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A novel method of three-dimensional electrophoretic NMR corre-
lation spectroscopy (3D EP-COSY) has been proposed, developed,
and implemented. It has a demonstrated potential of facilitating
simultaneous structural assignments of multiple proteins in mixtures.
The principle is to add a pulsed DC electric field that introduces a
new dimension of electrophoretic flow, in which resonances of differ-
ent molecules can be separated by their electrophoretic migration
rates without physical separation. As a result, two COSY spectra
were simultaneously obtained in a single 3D EP-COSY experiment
from a mixture of 150 mM L-aspartic acid and 148 mM 4,9-dioxa-
1,12-dodecanediamine with concurrent resolution of their chemical
shifts and J-coupling constants. This approach creates a new horizon
of multidimensional electrophoretic NMR. The technical advance
opens doors for structure characterization of complex protein systems
and protein interactions, which are at the basis of biochemical mech-

report the results of a three-dimensional ENMR study, using 3
electrophoretic correlation spectroscopy (EP-COSY) as an exa
ple. COSY spectra of-aspartic acid and 4,9-dioxa-1,12-dode:
canediamine were simultaneously obtained, permitting concurre
measurement of their structural parameters in the form of chel
ical shifts andJ-coupling constants.

The 3D EP-COSY method was developed based on a -
COSY pulse sequence (Fig. 1). An electric field pulse drove tt
electrophoretic flow of ionic species, and a pair of pulsed ma
netic field gradients labeled the spin locations and selected f
spin coherence transfer pathways. Spin chemical shift evolutic
andJ-couplings in the evolution period,f and detection period
(t,) generated the COSY type of chemical shift correlations in t
first two dimensions. The electrophoretic motion of molecule

anisms and the phenomena of living systems. © 2000 Academic Press

modulated the COSY resonances as the electric field was stepv
increased in the third dimension. In the spin density matrix ce
cylation, the electrophoretic migration of molecules can be treat
25 an independent event, sequential to the RF spin rotations
the spin evolutions under chemical shift and spin coupling term

. - . since the Hamiltonian of molecular motion commutes with th
tial and stereospecific structural assignments of protéids13. I-lamiltonian of internal spin dynamics. In the rotating frame, th

These NMR spectroscopy methods can be used not Onlylaﬁer can be expressedids= (o, + y92ly, + (0, + Y9215, +

determine protein structures at a resolution comparable to X'rf%l I,,. Hence, for a weakly coupled two-spin systdg |, =
crystallography, but also to provide information on protein dy- n dlz|a2)11 o) 2 23], the final Spin density matrx] ofzthe

N ) 5 al
namics in aqueous environments. However, due to severe Sl%l . .

. o EP-COSY sequence are the product of the spin density mat
overlap, the conventional NMR methods have difficulties in char: q P P v

o ; %t the conventional 2D COSY experiment and a cosine factc
acterizing structures or structural changes of multiple prote&%SKME A), that describes the electrophoretic modulation of th
components in biochemical reactions. To solve this problem, Sy r;CS or’1 ances:

have proposed the multidimensional electrophoretic NM '

(ENMR) spectroscopyld), which separates NMR resonances of

mixed proteins by electrophoretic mobilities. Thus, NMR spectrag(t,, t,) = i/4{ |y exdiogt, — iwy(t; + A)]

of different proteins can be simultaneously obtained in an isotro-

pic mixture without physical separation of the proteins. The
method was validated in a 2D ENMR experimett{34, which
produced 1D NMR spectra of bovine serum albumin (BSA, 66
kDa) and ubiquitin (8.6 kDa) mixed inf® (14). In this paper, we

The multidimensional nuclear magnetic resonance (NMR)
correlation spectroscopy (COSY)«4) and nuclear Overhauser
spectroscopy (NOESYB{9 are extremely powerful in sequen-

X coq mlt,)cod wI(t; + A)]

1

' Some of the preliminary results were reported in the 41th Experimental
Nuclear Magnetic Resonance Conference (ENC), Asilomar, CA, April
9-14, 2000.
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dioxa-1,12-dodecanediamine in®. The experiment was per
1 2 2 formed on a Bruker AM 500 NMR spectrometer equipped witl
RF I I |\ﬂﬂ an actively shielded magnetic field gradient in thaxis. The
electric field was generated from an electric field/gradier
-— driver from Digital Specialties (maximum output voltagel
0 o kV). Capillary array ENMR (CA-ENMR) sample cells3%)
G 'g .g were used uncoated after treatmenthwit M HCI, deionized
water, al 1 M NaOH. The detected migration rates of
-— L-aspartic acid and 4,9-dioxa-1,12-dodecanediamine we
1.6 X 10* and 20X 10* cm® - V™' - s}, respectively,
A ] resulting from their electrophoretic motion and the bulk elec
Eqc troosmotic flow of the solution. Because of the small capillar
diameter, the electroosmotic velocity distribution caused r
resolution reduction in the flow dimension. Twenty-eigh
Phase Cycling Procedures COSY spectra, each containing resonances from both mo
cules, were obtained at differeft,. incrementing from 0 to
0,: +X -X +X -X 24.5 V- cm™. Two electrophoretic cosinusoidal oscillation
0y: +X +X -X -X
ACQ: +X-X+X -X

FIG. 1. The 3D EP-COSY pulse sequence and phase cycling procedures.

300
where parametdf = ygé is a function of the gyromagnetic ratio
of the nucleus ), the amplitude ¢), and duration §) of the
magnetic field gradient pulses. The amplitude of the electric field,
E. = lJ(kA), is determined by the electric currert)( the
solution conductivity ), and the cross-sectional are®) (of the
U-shape ENMR sample celD is the molecular diffusion coeffi- 0
cient andT, the spin—spin relaxation time. The electrophoretic
cosinusoidal modulation frequency is a function of the electric 400 . . - . r
field, the magnetic field gradients, and the electrophoretic mobility g B 19 y 15_ £l &
(w). Since the ENMR signal vs current curves was truncated, a Famping oty
direct Fourier transformation is not appropriate. Fittings to the |,
cosine curves were performed to obtain the electrophoretic oscil-
lation frequencies for different molecules. The truncated cosine
curves were subsequently extended to have 256 data points using
these frequencies before the third Fourier transformation. In this
way, the COSY resonances of moleculési{= 1, 2, 3...}
migrating at different electrophoretic mobilities were distin-
guished and displayed at different frequencieg {n the third
dimension of electrophoretic flow velocity, wheve= = (KI;A/
2mkA)u; and | is the increment of the applied DC electric
current. Note that increasing the electric field at the constant
gradient amplitude and interpulse delays avoided signal decays
due to molecular diffusion and spin relaxatidi®); The linewidth
in the third dimension was determined by a 90° phase shifted
sinebell squared window function applied to the extended cosiné&!G. 2. Two electrophoretic oscillation frequencies from the 3D EP-
curves before Fourier transformation. COSY resonances of (a)aspartic acid (150 mM) and (b) 4,9-dioxa-1,12-

. decanediamine (148 mM) in,D. The solution conductivity) was 5.82
To demonstrate the concept of 3D ENMR, we vaUIred a - cm . The data matrix was acquired using an eight-bundle CA-ENMF

EP-COSY data matrix (256< 156 X 28) from a solution sample cell (25qum). The electric current was increased from 0 to 0.56 mA
mixture containing 150 mM-aspartic acid and 148 mM 4,9-in 28 steps (; = 0.02mA). The two gradient pulses had the same amplituds
(g = 304.5 mT-m™") and duration§ = 1 ms). Other parameters werg:=
% Only terms from spin 1 are included; terms from the second spin can B81.5 msA = 600.0 ms, NS= 16, Tg = 2s,t; = 5 to 30.264 ms with\t, =
obtained by exchanging subscripts 1 and 2. 0.194 ms, and = 25°C.
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FIG. 3. (a) Spectroscopic separation of COSY planes of (A) 4,9-dioxa-1,12-dodecanediamine (148 mM)aadi8itic acid (150 mM) in a 3D EP-COSY
matrix. Using the cosinusoidal oscillation frequencies that were scaled up 100 times, the truncated oscillation curves were extended froma28 poi2&6 d
before the third Fourier transformation. (Signals were folded in the flow dimension.) Superposition of the component 2D-COSY spectra (b and spgaese
spectral resonance pattern of a double-quantum-filtered (DQF) COSY experin&i} (d). The DQF-COSY data was acquired from a mixture solution o
L-aspartic acid (100 mM) and 4,9-dioxa-1,12-dodecanediamine (100 mM)Gndd a Bruker DMX 500 spectrometer.
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frequencies were observed that differentiated the COSY reso- NMR spectra of proteins via double quantum filtering, Biochem.
nances of -aspartic acid and 4,9-dioxa-1,12-dodecanediamine Biophys. Res. Commun. 117, 479 (1983).
(Figs. 2a and 2b). In the 3D EP-COSY matrix (Fig. 3a), thed- W. P. Aue, E. I.Bart'holdi, and R. R. Ernst,'Two-dimensionaI spec-
chemical shifts and-coupling constants can be measured for gﬁsgogz" g%‘g'?fg;g to nuclear magnetic resonance, J. Chem.
the two molecules in the separated COSY planes (Figs. 3b aﬂ.d.]. ﬁelnee’r “Ampere Iﬁternational Summer School,” Unpublished
3c). Note that the electrophoretic mobilities .eaispartic acid lecture, 1971. '
and 4,9-dioxa-1,12-dodecanediamine are opposite in sign bér'.tJ. H. Noggle and R. E. Schirmer, “The Nuclear Overhauser Effect,
numerically close in magnitude, as measured with methylcel- chemical Applications,” Academic Press, New York, 1971.
lulose-coated CA-ENMR tubes§). Satisfactory signal reso- 6. 1. Solomon, Relaxation processes in a system of two spins, Phys.
lution was achieved in the flow dimension due to the electroos- Rev. 99, 559 (1955).
motic effect. Obviously, the 3D EP-COSY can be used to soft. G. M. Clore, L. E. Kay, A. Bax, and A. M. Gronenborn, Four-
out individual COSY components of mixed molecules for dimensional **C/*C-edited nuclear Overhauser enhancement
simultaneous structural assignments, a formidable task for pro- ;Pecﬁr(’:]‘?‘:fy;g algroltgg”l'” solution: Application to interleukin 16,
tein mixtures using conventional COSY methods because TAfolfuriarlsR)./R. ;Ernst( and)k. Wauthrich, A two-dimensional nuclear
severe signal overlap (Fig. 3d). ENMR data of higher resolu-" 5 . hauser enhancement (2D NOE) ex'periment for the elucidation
tion have been obtained with our newly developed ENMR of complete proton-proton cross relaxation networks in biological
system. The results will be published elsewhere. macromolecules, Biochem. Biophys. Res. Commun. 95, 1 (1980).
In conclusion, we have separated homonuclear COSY. A. W. Overhauser, Polarization of nuclei in metals, Phys. Rev. 92,
spectra of two molecules in their isotropic solution mixture 411 (1953).
using the demonstrated 3D EP-COSY method. This prindio- :-_ E. Kay, IGh- lVl Clorle, At-_l?;axy and A. '\/'GMC;{ronenksom. Four-f
ple is applicable (o other types oD-ENMR for simulta- ¢ Ch i S e e a1t ooy,
neous Stru.Cture determmatlon. of r.nUI.tlple proteins or protein J. Cavanagh, W. J. Fairbrother, A. G. Palmer, Ill, and N. J. Skelton
_Conformatlons' Solutions of high ionic Stre,”gth were exam- “I.Drotein NM;? épéctroscopy: iDriﬁcibles an(j P;actice,;’ Academic’
ined using CA-ENMR sample cells, permitting ENMR eX-  press, San Diego, 1996.
periments of proteins in high-salt biological buffer solutiong,. k. wuthrich, “NMR of Proteins and Nucleic Acids,” Wiley, New
(35). Thus, new investigations of protein interactions are York, 1986.
possible usinghD-ENMR to obtain detailed three-dimen-13. R. R. Ernst, G. Bodenhausen, and A. Wokaun, “Principles of Nu-
sional structure mapping of the interacting proteins. This clear Magnetic Resonance in One and Two Dimensions,” Oxford
structural information is mostly missing in the literature SCi- Oxford, 1987.
because of difficulties in distinguishing signals from differl4- Q- He, Y. Liu, and T. Nixon, High-field electrophoretic NMR of
- . - mixed proteins in solution, J. Am. Chem. Soc. 120, 1341 (1998).
ent macromolecules coexisting in solution. Our new tech- _ _ _
nology combines two powerful techniques— electrophoresig & He and C. S. Johnson, Jr., Two-dimensional electrophoretic

. . . . NMR for the measurement of mobilities and diffusion in mixtures, J.
and NMR—to permit structural investigations, among oth-  \jagn. Reson. 81, 435 (1989).

ers, of protein folding and aggregations in solution, as We.LuB C. S. Johnson, Jr. and Q. He, Electrophoretic NMR, in “Advances
as biological signaling processes that consist of essential in Magnetic Resonance” (W. S. Warren, Ed.), p. 131, Academic
mechanisms of living organisms. Press, San Diego, 1989.
17. Q. He and C. S. Johnson, Jr., Stimulated echo electrophoretic
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