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Convection Compensated Electrophoretic NMR1
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A novel method of convection compensated ENMR (CC-ENMR)
has been developed to detect electrophoretic motion of ionic species
in the presence of bulk solution convection. This was accom-
plished using a gradient moment nulling technique to remove spec-
tral artifacts from heat-induced convection and using the polarity
switch of the applied electric field to retain spin phase modulations
due to electrophoretic flow. Experiments were carried out with a
mixture of 100 mM L-aspartic acid and 100 mM 4,9-dioxa-1,12-
dodecanediamine to demonstrate this new method of ENMR. CC-
ENMR enhances our previously developed capillary array ENMR
(CA-ENMR) in solving the convection problem. The combined CA-
and CC-ENMR approach strengthens the potential of multidimen-
sional ENMR in simultaneous structural determination of coexist-
ing proteins and protein conformations in biological buffer solutions
of high ionic strength. Structural mapping of interacting proteins
during biochemical reactions becomes possible in the future using
ENMR techniques, which may have a profound impact on the un-
derstanding of biological events, including protein folding, genetic
control, and signal transduction in general. C© 2001 Academic Press

Key Words: electrophoretic NMR; pulsed field gradient; flow
and convection compensation; structure characterization of protein
interactions.
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INTRODUCTION

In a recent two-dimensional ENMR experiment, the on
dimensional NMR spectra of ubiquitin and bovine serum
bumin (BSA) were distinguished without physical separation
the component proteins in D2O solution (1). The experiment
established the feasibility of separating multidimensional NM
spectra of coexisting proteins by their electrophoretic mob
ties. In a subsequent three-dimensional electrophoretic CO
(EP-COSY) experiment, 2D COSY spectra of two molecu
were obtained simultaneously in a solution mixture (2). The
experiment revealed the potential of the new multidimensio
electrophoretic NMR for structure determination of coexist
proteins and protein conformations and for structure charac
1 Some of the preliminary results were reported in the 41st Experimen
Nuclear Magnetic Resonance Conference (ENC), Asilomar, CA, April 9–1
2000.

2 To whom correspondence should be addressed at Memorial Sloan-Kette
Cancer Center, Department of Medical Physics, 1275 York Avenue, New Yo
NY 10021. Fax: (212) 717-3676. E-mail: heq@mskcc.org.
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zation of protein interactions in solution. The technique e
hances and refines conventional NMR methods that are
ployed to obtain spectra of proteins from single-component
lutions for structure determination.

In the experiment of BSA and ubiquitin, a sample soluti
of low conductivity was prepared for electrophoretic flow me
surements. The ENMR experiments using this protocol, h
ever, failed for samples of high ionic strength due to insuffici
electric field and heat-induced convection (3). The recent cap-
illary array electrophoretic NMR (CA-ENMR) demonstrates
partial solution using bundled capillary array chambers (3). In
CA-ENMR, the capillary walls block heat-induced convectio
and the small cross-sectional areas of the capillary tubes enh
the effective electric field (3). As a result, protein electrophoreti
oscillations can be detected in high-salt biological buffer so
tions. We report here an alternative method of convection c
pensated electrophoretic NMR (CC-ENMR), which sensitiz
electrophoretic motion in the presence of bulk convective flo
This is accomplished by using gradient moment nulling, a te
nique developed to eliminate flow artifacts in MRI (4–7), and
by switching polarity of the applied DC electric field to genera
electrophoretic signal modulations (8–27). The CC-ENMR ex-
periments were conducted with a solution containing 100 m
L-aspartic acid and 100 mM 4,9-dioxa-1,12-dodecanediamin
D2O. Electrophoretic interferograms were obtained with mi
mal convection artifacts, and the electrophoretic oscillation
quencies can be extracted to distinguish signals of differ
molecules migrating in solution in the presence of convectio

THEORY

The principle of CC-ENMR can be described using a tw
level spin model. The theory holds true for multilevel coupl
spin systems since the Hamiltonian governing spin dynam
commutes with the Hamiltonian governing the flow process
In the rotating frame, the phase of a flowing spin isochrom
driven by both DC electric field and heat-induced convecti
can be described as a function of the time-dependent grad
waveform,G(t), and the particle position,r (t):

φ(t) = γ
t∫

0

p(t)G(t) · r (t)dt, [1]
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CONVECTION COMPENSAT

whereγ is the gyromagnetic ratio andp(t) is the coherence orde
as a function of time (4–7). For spins migrating in thez-gradient
direction, their spatial locations at timet can be expanded in term
of their initial positions att = 0 in the power series

z(t) = z0+
[

dz

dt

]
t=0

t + 1

2

[
∂2z

∂t2

]
t=0

t2+ · · ·

+ 1

n!

[
∂nz

∂tn

]
t=0

tn + · · · [2]

Each term contributes to the spin phase modulation as desc
by

φ0 = γ z0m0

φ1 = γ v0m1

φ2 = γ

2
a0m2

... ’ [3]

φn = γ

n!

∂nz

∂tn
mn

...

wherem0, m1, m2, and mn are the zeroth, first, second, a
nth moments of magnetic field gradient with respect to timet ,
respectively. Thenth moment is defined by

mn =
t∫

0

p(t)G(t)tndt. [4]

Convection contributes to the higher-order terms of the grad
moments, including velocity (v0), acceleration (a0), and pulsatil-
ity, whereas the electrophoretic motion contributes to only
velocity term.

(i) Convection compensation.Pulsed field gradients are em
ployed in ENMR experiments for spin refocusing and flow m
surements (1–3, 8–28). The spin-echo formation requires th
the zeroth gradient moment,m0, be zero, whereas the ele
trophoretic flow measurement requires that the first gradient
ment,m1, be nonzero. The values of the higher-order term
the gradient moments are nonzero in the presence of conve
(and zero otherwise) (See Calculations). All previous ENMR
quences are prone to heat-induced convection, which cou
detrimental to the investigations of proteins in biological bu
solutions of high ionic strength (3). Here we demonstrate th
our CC-ENMR sequences can dramatically reduce convec

artifacts in the ENMR spectra by employing gradient mome
nulling techniques. A CC-ENMR sequence was constructed
D ELECTROPHORETIC NMR 127
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FIG. 1. The back-to-back spin-echo CC-ENMR pulse sequence and
coherence transfer pathways (CTP).

connecting back-to-back the two spin-echo ENMR sequen
(Fig. 1). Because the coherence order,p(t), has opposite signs
in the two halves of the CC-ENMR sequence, the gradient m
ments change sign in the middle of the experiment. As a res
all order terms of the gradient moment are nulled:mk = 0,
wherek = 0, 1, 2, 3 . . . The convection-induced spin phase a
cumulation (Eq. 3) in the first half of the experiment (φc

k,a) is
refocused in the second half (φc

k,b):

φc
k,a = γ vc

0mc
k

φc
k,b = γ vc

0

(−mc
k

)
, [5]

φc
k,tot = φc

k,a + φc
k,b = 0,

where the superscript “c” denotes convection andvc
0 the convec-

tive flow velocity.

(ii) Selective detection of electrophoretic flow.In CC-
ENMR, the electrophoretic flow is selectively detected
switching polarity of the DC electric field between the two halv
of the CC-ENMR sequence. The change of the ionic migrat
direction cancels the phase-refocusing effect from the gra

nt
by
ent moment nulling. Consequently, the phase accumulation of
the transverse magnetization from the electrophoretic flow is
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FIG. 2. Switching polarity of the electric field alters the electrophore
flow direction (solid arrows); however, the procedure exerts no influence o
convective flow circulation (curled arrows).

maintained according to

φE
1,a = γ vE

0 mE
1

φE
1,b = γ

(−vE
0

)(−mE
1

)
, [6]

φE
1,tot = φE

1,a + φE
1,b = 2γ vE

0 mE
1

where the superscript “E” designates electrophoretic flow
the velocity, vE

0 . The polarity change of the electric fiel
does not affect heat-induced convection, which originates f
temperature gradient and gravitational forces. Gradient
ment nulling remains effective to remove convection artifa
(Fig. 2).

The overall electrophoretic phase accumulation in CC-EN
is twice that in each component of the spin-echo ENMR
quence blocks. For U-shaped ENMR sample chambers,
NMR signals are modulated by a cosine factor, cos(2KvE

01)
(8, 15):

M(Edc) = M(0) exp

[
−2DK 2

(
τD − δ

3

)
− 4τ

T2

]
× cos[(2K Edc1)µ], [7]

as the strength of the electric field is increased, wherevE
0 =

µEdc, Edc = Ie
κA, µ is the electrophoretic mobility,κ the con-

ductivity of the solution,A the cross-sectional area of the ele
trophoretic tube,Ie the DC electric current,Edc the amplitude,
and1 the duration of the electric field. The exponential dec
factor comes from contributions of molecular diffusion and s
relaxation effects, whereτD is the self-diffusion time,D is the
molecular diffusion coefficient,T2 is the spin–spin relaxation

time, andM(0) is the initial magnetization after the first 90◦

pulse.
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CALCULATIONS

The spin phase accumulation from electrophoretic flow in
CC-ENMR sequence can be estimated from the first grad
moment,m1, derived as

m1 =
T=2τ∫
0

p(t)G(t)t dt

=
t1∫

0

g0t dt +
t1+δ∫
t1

(g0+ g)t dt +
τ∫

t1+δ
g0t dt [8]

−
t1+τD∫
τ

g0t dt −
t1+τD+δ∫
t1+τD

(g0+ g)t dt −
2τ∫

t1+τD+δ
g0t dt

in the first half of the CC-ENMR sequence using the tim
dependent gradient waveforms,

G(t) =



0≤ t < t1;
g0 t1+ δ ≤ t < t1+ τD > τ ;

t1+ τD + δ < t ;

t1 ≤ t < t1+ δ < τ ;
g0+ g

t1+ τD ≤ t < t1+ τD + δ < 2τ

[9]

and the coherence order,

p(t) =
{

1 0≤ t <τ
−1 τ ≤ t < 2τ,

[10]

whereg represents the amplitude andδ the duration of the ap-
plied gradient pulses, andg0 is the amplitude of the backgroun
gradient from the magnetic field inhomogeneity. In most ENM
experiments wheregÀ g0 (i.e., g0 is negligible), the first mo-
ment can be calculated as

mE
1 = −gδτD, [11]

and the spin phase accumulation in the first half of the C
ENMR sequence is

φE
1,a = γ vE

0 mE
1 = −KvE

01, [12]

whereK = γgδ, andvE
0 6= 0 only during the electric field pulse

of duration1(τD > 1). These results are consistent with o
previous ENMR calculations (1, 3, 8–10, 12, 13, 15). The total
spin phase accumulation in CC-ENMR from the electrophore
flow,
φE
1,T = 2φE

1 = −2KvE
01, [13]
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CONVECTION COMPENSAT

is twice that in each of the two spin-echo sequence compone
In other words, the CC-ENMR has the same detection efficie
for electrophoretic flow measurements as the previous EN
methods (1–3, 8–10, 12, 13, 15, 23–25). Similarly, the higher-
order terms of the gradient moments{mi , wherei = 2, 3, . . . ,n}
are calculated to be nonzero for the conventional spin-echo
quence, indicating that the previous spin-echo ENMR appro
is also susceptible to acceleration, pulsatility, and other mo
of heat-induced convection. Since gradient moment nulling
achieved at all orders in CC-ENMR, the method removes
convection artifacts.

EXPERIMENTAL

All experiments were performed on a high-resolution Bruk
AM 500 NMR spectrometer, using a commercial probe equip
with an actively shielded gradient inz-direction. A U-shaped
10-bundle capillary array ENMR sample cell was construc
from fused silica capillaries (ID= 250µm, Chromasil, Spectran
Corporation, Inc.). Two electrodes were housed in Teflon t
reservoirs at the end of the bundled capillary arms (3). In this
configuration, bubbles generated by electrolysis on the two e
trodes escaped without disturbing the sample solution in the
ceiver coil region. To prevent electroosmotic flow, the inner gl
surfaces of the capillaries were treated with 1 M HCl, distilled
water, and 1 M NaOH and coated with methylcellulose (Aldrich
following the treatment (13). The assembled CC-ENMR samp
was introduced into a 5-mm NMR probe from the top of the ma
net. No sample lifting or spinning air was used. The magne
field gradient and the DC electric field pulses were genera
from the electric field/gradient driver (Digital Specialties, Inc
The electric field was produced in constant current mode w
a maximum output voltage of 1 kV. The trigger pulses from t
Bruker spectrometer, which was controlled from the CC-ENM
pulse sequence, defined the duration of the electric field p
and the onset of the gradient pulses. The amplitudes of the e
tric field pulses, as well as the durations and amplitudes of
gradient pulses, were controlled by a PC 486 computer. The
ing and falling time of the electric field was 1 ms/mA, where
that of the gradient pulse was 10µs. The polarity of the two
electric field pulses was switched with an interpulse delay (τp)
of 100 ms (Fig. 1). The experimental temperature of 25◦C was
maintained using cooling air supplied by the Bruker tempe
ture control unit. The recorded ENMR spectra were proces
on a Silicon Graphics Indigo2 workstation using Felix NM
software (Molecular Simulations, Inc.).

RESULTS

The effectiveness of CC-ENMR for convection compe
sation was assessed with a high-salt solution contain
100 mM L-aspartic acid (Acros) and 100 mM 4,9-dioxa-1,1

dodecanediamine (Aldrich) mixed in D2O (99.9% atom %D,
Aldrich). As the electric field was increased, convection a
D ELECTROPHORETIC NMR 129
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tifacts grew progressively more pronounced in the cont
spin-echo ENMR experiment, as seen from the phase
tortions of the water signal and from the signal decays
the ionic species (Fig. 3a). These convection artifacts
clearly reduced in the CC-ENMR spectrum (Fig. 3b), and
cosinusoidal electrophoretic signal oscillations ofL-aspartic
acid and 4,9-doxia-1,12-dodecanediamine become detect
The electrophoretic mobilities ofL-aspartic acid and 4,9-dioxa
1,12-dodecanediamine are calculated from the cosinusoida
cillation frequencies of the CC-ENMR resonances as 2.98×10−4

and 2.76×10−4 cm2V−1s−1, respectively. The resonances of th
different molecules can be further displayed in the Fourier
main at different locations in the flow dimension (1, 2, 8, 9, 24,
25). This approach has been successfully applied to distingu
overlapping NMR resonances of different proteins in a so
tion mixture (1). In the conventional ENMR spectrum withou
convection compensation (Fig. 3a), these cosinusoidal osc
tion characteristics are lost with convection artifacts prevent
distinction of different ionic species.

The improved consinusoidal electrophoretic interferogr
obtained in the CC-ENMR experiment validates the convect
compensation strategy of using the combined gradient mom
nulling and electric field switching. Under the present expe
mental conditions, the signal-to-noise ratio is slightly lower
CC-ENMR than in the conventional ENMR method (Figs.
and 3b). This may be partially due to imperfect 180◦ pulses for
spin-echo refocusing and to the nonideal electric field pul
for convection compensation; however, most of the signal l
could be attributed to the convection pattern changes du
the CC-ENMR experiment. Only spins experiencing the sa
convection circulation patterns in the two spin-echo seque
blocks would be refocused, whereas the dynamic change
of the convective flow pattern would not be compensated fo
CC-ENMR. Obviously, the change of the convective circulati
pattern during the long polarity switching time of the electr
field pulse (∼100 ms) was not refocused in the current expe
ment. Further removal of the convection artifacts may be p
sible by employing faster polarity-switching ENMR system
However, the residual convection artifacts do not appear to h
affected the experimental outcome.

DISCUSSIONS

A decade ago, He and Johnson and colleagues demonst
two-dimensional (2D) ENMR (8–10). The work was followed
by Morris and Johnson’s mobility ordered electrophoretic NM
which refined the flow resolution of 2D ENMR using linea
prediction and cylindrical ENMR sample chambers (24, 25).
These early 2D ENMR methods, however, cannot be app
to protein investigations in biological buffer solutions of hig
ionic strength because the electric field (Edc = Ie

κA) decreases
substantially for electrolyte solutions of high conductivity (κ).
r-
A relatively large electric current is required to establish suffi-
cient electric field for ENMR measurements in these solutions.
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FIG. 3. (a) The control proton spin-echo ENMR spectrum and (b)
proton CC-ENMR spectrum acquired from a solution containing 100 mML-
aspartic acid (D) and 100 mM 4,9-dioxa-1,12-dodecanediamine (A) in D2O.
The solution electric conductivity (κ) was 5.30 mS· cm−1. The pulse sequenc
parameters were1 = 300.118 ms,τ = 161.118 ms,τD = 310.136 ms,
t1= 50 ms, NS= 32, TR= 3 s, g = 304.5 mT·m−1, δ = 1 ms, andK =
814.6 cm−1. The DC electric field has a duration of 600 ms with a ste
wise amplitude increase from 0 to 34.6 V· cm−1. The parameters of the contro

spectrum were1 = 600.018 ms,τ = 360.080 ms,τD = 610.163 ms, and
NS= 32. The other experimental conditions were the same as in the CC-EN
experiment.

308-
WEI

e
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However, increasing electric current leads to severe h
induced convection because electrical power deposition (p =
I 2
e Rt) is a quadratic function of electric current. As a resu

only low conductivity sample solutions can be studied us
these earlier ENMR methods (1, 8–10, 12, 13, 23–25). To
obtain sufficient electric field and reduce the convection effe
we introduced the CA-ENMR technique using capillary arr
ENMR chambers (3). The small cross-sectional area (A) of the
capillaries in the CA-ENMR sample tubes increases theIe

A ratio
(or Edc) at modest electric current. As a result, electrophore
flow measurements can be carried out for solutions of h
conductivity (κ). The restricted molecular motion in the bu
dled capillaries reduces heat-induced convection and elect
eddy current, which improves the probeQ-factor (3). Bundled
capillaries, instead of a single capillary, were chosen to incre
both RF coil filling factor and sample volume for an optimu
signal detection sensitivity. Since capillaries are parallel to
static magnetic field, potential reduction in spectral quality d
to magnetic susceptibility effect is avoided. Because cooling
flows between capillaries in the CA-ENMR configuration, he
exchange in CA-ENMR is basically the same as in the sin
capillary configuration. CC-ENMR utilizes these CA-ENM
features and further enhances the CA-ENMR method
removing residual convection artifacts.

CONCLUSIONS

A novel experimental method, CC-ENMR, has been dev
oped and demonstrated to remove spectral artifacts from h
induced convection. With an intrinsic sequence symmetry,
experiment generates a time-reversal event that refocuses
phase distortions due to convective flow. Switching polarity
the DC electric field breaks this symmetry for charged partic
to retain their phase accumulations for electrophoretic flow m
surement. For samples of high ionic strength, the CA-ENM
chambers are required to establish sufficient electric field. N
that the back-to-back sequence construction strategy can al
applied for flow compensation in MRI and, conversely, that
numerous gradient waveforms developed in the flow comp
sated MRI sequences can be employed to suppress conve
artifacts in ENMR. The combined approach of CC-ENMR a
CA-ENMR removes heat-induced convection, thereby enha
ing the capability of ENMR as a potentially powerful method f
structural characterization of protein interactions and biolog
signaling processes.
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