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Multidimensional electrophoretic NMR (ENMR) has been intro-
duced to determine structures of coexisting proteins and protein
conformations in solution. Signals of different proteins are sepa-
rated in a new dimension of electrophoretic flow according to their
characteristic electrophoretic mobilities. The electrophoretic inter-
ferograms have been generated in the flow dimension in two ap-
proaches by incrementing either the amplitude or the duration of
the electric field. The ENMR method of incrementing the duration
of the electric field, however, introduces severe signal decays due to
molecular diffusion and spin relaxation, limiting the effectiveness
of the method. In this study, an improved method of constant-time
multidimensional ENMR (CT-ENMR) has been proposed and suc-
cessfully tested. The time delays between the magnetic field gradi-
ents and the RF pulses are kept constant in this new method so that
the molecular diffusion and spin relaxation processes contribute
to only a constant factor of signal amplitude. As an alternative
approach of incrementing the amplitude of the electric field, this
novel method significantly enhances our capability and potential in
characterizing structural changes of interacting proteins during bi-
ological signaling processes. The CT-ENMR method is particularly
useful in studies where the amplitude-incrementing of the electric
field is not optimal. For example, the CT-ENMR method is superior
when the electric field is applied in the direction not parallel to the
static magnetic field B0 to the xy-magnetization. The new method
was successfully demonstrated with a sample solution containing
100 mM 4,9-dioxa-1,12-dodecanediamine and 100 mM L-aspartic
acid in D2O. C© 2002 Elsevier Science (USA)
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INTRODUCTION

Electrophoretic NMR (ENMR) (1–20) has a demonstrated
potential in characterizing structures of coexisting proteins and
protein conformations in solution (21–24). The overlapping
1 Some of the preliminary results were reported in the 41th Experimental
Nuclear Magnetic Resonance Conference (ENC), Asilomar, California, April
9–14, 2000.
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NMR signals of bovine serum albumin (BSA, 60 kD) and
ubiquitin (8.6 kD) have been resolved without physical sep-
aration of the component proteins in solution (21). To inves-
tigate proteins in biological buffer conditions, capillary array
ENMR (CA-ENMR) (22) and convection-compensated ENMR
(CC-ENMR) have been developed (24) to remove spectral ar-
tifacts from heat-induced convection. The CA-ENMR sample
tube also enhances the effective electric field, permitting ENMR
measurements in solutions of high ionic strength. The multi-
dimensional modality of ENMR, as demonstrated in a three-
dimensional electrophoretic COSY (3D EP-COSY) experiment,
provides structural information of molecules coexisting in the
same solution (23). Such structural information is unavailable
with the conventional multidimensional NMR methods. The sig-
nals from different molecules migrating in solution are modu-
lated with the characteristic frequencies proportional to their
electrophoretic mobilities. The NMR resonances from different
molecules can be displayed at different electrophoretic frequen-
cies in a new dimension of electrophoretic flow added to the
traditional NMR spectrum that contains overlapping NMR res-
onances from all molecules in the mixture solution. Since the
Hamiltonian governing spin dynamics commutes with that gov-
erning the electrophoretic flow motion of molecules, the sepa-
rated NMR resonances from each molecular component are or-
ganized in the same way as in the corresponding NMR spectra
from the pure single-component molecular solution. Therefore,
the sorted NMR spectra can be analyzed in the conventional
manner. In principle, structures of coexisting proteins can be
obtained, even during their biochemical reactions.

The electrophoretic flow interferograms in the new dimension
of nD-ENMR have been generated in two approaches: (a) using
the electric field (EF)-time-incrementing method by increasing
the duration of electric field pulse at a constant amplitude (1, 2),
or (b) using the EF-amplitude-incrementing method by increas-
ing the amplitude of the electric field at a fixed pulse dura-
tion (3, 21–24 ). However, the previous EF-time-incrementing
method introduces severe signal decays from molecular dif-
fusion and spin relaxation (1, 2), and most ENMR experi-
ments prefer the EF-amplitude-incrementing approach since
the time delays between the gradient and the RF pulses are
constant and, therefore, the signal is free from the diffusion
and relaxation decays (3, 8, 21). In this paper, we present an
1090-7807/02 $35.00
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improved EF-time-incrementing approach—the constant-time
multidimensional ENMR (CT-ENMR) method—that removes
the diffusion and relaxation signal decays. The time delays be-
tween the encoding and the decoding magnetic field gradients
are fixed even though the duration of the electric field pulse in-
creases. Therefore, the diffusion and relaxation processes con-
tribute only constant amplitude factors to the electrophoretic
interferograms, rather than exponential decays of the signal.
The method was demonstrated with a sample solution contain-
ing 100 mM 4,9-dioxa-1,12-dodecanediamine and a 100 mM
L-aspartic acid in D2O. The novel method of CT-ENMR can
be used when the EF-amplitude-incrementing ENMR is not ap-
propriate or not optimal. For example, the CT-ENMR approach
permits novel ENMR sample cell configurations that are not
available in the EF-amplitude-incrementing methods. The CT-
ENMR significantly enhances the technical capability and po-
tential in characterizing the structures of coexisting proteins and
protein interactions in solution.

THEORY

A modified two-dimensional (2D) stimulated-echo ENMR
(STE-ENMR) pulse sequence (2) (Fig. 1) was designed to il-
lustrate the concept of CT-ENMR. Similar modifications can be
applied to other ENMR sequences to achieve the CT-ENMR ef-

FIG. 1. The 2D CT-STE-ENMR pulse sequence with constant time delalys
between the encoding and decoding gradients (TDiff) and the RF pulses (T ).
The time period tv flanking the electric field pulse is decreased in synchrony
with the incrementing rate of the electric field pulse duration (tE ). The encod-
ing and decoding gradients have the same amplitude (g) and duration (δ). The
pulse sequence reduces to the previous EF-time-incrementing 2D STE-ENMR

sequence when tv is fixed and the time delays between the gradients (tDiff) and
RF pulses (t1) change as the duration of the electric field pulse (tE ) increases.
HE

fect. As in the original 2D STE-ENMR sequence (2), three 90◦

pulses are applied in the constant-time 2D STE-ENMR (CT-
STE-ENMR) sequence. The first 90◦ pulse creates a transverse
magnetization, which forms a helix after application of the first
magnetic field gradient pulse of amplitude, g, with a duration,
δ. This labels the spatial locations of spins and encodes the elec-
trophoretic flow motion of ionic species. Half of the magnetiza-
tion helix is stored in the z-direction by applying the second 90◦

pulse at time τ . During the z-storage time, the spin relaxation is
dominated by the T1 relaxation mechanism, which is relatively
long compared to the T2 relaxation time for proteins (T1 � T2)
(6, 21, 22). The third 90◦ pulse flips the z-magnetization back
to the xy-plane for signal detection. A decoding gradient is
applied following the last 90◦ pulse to refocus the dephased
magnetization and form a stimulated echo at time 2τ + t1. The
electrophoretic motion of a component molecule modulates the
stimulated echo signal by a cosine factor, cos[(K EdctE )µ],

M(Edc) = M(0)

2
exp

[
−DK 2

(
tDiff − δ

3

)
− 2τ

T2
− t1

T1

]

× cos[(K EdctE )µ], [1]

assuming that a U-shaped ENMR sample chamber is used (2).
The modulation cosinusoidal frequency is directly proportional
to the electrophoretic mobility (µ), which is a characteristic
property of the migrating molecule in solution. The parameter
K = γ gδ characterizes the tightness of the magnetization helix.
The amplitude of the DC electric field, Edc = Ie/(κ A), is deter-
mined by electric current (Ie), solution conductivity (κ), and the
cross-sectional area (A) of the electrophoretic sample cell. The
exponential term collects the contributions from the spin–spin
relaxation process (T2) during the τ interval, the spin–lattice re-
laxation effect (T1) during the t1 period, and molecular diffusion
(D) between the dephasing and the refocusing gradients during
the time delay, tDiff. The spectral artifacts from the primary and
secondary echoes are removed by a spoil gradient pulse of am-
plitude, gS , with a duration, δS , in the z-storage period, where
gSδS > 4gδ (2).

In the EF-amplitude-incrementing STE-ENMR, the electric
field amplitude (Edc) is stepwise increased to generate cosinu-
soidal modulations of signal amplitude in the flow dimension.
The diffusion time (tDiff) between the encoding and the decod-
ing gradients remains constant and so do the time delays τ and
t1 between the RF pulses for spin relaxation in the transverse
(T2) and longitudinal (T1) directions. Cosinusoidal amplitude
modulations of each migrating species in solution are observed,

M(Edc) = MA cos[(K EdctE )µ], [2]

where the amplitude of the magnetization

MA = M(0)

2
exp
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3

)
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T1

]

= Constant [3]
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remains constant, which summarizes the contributions from
molecular diffusion and spin relaxation processes to the elec-
trophoretic interferograms. Resonances in the flow dimension
are, therefore, free of diffusion and relaxation broadenings in
the Fourier domain so that high spectral resolution can be ob-
tained to differentiate signals from different molecules. This
strategy has been effectively demonstrated when the overlap-
ping signals from mixed proteins BSA and ubiquitin in solution
were resolved by electrophoretic mobilities (21).

In the previous 2D EF-time-incrementing STE-ENMR (2),
the pulse duration of electric field (tE ) is chosen as an incre-
menting variable. As tE increases, the diffusion time delay (tDiff)
and T1 relaxation period (t1) increase proportionally. As a re-
sult, a severe exponential signal decay is superimposed to the
electrophoretic oscillation curves. The exponential decays are
translated to a line-broadening factor in the Fourier domain (1).
In the new CT-ENMR method, the time delays (tV ) flanking the
electric field pulse were stepwise decreased at the same rate syn-
chronized with the incrementing rate of the electric field pulse
duration (tE ). This process ensures a constant T1 relaxation time
delay, T = tE + 2tV , between the last two 90◦ pulses, as well
as a constant diffusion time period, TDiff, between the encoding
and the decoding gradients in the ENMR experiments. The ex-
ponential term in Eq. [1] reduces to a constant factor, MB , as tE

increases in CT-STE-ENMR:

M(Edc) = MB cos[(K EdctE )µ], [3]

where

MB = M(0)

2
exp

[
−DK 2

(
TDiff − δ

3

)
− 2τ

T2
− T

T1

]

= Constant [4]

is the amplitude of the magnetization weighted by a constant
diffusion and relaxation factor, which has a value determined by
the 2D CT-STE-ENMR experimental parameters. Similar to the
EF-amplitude-incrementing 2D ENMR method, the CT-ENMR
experiment produces electrophoretic oscillation curves of con-
stant amplitudes. Both are free from diffusion and relaxation
decays of the ENMR signals.

EXPERIMENTAL

The 2D CT-STE-ENMR experiments were carried out at 25◦C
on a Bruker AM 500-MHz NMR spectrometer equipped with
an actively shielded magnetic field gradient in the z-axis. A CA-
ENMR sample cell was assembled using 12 U-shaped capillaries
(I.D. = 250 µm) (22). The inner glass surface of the sample cell
was treated with HCl (1 M), distilled water, and NaOH (1 M)

before use. Two platinum electrodes were inserted into the so-
lution reservoirs in the two Teflon containers at the end of the
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capillary arms. The sample assembly was lowered from the top
of the magnet into a commercial 5-mm gradient probe. The DC
electric field was generated in constant-current mode from an
electric–gradient generator (Digital Specialties, Inc.), with a ris-
ing time of 1 ms/mA at a maximum output voltage of 1 kV. The
pulsed magnetic field gradients were produced from the same
device with a rising time of 10 µs. The triggers controlled by
the Bruker CT-STE-ENMR pulse sequence program determined
the onsets of the electric field and gradient pulses. The am-
plitude and duration of an electric field pulse, as well as the
amplitude of the gradient pulses, were defined in the electric
field–gradient driver program installed in an IBM PC 486 com-
puter. Since only electric field pulses of constant amplitudes
are required, the CT-ENMR method is less hardware demand-
ing than the previous EF-amplitude-incrementing 2D ENMR
methods.

RESULTS

To demonstrate the effectiveness and capability of the CT-
ENMR method, a sample solution was prepared to contain a mix-
ture of 100 mM 4,9-dioxa-1,12-dodecanediamine and 100 mM
L-aspartic acid in D2O. The solution conductivity (κ) was
5.3 mS · cm−1. The 2D CT-STE-ENMR procedure was carried
out with the following gradient and electric field parameters:
K = 570.2 cm−1 and Edc = 57.7 V · cm−1, respectively. The du-
ration of the DC electric field pulse (tE ) was stepwise increased
from 8.51 to 1008.51 ms while the time delay, tv , was stepwise
decreased from 500 ms to 5 µs in 26 steps, in synchrony with the
tE incrementation (Fig. 1). The constant diffusion and relaxation
time delays were set as TDiff = 1012.58 ms and T = 1008.51 ms,
respectively, generating electrophoretic interferograms of con-
stant amplitudes without diffusion and relaxation decays
(Fig. 2a). Contributed from the electrophoretic migrations of
ions and the bulk electroosmotic flow of the solution, the
ionic migration rates of 4,9-dioxa-1,12-dodecanediamine and
L-aspartic acids can be calculated as 1.15 × 10−4 and 1.71 ×
10−4 cm2 · V−1 · s−1, respectively, from the electrophoretic os-
cillation frequencies. In the Fourier domain, resonances from
the two molecules can be displayed at resolved frequencies ac-
cording to their electrophoretic mobilities (1, 2). Residual signal
decays were observed in the flow dimension, which may orig-
inate from the heat-induced convection or other experimental
imperfections (22, 24).

For comparison, a control experiment with the previous EF-
time-incrementing 2D STE-ENMR sequence (Fig. 1) was car-
ried out in similar experimental conditions. As the duration of the
electric field pulse tE was increased from 8.51 to 1008.51 ms,
the diffusion time, tDiff, changed from 12.68 to 1012.68 ms,
and relaxation time, t1, changed from 8.61 to 1008.61 ms. Se-
vere signal decays due to diffusion and relaxation were observed
in the flow dimension (Fig. 2b). In the Fourier domain, the

diffusion and relaxation line broadening would occur that de-
grades spectral resolution in the flow dimension.
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TABLE 1
Simulated Electric Power Deposition and Electrophoretic Phase Changes in the CT-ENMR Methoda

tE 8.5 108.5 208.5 308.5 408.5 508.5 608.5 708.5 808.5 908.5 1008.5
IetE 8.5 108.5 208.5 308.5 408.5 508.5 608.5 708.5 808.5 908.5 1008.5

2
Ie tE 8.5 108.5 208.5 308.5 408.5 508.5 608.5 708.5 808.5 908.5 1008.5

a The electric current I = 1 mA, and the unit of electric field duration t is m
e E

FIG. 2. (a) A stack plot of 2D CT-STE-ENMR spectra as a function of
incrementing durations of the electric field pulse (tE ). Data were acquired at
25◦C from a sample solution containing 100 mM L-aspartic acid and 100 mM
4,9-dioxa-1,12-dodecanediamine in D2O. The solution conductivity (κ) was
5.3 mS · cm−1. A U-shaped 12-bundle CA-ENMR (22) sample chamber was
used with the capillary diameter of 250 µm. A constant electric field with am-
plitude of 57.7 V · cm−1 was applied, corresponding to a constant electric current
Ie = 1.8 mA. The electric field duration (tE ) was stepwise increased from 8.51 to
1008.51 ms, while the flanking tv was stepwise decreased from 500 ms to 5 µs in
26 steps. The molecular diffusion time, TDiff = 1012.58 ms, and the spin–lattice
relaxation time period, T = 1008.51 ms, were set constant throughout the ex-
periment. The encoding and decoding gradient amplitude and duration are g =
21.32 Gauss · cm−1 and δ = 1 ms, respectively. The spoil gradient has an ampli-
tude gsp = 18.27 Gauss · cm−1 and duration δsp = 5 ms. NS = 16, τ = 4.05 ms,
and TR = 3 s. (b) The control STE-ENMR spectrum acquired from the same
sample solution with NS = 8 for each spectrum. As the electric field pulse du-
ration (tE ) was increased from 8.510 to 1008.51 ms, the molecular diffusion
time (tDiff) also increased from 12.68 to 1012.68 ms, while the spin–lattice
relaxation time (t1) increased from 8.61 to 1008.61 ms in 26 steps. A severe

exponential signal decay was introduced due to molecular diffusion and spin
relaxation effects. Other parameters were the same as in (a).
s.

DISCUSSIONS

No obvious difference in heating and convection were ob-
served in the CT-ENMR experiments from that in the EF-
amplitude-incrementing ENMR. Since electric power deposi-
tion is I 2

e RtE for a solution of resistance R, we have compared
the calculated values of I 2

e tE for electric power deposition or
heating in a typical CT-ENMR experiment (Table 1) with that
in an EF-amplitude-incrementing ENMR experiment (Table 2).
The maximum electrophoretic flow induced phase change, rep-
resented by IetE , was the same in both simulated experiments.
A slightly more electric power deposition was predicted in CT-
ENMR than in the EF-amplitude-incrementing ENMR method
(Fig. 3). The maximum difference in electric power deposition in
the two methods is 0.1314 J for a capillary array U-tube of length
L = 16 cm and solution resistance R = L/κ A = 512.5 k�.
This difference in heating is negligibly small, which is consistent
with our experimental observations considering that the heat ex-
change of the CA-ENMR sample assembly is extremely efficient
with cooling air flowing between the capillaries. The CA-ENMR
setup dramatically reduces solution convection because of the
physical barriers imposed by the capillary walls (22).

CT-ENMR is particularly advantageous when the DC elec-
tric field is applied to the xy-magnetization (as in a spin-echo
ENMR experiment), not parallel to the static magnetic field B0.
Such a configuration was used in the pioneering ENMR exper-
iments carried out on an electromagnetic NMR spectrometer
where the DC electric field was perpendicular to the B0 direc-
tion (12–14). The electric current (Ie) not parallel to B0 produces

FIG. 3. Calculated electric power deposition or heating in (a) the CT-ENMR

and (b) the EF-amplitude-incrementing ENMR (AI-ENMR). The maximum
spectral phase change was the same in both experiments.
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TABLE 2
Simulated Electric Power Deposition and Electrophoretic Phase Changes in the EF-Amplitude-Incrementing ENMR Methoda

Ie 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
IetE 0 100.85 201.7 302.55 403.40 504.25 605.10 705.95 806.80 907.65 1008.5

2
Ie tE 0 10.085 40.34 90.76 161.36 252.13 363.06 494.17 645.44 816.89 1008.5

n
a The electric field duration tE = 1008.5 ms, and the unit of the electric curre

an additional magnetic field gradient, causing undesirable phase
changes of the xy-magnetization that are superimposed to the
electrophoretic phase modulations to be measured in the flow
dimension. Since the induced gradient strength changes when
the amplitude of electric field is incrementing, special hardware
compensations or careful signal processing algorithms are re-
quired for reliable ENMR measurements in such EF-amplitude-
incrementing ENMR experiments. In the CT-ENMR experi-
ments, however, signal phase distortions from the DC electric
field induced gradient would not cause severe problems. Because
constant electric current is applied to the xy-magnetization, the
electric current induced spectral phase modulations are the same
throughout a CT-ENMR experiment and, therefore, can be cor-
rected using routine NMR signal processing procedures. In the
special case of the 2D STE-ENMR experiment, the electric field
pulse is applied between the second and the third 90◦ pulses
when the magnetization is stored in the z-direction. The electric
current induced magnetic field gradient does not alter the pat-
tern of electrophoretic phase modulation but simply dephases
the remaining magnetization in the xy-plane (as a spoil gradi-
ent). Therefore, the electric field can be applied in any orien-
tations relative to the B0 field. In our ENMR experiments on a
vertical superconducting NMR spectrometer, the electric field
is applied parallel to the static magnetic field, B0, which does
not induce magnetic field gradient. In general, the CT-ENMR
strategy permits novel experiments in which the electric field
can be applied in arbitrary orientations relative to the B0 direc-

FIG. 4. A novel horizontal CA-ENMR sample cell design which prevents

signal interference from bubbles generated at the two electrodes. The signal can
be detected in a solenoidal coil wound around the capillary bundle.
t Ie is mA.

tion. For example, ENMR probes using cylindrical sample cells
can be designed (Fig. 4) to be free from the electrolysis induced
bubble disturbance at the receiver coil region, permitting effec-
tive separation of signals from ionic species moving in opposite
directions.

CONCLUSIONS

Constant-time multidimensional electrophoretic NMR has
been developed to enhance spectral resolution in the flow dimen-
sion using an EF-time-incrementing ENMR method. The unde-
sirable diffusion and relaxation signal decays have been reduced
to a constant amplitude factor by keeping constant the time de-
lays between the encoding and decoding gradients and between
the RF pulses. Since only an electric field of constant amplitude
is required in CT-ENMR, the method produces constant phase
shifts of NMR resonances when the electric field is applied not
parallel to the static magnetic field B0 to the xy-magnetization.
In general, such capability permits new designs of ENMR probes
and sample chambers to effectively remove bubbles induced by
electrolysis at the two electrodes. The CT-ENMR is particularly
useful in cases when the EF-amplitude-incrementing method is
not applicable. The technical achievements of CT-ENMR have
enhanced our strength to advance the multidimensional ENMR
methods for structural characterization of multiple protein con-
formations and protein interactions.
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