u-1° N,u~80%-2H]-OmpX (outer
membrane protein X from £. colj) reconstituted in mixed micelles with the detergent Fos-10,
with A values (Fig. 1) ranging from 100 ms to 300 ms. At a sample temperature of 4° C, the
effective rotational correlation time, t;, of OmpX/Fos-10 micelles was = 52 ns, as
determined using the TRACT experiment. For this system, 1°N-TRO-STE is approximately
1.5-fold more sensitive than X-STE (Fig. 2, B and C), which reflects the higher efficiency of
the CRINEPT transfers!’ used in 1°N-TRO-STE when compared to the INEPT transfers in
the X-STE experiment. This gain is close to the 1.3-fold increase in sensitivity of 15N-TRO-
STE over the X-STE experiment predicted for uniformly 80% 2H-labeled antiparallel -
sheets in particles with the size of OmpX/Fox-10 micelles (Fig. S1A in the Sl). For a
diffusion delay of 100 ms the 'H-TRO-STE experiment was about two-fold more sensitive
than 1°N-TRO-STE, but its signal intensity fell off rapidly for longer delays A (Fig. 2A).
The small loss of 15N-TRO-STE signal intensity between A-values of 100 ms and 300 ms
(Fig. 2B) probably arises primarily because the K 5 magnetization transfer pathway (Eqg. (3))
becomes less efficient for long diffusion delays due to longitudinal proton relaxation of the
HN, state.

For measurements of diffusion constants, the amplitude of the gradients Gp (Fig. 1) was
incremented linearly in 16 steps. The resulting decay of the signal intensity as a function of
the square of the Gp amplitude is single-exponential, as predicted by Eqg. (1), yielding values
for the diffusion coefficient of OmpX/Fos-10 micelles between 4.50 and 4.65 x 10711 m?/s
(Fig. 2, D and E). Overall, the model calculations of Fig. S1 and the experiments with
OmpX/Fos-10 mixed micelles (Fig. 2) yielded three key results. Firstly, the 1H-TRO-STE
scheme provides high sensitivity for work with small molecular particles which can be
studied with A-values (Fig. 1A) up to about 100 ms. 1H-TRO-STE may therefore become an
attractive alternative to other experiments12-16 available for studies of molecular sizes
corresponding to tc-values up to about 40 ns. Secondly, for measurements with diffusion
delays A longer than 100 ms, as needed for studies of large molecular sizes, the 1°N-TRO-
STE scheme yields the best sensitivity. Thirdly, identical translational diffusion coefficients
for OmpX/Fos-10 mixed micelles were obtained with either of the three experimental
schemes used in Fig. 2, A-C, with A =100 ms, and a closely similar value was obtained
with A =300 ms (because of the low sensitivity (Fig. 2A), the IH-TRO-STE data obtained
with A =300 ms are not included in Fig. 2E). For each size range one may thus select the
experimental scheme that yields the best sensitivity, without running risks that the diffusion
measurements might be biased by the selection of the particular experiment.

For an initial assessment of the uniformly [2H,1°N]-labeled chaperonin 7#7 GroEL we
measured 1°N-1H NMR correlation spectra. Key observations resulted from the temperature
dependence of the 2D [*°N,1H]-TROSY spectrum on the one hand, and the 2D [1°N,1H]-
CRIPT-TROSY spectrum on the other hand (Fig. 3). Small dispersion of the resonances
along the wy(*H)-axis in the 2D [*°N,2H]-TROSY spectrum at 25 °C (Fig. 3A) indicates that
the observed signals are from flexibly disordered polypeptide segments devoid of regular
secondary structure.23 This is in line with previous studies, 2425 which had shown that
transverse relaxation is too fast to allow observation of NMR signals from structured
polypeptide segments within particles of several hundred kDa in 2D [1°N,1H]-TROSY
spectra recorded at room temperature. The spectrum of Fig. 3A is strikingly different from
the widely dispersed 2D [*°N,*H]-correlation map with more than 300 resolved cross-peaks
(Fig. 3B) that was obtained from the 2D [1°N, 1H]-TROSY measurement at 60 °C and is
typical for a folded globular protein. In contrast, the 2D [1°N,1H]-CRIPT-TROSY spectra
recorded at 25 °C and at 60 °C have similar overall features (Fig. 3, C and D), and they also
show comparable dispersion of the 1H chemical shifts to that in the [1°N, 1H]-TROSY
spectrum at 60 °C (Fig. 3B).
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For a more detailed interpretation of the data in Fig. 3, in particular in view of the extensive
differences, between the [1°N,YH]-TROSY spectra at 25 °C and at 60 °C (Fig. 3, A and B), it
was of interest to characterize the oligomeric state of 7¢/1 GroEL at the different
temperatures used. We therefore measured 1°N-TRO-STE experiments to determine the
translational diffusion coefficient of 7#1 GroEL, D; £, at 25 °C and at 60 °C (Fig. 3E). We
further determined the diffusion coefficient of the internal standard DSS, Dy pss, at the same
temperatures, and calculated the relative diffusivity of 7271 GroEL, dg, using Eg. S1. It has
been shown previously that convection in the sample can lead to an overestimation of the
diffusion coefficient D;in PFG-STE experimentsZ6 . Jerschow and Miiller have developed
elegant NMR experiments to eliminate these convection artifacts?’, however, these methods
are difficult to implement into X-STE type experiments. We therefore chose the alternative
to work with samples with restricted volumes . In order to assess the influence of convection
on the measured D;values at 60 °C, we measured PFG-STE experiments of HDO at variable
temperatures and diffusion delays (Fig. S2), which revealed that by using the experimental
set-up described in the methods section of the SI, D, measurements at 60 °C were not
measurably affected by convection.

The value of 3.8 x 1071 m?/s for D; g at 25 °C (Table S1) is much smaller than the Dyvalue
expected for a 58 kDa 7#h GroEL monomer, and it is characteristic for a large particle in the
molecular size-range of tetradecameric 7/ GroEL.28 The diffusion constant of the reference
compound DSS, D; pss, is 2.4 times larger at 60 °C than at 25 °C (Table S1), which is in
satisfactory agreement with the increase by a factor 2.1 that is predicted based on the
temperature dependence of the viscosity, 7, for H,0.2° Finally, the relative diffusivity for
Tth GroEL, which is independent of the solvent viscosity and the temperature, has closely
similar values at 25 °C and 60 °C (Table S1). The combined data on GroEL and DSS then
show that the value of 10.1 x 10~ m?/s for D, g at 60 °C can be rationalized by the
decrease of the solvent water viscosity 7 with increasing temperature, and that the
tetradecameric state of 7741 GroEL is highly populated also at 60 °C. The improved quality
of the 2D [1°N, 1H]-TROSY spectrum of 7/ GroEL at 60 °C, when compared to the
corresponding spectrum at 25 °C (Fig. 4, A and B), is therefore due to the shorter effective
tvalue resulting from the reduced solvent viscosity at 60 °C and not to dissociation of the
tetradecameric functional state of the chaperonin.

In conclusion, the presently introduced H-TRO-STE and 1°N-TRO-STE experiments
enable improved measurements of the translational diffusion coefficients for 1°N-labeled
polypeptides in large complexes. In particular, the fully transverse relaxation-optimized
experiment 1°N-TRO-STE opens the possibility to determine small diffusion coefficients of
polypeptide chains in su-pramolecular structures of several hundred kDa in size.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

TRO-STE (transverse relaxation-optimized 1°N-filtered PFG-stimulated echo) pulse
schemes for measuring translational self-diffusion constants, D, of macromolecules in
solution. Vertical bars on the lines marked H and 1°N indicate non-selective 90°-pulses,
and sine-bell shapes on the line 1H indicate water-selective 90°-pulses. The line marked
PFG indicates the durations and shapes of pulsed magnetic field gradients applied along the
z-axis. The gradients Gp, which encode the variable diffusion delay, A, have adjustable
amplitudes and a fixed duration, 6, of 4.5 ms. The “crusher gradients” Gg to G4 are used to
dephase unwanted magnetization. The CRINEPT transfer delay z,,can be optimized using
CRINEPT buildup measurements, and ,, can be adjusted for high sensitivity using a 1°N-
TRO-STE experiment with constant Gp gradient amplitude. For both delays, typical lengths
thus found are between 3.0 and 5.4 ms. (A) 1H-TRO-STE. For the applications in this paper,
the duration and strength of the rectangular gradient G1 were 500 s and 31 G/cm. Phase
cyching: ¢1=X,-X,X, =X; $2=X, X,Y,Y; drec= X,—X,~X,X. (B) 1°N-TRO-STE. Duration, strength
and shape of the gradients Gg to G4: Gg, 1 ms, 27 G/cm, rectangular; Gq, 0.5 ms, 23 G/cm,
sine-bell; Gy, 0.3 ms, 13 G/cm, sine-bell; Gz, 0.5 ms, 31 G/cm, rectangular; G4, 0.5 ms, 21
G/cm, sine-bell. Phase cycling: ¢1 = Y,—Y.Y,=Y: ¢2 = V.V,=Y,=Y; drec = X,—X,—X,X.
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Figure2.
Experimental comparison of the IH-TRO-STE, 15N-TRO-STE and X-STE pulse schemes
for translational diffusion measurements, based on data collected with [u- 1°N,u~80%- 2H]-
OmpX in mixed micelles with the unlabeled detergent Fos-10 at 4°C (A)—(C): 1D 15N-
filtered 1H NMR spectra measured using 1H-TRO-STE, 15N-TRO-STE and X-STE,
respectively, with gradient strengths, Gp, of 3 G/cm, and diffusion delays A (see Fig. 1) of
100 and 300 ms. The signal intensity between the broken vertical lines was evaluated in
order to obtain the values for Spand Swhich were used in Eg. (1) to determine the diffusion
constants indicated in panels (D) and (E). (D) NMR data used to determine the diffusion
constant acquired with A =100 ms. (E) Same as (D), measured with A = 300 ms. In (D) and
(E), relative signal intensities are plotted versusthe square of the gradient strength. In (D),
filled triangles, crosses and open circles represent the data obtained with the 1H-TRO-STE,
X-STE and 15N-TRO-STE experiments, respectively. In (E), only the X-STE and 15N-TRO-
STE data are shown. Translational diffusion constants, D;, are indicated as calculated rom
the 15N-TRO-SE data using a single-exponential fit. For the TRO-STE experiments, the
encoding gradients, 6 (Fig. 1), had a length of 4.5 ms. For the X-STE experiment, bipolar
gradients of length 2.25 ms were used.1® Each of the one-dimensional spectra is the result of
accumulating 128 transients in 5 minutes.
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Figure 3.

NMR spectra and diffusion measurements of the uniformly [1°N, 2H]-labeled 800 kDa
protein GroEL from Thermus thermophilus. (A) and (B): 2D [*°N,1H]-TROSY spectra
acquired at 25 °C and at 60 °C . (C) and (D): 2D [**N, 1H]-CRIPT-TROSY spectra acquired
at 25 °C and 60 °C with CRIPT transfer delays of 1.0 ms and 2.0 ms, respectively. (E) NMR
data used to determine the diffusion constant with 1°N-TRO-STE experiments at 25 °C
(filled circles) and 60 °C (open diamonds). The spectra were recorded with § = 4.5 ms and
A =800 ms (see Fig. 1). Sand Spwere evaluated as the sum of the signal intensities in

the 1H chemical shift range 8.7 to 9.6 ppm. T he resulting values for the diffusion
coefficients, D, were determined by fitting the data to Eq. 1 (see Table S1). The parameter
settings used to collect and process the data are described in the Methods section in the SI.
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