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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.  © 2001 Academic Press
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and convection compensation; structure characterization of protein
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INTRODUCTION

zation of protein interactions in solution. The technique en-
hances and refines conventional NMR methods that are en
ployed to obtain spectra of proteins from single-component sc
lutions for structure determination.

In the experiment of BSA and ubiquitin, a sample solution
of low conductivity was prepared for electrophoretic flow mea-
surements. The ENMR experiments using this protocol, how
ever, failed for samples of high ionic strength due to insufficient
electric field and heat-induced convecti@). (The recent cap-
illary array electrophoretic NMR (CA-ENMR) demonstrates a
partial solution using bundled capillary array chamb@&)s If
CA-ENMR, the capillary walls block heat-induced convection,
and the small cross-sectional areas of the capillary tubes enhan
the effective electric field3). As a result, protein electrophoretic
oscillations can be detected in high-salt biological buffer solu-
tions. We report here an alternative method of convection com
pensated electrophoretic NMR (CC-ENMR), which sensitize:
electrophoretic motion in the presence of bulk convective flow
This is accomplished by using gradient moment nulling, a tech
nique developed to eliminate flow artifacts in MRIH7), and
by switching polarity of the applied DC electric field to generate
electrophoretic signal modulation8427). The CC-ENMR ex-
periments were conducted with a solution containing 100 mM
L-aspartic acid and 100 mM 4,9-dioxa-1,12-dodecanediamine i

In a recent two-dimensional ENMR experiment, the oné>,0. Electrophoretic interferograms were obtained with mini-

dimensional NMR spectra of ubiquitin and bovine serum aial convection artifacts, and the electrophoretic oscillation fre:
bumin (BSA) were distinguished without physical separation guencies can be extracted to distinguish signals of differer
the component proteins in @ solution (). The experiment molecules migrating in solution in the presence of convection.
established the feasibility of separating multidimensional NMR

spectra of coexisting proteins by their electrophoretic mobili-

ties. In a subsequent three-dimensional electrophoretic COSY
(EP-COSY) experiment, 2D COSY spectra of two molecules The principle of CC-ENMR can be described using a two-
were obtained simultaneously in a solution mixtug®. (The level spin model. The theory holds true for multilevel coupled
experiment revealed the potential of the new multidimension$in systems since the Hamiltonian governing spin dynamic
electrophoretic NMR for structure determination of coexistingommutes with the Hamiltonian governing the flow processes

proteins and protein conformations and for structure charactéfl-the rotating frame, the phase of a flowing spin isochromat
driven by both DC electric field and heat-induced convection

can be described as a function of the time-dependent gradie

1 - . .
Some of the preliminary results were reported in the 41st Expenmenw ; i .
Nuclear Magnetic Resonance Conference (ENC), Asilomar, CA, April 9-1 ,aveform’G(t)’ and the partlcle posmom(t).
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Each term contributes to the spin phase modulation as describ
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FIG. 1. The back-to-back spin-echo CC-ENMR pulse sequence and the
coherence transfer pathways (CTP).

wheremg, m;, mp, andm, are the zeroth, first, second, and
nth moments of magnetic field gradient with respect to titme,
respectively. Thath moment is defined by connecting back-to-back the two spin-echo ENMR sequence
(Fig. 1). Because the coherence ord#t,), has opposite signs
t in the two halves of the CC-ENMR sequence, the gradient mo
_ n ments change sign in the middle of the experiment. As a resul
Mo = / p(HGHTdL. [4] all order terms of the gradient moment are nulleg: = O,
0 wherek =0, 1, 2, 3. .. The convection-induced spin phase ac-
cumulation (Eg. 3) in the first half of the experimen{ () is
Convection contributes to the higher-order terms of the gradigafocused in the second half{,,):
moments, including velocityg), accelerationdy), and pulsatil-
ity, whereas the electrophoretic motion contributes to only the

velocity term. ba = VoM

(i) Convection compensation Pulsed field gradients are em- o = yvg(—mﬁ), 5]
ployed in ENMR experiments for spin refocusing and flow mea- . ’ . .
surements -3, 8-28. The spin-echo formation requires that Prtot = Pka t Pkb =0,

the zeroth gradient momentyy, be zero, whereas the elec-

trophoretic flow measurement requires that_the first gradient MPRere the superscript “c’
ment,m;, be nonzero. The values of the higher-order terms ﬂ\f/e flow velocity.

the gradient moments are nonzero in the presence of convection

(and zero otherwise) (See Calculations). All previous ENMR se-(ii) Selective detection of electrophoretic flown CC-
quences are prone to heat-induced convection, which couldEldMR, the electrophoretic flow is selectively detected by
detrimental to the investigations of proteins in biological buffeswitching polarity of the DC electric field between the two halves
solutions of high ionic strengtt8). Here we demonstrate thatof the CC-ENMR sequence. The change of the ionic migrating
our CC-ENMR sequences can dramatically reduce convectidinection cancels the phase-refocusing effect from the gradi
artifacts in the ENMR spectra by employing gradient momeent moment nulling. Consequently, the phase accumulation c
nulling techniques. A CC-ENMR sequence was constructed the transverse magnetization from the electrophoretic flow is

' denotes convection gfthe convec-
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CALCULATIONS
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The spin phase accumulation from electrophoretic flow in the

-+
@é CC-ENMR sequence can be estimated from the first gradier

moment,m;, derived as

: T=2t
E
m; = p(t)G(t)t dt
Y /

t1+48
k4 !‘
e / got dt + / (0o -+ O)tdt + f oot dt 8]
T T e e t1+8
FIG. 2. Switching polarity of the electric field alters the electrophoretic tit+o ti+7p+8
flow dire_ction (so!id arrqws); however, the procedure exerts no influence on the _ / ot dt — / (90 + g)t dt — / ot dt
convective flow circulation (curled arrows).
T ti+m t1+mp+6
maintained according to in the first half of the CC-ENMR sequence using the time-
dependent gradient waveforms,
E EnE
$1a = yvoMg O<t <ty
¢1b_y( )( ml) [6] o th+d<t<ti+wm>r,
G(t) = th+m+d <t 9]

_ _ EE
¢1,tot = ¢1,a +¢1,b = 2yvymy L<t<t+6<rt

% +9 bh+mp<t<ti+1mp+d<2r

where the superscript “E” designates electrophoretic flow at
the velocity, vo The polarity change of the electric f'eldand the coherence order,
does not affect heat-induced convection, which originates from

temperature gradient and gravitational forces. Gradient mo- 1 0<t<z
ment nulling remains effective to remove convection artifacts (t) = { 1 r<t<or [10]
(Fig. 2). - ’

The overall electrophoretic phase accumulation in CC-ENMR h h litude agdhe d fth
is twice that in each component of the spin-echo ENMR sdnhereg represents the amplitude afidhe duration of the ap-

quence blocks. For U-shaped ENMR sample chambers, mbed gradient pulses, argd is the amplitude of the background
NMR signals are modulated by a cosine factor, cE(2A) gradlgntfrom the magnetlc_fleld m_homoge_nelty In m.OStENMR
@, 15: experiments wherg > qq (i.e., go is negligible), the first mo-

’ ment can be calculated as

) 4 —
M(Eqe) = M(0) exp[—ZDKz(zD - 5) - %} mi = —gé, [11]
2
x COS[(2K EgeA)u], [7] @and the spin phase accumulation in the first half of the CC
ENMR sequence is

as the strength of the electric field is increased, whgre=
wEqe, Eqe = & <. u is the electrophoretic mobility the con-
ductivity of the solution A the cross-sectional area of the elec-
trophoretic tubel, the DC electric currentEq. the amplitude, WhereK = ygs, andvg # 0 only during the electric field pulse
and A the duration of the electric field. The exponential decaf durationA(zp > A). These results are consistent with our
factor comes from contributions of molecular diffusion and spiprevious ENMR calculationsl( 3, 8-10, 12, 13, )5The total
relaxation effects, where, is the self-diffusion timeD is the SPin phase accumulation in CC-ENMR from the electrophoretic
molecular diffusion coefficient] is the spin—spin relaxation flow,

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

pulse. ¢rT = 2¢F = —2Kv§A, [13]

¢ta=yugm; = —KvGA, [12]
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is twice that in each of the two spin-echo sequence componetifacts grew progressively more pronounced in the control
In other words, the CC-ENMR has the same detection efficiensgin-echo ENMR experiment, as seen from the phase dis
for electrophoretic flow measurements as the previous ENM&tions of the water signal and from the signal decays of
methods (-3, 8-10, 12, 13, 15, 23-p5Similarly, the higher- the ionic species (Fig. 3a). These convection artifacts ar
order terms of the gradient momefis , whereé = 2, 3,...,n} clearly reduced in the CC-ENMR spectrum (Fig. 3b), and the
are calculated to be nonzero for the conventional spin-echo sesinusoidal electrophoretic signal oscillations Leéspartic
quence, indicating that the previous spin-echo ENMR approaatid and 4,9-doxia-1,12-dodecanediamine become detectab
is also susceptible to acceleration, pulsatility, and other mod@&se electrophoretic mobilities efaspartic acid and 4,9-dioxa-
of heat-induced convection. Since gradient moment nulling 1512-dodecanediamine are calculated from the cosinusoidal o
achieved at all orders in CC-ENMR, the method removes aillation frequencies of the CC-ENMR resonances 882104
convection artifacts. and 276x 10~4crm?V—1s1, respectively. The resonances of the
different molecules can be further displayed in the Fourier do-
EXPERIMENTAL main at different locations in the flow dimensiah @, 8, 9, 24,
25). This approach has been successfully applied to distinguis
All experiments were performed on a high-resolution Brukejverlapping NMR resonances of different proteins in a solu-
AM 500 NMR spectrometer, using a commercial probe equipp@@n mixture (). In the conventional ENMR spectrum without
with an actively shielded gradient mdirection. A U-shaped convection compensation (Fig. 3a), these cosinusoidal oscille
10-bundle capillary array ENMR sample cell was constructegn characteristics are lost with convection artifacts preventing
from fused silica capillaries (IB- 250«m, Chromasil, Spectran djstinction of different ionic species.
Corporation, Inc.). Two electrodes were housed in Teflon tubeThe improved consinusoidal electrophoretic interferogram
reservoirs at the end of the bundled capillary ar@)s Iy this  obtained in the CC-ENMR experiment validates the convectior
configuration, bubbles generated by electrolysis on the two elegmpensation strategy of using the combined gradient momer
trodes escaped without disturbing the sample solution in the ffilling and electric field switching. Under the present experi-
ceiver coil region. To prevent electroosmotic flow, the inner glagsental conditions, the signal-to-noise ratio is slightly lower in
surfaces of the capillaries were treatedhwitM HCI, distilled CC-ENMR than in the conventional ENMR method (F|gs 3a
water, ail 1 M NaOH and coated with methylcellulose (A|dr|Ch)and 3b) This may be partia”y due to imperfect 1m|ses for
following the treatment¥3). The assembled CC-ENMR samplespin-echo refocusing and to the nonideal electric field pulse
was introduced into a 5-mm NMR probe from the top of the magor convection compensation; however, most of the signal los:
net. No sample lifting or spinning air was used. The magnetiguld be attributed to the convection pattern changes durin
field gradient and the DC electric field pulses were generatgé CC-ENMR experiment. Only spins experiencing the same
from the electric field/gradient driver (DIgIta' Specialties, |nC.)@0nvecti0n circulation patterns in the two spin-echo sequenc
The electric field was produced in constant current mode Willocks would be refocused, whereas the dynamic change pa
a maximum output voltage of 1 kV. The trigger pulses from thef the convective flow pattern would not be compensated for ir
Bruker spectrometer, which was controlled from the CC-ENMBC-ENMR. Obviously, the change of the convective circulation
pulse sequence, defined the duration of the electric field pulsgtern during the long polarity switching time of the electric
and the onset of the gradient pulses. The amplitudes of the elﬁgrd pu|se (\/100 ms) was not refocused in the current experi-
tric field pulses, as well as the durations and amplitudes of thfant. Further removal of the convection artifacts may be pos
gradient pulses, were controlled by a PC 486 computer. The ighle by employing faster polarity-switching ENMR systems.
ing and falling time of the electric field was 1 ms/mA, whereagowever, the residual convection artifacts do not appear to hav

that of the gradient pulse was 1. The polarity of the two affected the experimental outcome.
electric field pulses was switched with an interpulse detgy (

of 100 ms (Fig. 1). The experimental temperature ¢i%as DISCUSSIONS

maintained using cooling air supplied by the Bruker tempera-

ture control unit. The recorded ENMR spectra were processeda decade ago, He and Johnson and colleagues demonstrat
on a Silicon Graphics Indigo2 workstation using Felix NMRwo-dimensional (2D) ENMR&-10. The work was followed

software (Molecular Simulations, Inc.). by Morris and Johnson’s mobility ordered electrophoretic NMR,
which refined the flow resolution of 2D ENMR using linear
RESULTS prediction and cylindrical ENMR sample chambegsgl ( 25.

These early 2D ENMR methods, however, cannot be applie

The effectiveness of CC-ENMR for convection comperto protein investigations in biological buffer solutions of high
sation was assessed with a high-salt solution containifanic strength because the electric fieley{ = K'—;) decreases
100 mM L-aspartic acid (Acros) and 100 mM 4,9-dioxa-1,12substantially for electrolyte solutions of high conductiviky.(

dodecanediamine (Aldrich) mixed in,D (99.9% atom %D, A relatively large electric current is required to establish suffi-

Aldrich). As the electric field was increased, convection acient electric field for ENMR measurements in these solutions
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(b)

However, increasing electric current leads to severe hea
induced convection because electrical power depositpa-(
I2Rt) is a quadratic function of electric current. As a result,
only low conductivity sample solutions can be studied using
these earlier ENMR methodd,(8-10, 12, 13, 23-35To
obtain sufficient electric field and reduce the convection effect
we introduced the CA-ENMR technique using capillary array
ENMR chambers3). The small cross-sectional are¥) ©f the
capillaries in the CA-ENMR sample tubes increases';\thatio

(or E4c) at modest electric current. As a result, electrophoretic
flow measurements can be carried out for solutions of higt
conductivity ). The restricted molecular motion in the bun-
dled capillaries reduces heat-induced convection and electric
eddy current, which improves the prokefactor (). Bundled
capillaries, instead of a single capillary, were chosen to increas
both RF cail filling factor and sample volume for an optimum
signal detection sensitivity. Since capillaries are parallel to the
static magnetic field, potential reduction in spectral quality due
to magnetic susceptibility effect is avoided. Because cooling ai
flows between capillaries in the CA-ENMR configuration, heat
exchange in CA-ENMR is basically the same as in the single
capillary configuration. CC-ENMR utilizes these CA-ENMR
features and further enhances the CA-ENMR method b
removing residual convection artifacts.

CONCLUSIONS

A novel experimental method, CC-ENMR, has been devel:
oped and demonstrated to remove spectral artifacts from hee
induced convection. With an intrinsic sequence symmetry, th
experiment generates a time-reversal event that refocuses sy
phase distortions due to convective flow. Switching polarity of
the DC electric field breaks this symmetry for charged particle:
to retain their phase accumulations for electrophoretic flow mee
surement. For samples of high ionic strength, the CA-ENMR
chambers are required to establish sufficient electric field. Not
that the back-to-back sequence construction strategy can also
applied for flow compensation in MRI and, conversely, that the
numerous gradient waveforms developed in the flow comper
sated MRI sequences can be employed to suppress convecti
artifacts in ENMR. The combined approach of CC-ENMR and
CA-ENMR removes heat-induced convection, thereby enhanc
ing the capability of ENMR as a potentially powerful method for
structural characterization of protein interactions and biologica

FIG. 3. (a) The control proton spin-echo ENMR spectrum and (b) Ihsignaling processes.

proton CC-ENMR spectrum acquired from a solution containing 100 M
aspartic acid (D) and 100 mM 4,9-dioxa-1,12-dodecanediamine (A)D.D
The solution electric conductivity] was 5.30 mScmL. The pulse sequence
parameters weré\ = 300118 ms,7 = 161118 ms,7p = 310136 ms,

t1=50 ms, NS=32, Tr=3 s5,g = 3045 mTm1, § = 1 ms, andK =

8146 cml. The DC electric field has a duration of 600 ms with a step- The work was supported, in part, by grants from the National Science Foun
wise amplitude increase from 0 to 34.6 btn~1. The parameters of the control dation (NSF MCB-9707550), the National Institutes of Health (NIH RR12774-
spectrum wereA = 600018 ms,r = 360080 ms,7p = 610163 ms, and 01), the American Chemical Society Petroleum Research Funds (PRF 3230
NS=32. The other experimental conditions were the same as in the CC-ENMER), and the University of Connecticut Research Foundation (Grant 441833
experiment. We thank Dr. Douglas L. Rothman for making available the Bruker AM 500
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