
Capillary Array Electrophoretic NMR of Proteins
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The capillary array electrophoretic NMR (CA-ENMR) was de- proteins were modulated differently by their electrophor
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eloped to study protein mixtures in biological buffer solutions of
igh ionic strength. By enhancing the strength of the effective
lectric field across the sample, the technique permits the detection
f the electrophoretic motion of 1 mM lysozyme in 50 mM
aH2PO4 aqueous solution, which was previously not achievable
sing conventional ENMR. Heat-induced convection was dramat-

cally reduced by blocking convective current loops and by im-
roving the efficiency of heat exchange. Thus, the capability of
NMR study of electrolyte solutions was extended from low to
igh ionic strength. In addition, capillary walls reduced rf-induced
lectrical eddy current, thereby maintaining good probe Q factors.
ecause of its parallel configuration to the static magnetic field,

he capillary array chamber produced no susceptibility distortions
f the ENMR signal. The technique offers great potential in char-
cterizing multiple protein conformations and protein interactions
n solution. © 1999 Academic Press

Key Words: electrophoretic NMR; heating and convection;
MR in high-salt solutions; structure of mixed proteins; capillary

rray electrophoresis.

NMR structure determination of multiple proteins and D
oleculesin situ in a biochemical reaction network provid

undamental understanding of biological processes (e.g., s
ransduction, genetic control, and protein folding). Howe
uch experiments are often hampered by severe signal o
n the NMR spectra. Our recent results (1) suggest that th
ifficulty in resolving resonances from different macromo
ules in solution can be overcome by multidimensional e
rophoretic NMR (ENMR) (1–17). Without physical separatio
f the component molecules, the resonances from diffe
roteins in a mixture can be sorted out by electropho
obilities. Our ENMR study of a multicomponent prot

olution containing Bovine Serum Albumin (BSA) and ub
itin has demonstrated the feasibility of this approach (1). By
pplying a DC-electric field, the NMR resonances of the

1 Some of the preliminary results have been reported in the 39th E
ental Nuclear Magnetic Resonance Conference (ENC), Asilomar, Calif
arch 22–27,1998.
2 To whom correspondence should be addressed. Department of Che

niversity of Connecticut, U-60, 55 North Eagleville Rd., Storrs, CT 062
060. E-mail: qiuhong@nucleus.chem.uconn.edu.
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otion. In a two-dimensional ENMR experiment, the mo
ation frequencies were displayed in a new dimension of e
rophoretic mobility. All resonances from BSA were group
ogether and displayed at its characteristic frequency in the
imension, different from that of ubiquitin. The technique
emonstrated potential to sort out protein resonances in

ures.
When examining mixed proteins in biological buffer so

ions of high ionic strength, however, we were challenge
eat-induced convection. In such systems, electric condu

ty, k, is high, and therefore, the electric field,Edc 5 I e/kA,
hich drives electrophoretic motion of proteins, is low. R

ively large electric current, Ie, is needed in order to genera
ufficient electric field strength, if the area of the sample t
, is fixed. Consequently, electric power deposition or resis
eating increases. In most ENMR experiments, heat i
oved by cooling air outside the sample tube, and, there
eat removal at the edge of the tube is more efficient than
t the center. As a result, a temperature gradient is gene
hich in turn produces a density gradient and bulk conve
otion in the solution (Fig. 1a). Obviously, the electrophor

ow superimposed on an irregular convective flow is v
ifficult to measure, if not impossible. In this communicati
e report a new ENMR technology—the capillary array e

rophoretic NMR (CA-ENMR)—as a solution to this proble
capillary array sample chamber was designed to brea

onvective, as well as electrical eddy current loops (Fig.
nd to increase the strength of the electric field. CA-EN

urthermore, achieves excellent probe Q factors and spe
ine shapes. These enhancements have allowed the firs
essful ENMR investigation of proteins in high salt biolog
uffer solutions.
In CA-ENMR, fused silica glass capillaries3 (i.d. 5 250mm;

.d. 5 450 mm) were flame-bent and bundled into U-sha
ample cells (Fig. 2). Two Teflon tubes of larger diameter (
.d. 5 2.20 mm; o.d.5 3.30 mm) served as reservoirs to ho
wo platinum electrodes at the ends of the bundled capilla
ri-
ia,

try,
- 3 Fused silica capillaries were purchased from Imprecision, Inc., with i5
5, 100, 150, and 200mm, respectively; Teflon tubes were also used.
1090-7807/99 $30.00
Copyright © 1999 by Academic Press
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he assembled sample cells were loaded from top of a
rometer magnet into a 5-mm RF resonator. The numb
apillary array elements can be adjusted to optimize the
lling factor. Sample temperature was regulated at 25°C b
emperature control unit of the Bruker AM 500 spectrome
quipped withz-magnetic field gradient. The relatively lar
atio of capillary surface area to sample volume ensures
ient heat exchange. The smaller cross-sectional area, A
apillary reduces the need of electric current,I e, for generating
ufficient strength of electric field,Edc, and therefore, powe
eposition and resistive heating are decreased. Prelim
nalysis indicates that temperature gradient decreases

unction of cylindrical tube diameter, and detailed ther
tudy results will be published. At the same time the s
apillary inner space reduces resistive heating and minim
emperature gradient and fluid density variation, and he
onvection effect. In fact, the thin capillary walls block
onvective current present when using large sample tube
Using this CA-ENMR method, we observed a dram

eduction of heat-induced convection in a high salt solu
ontaining 1 mM lysozyme and 50 mM NaH2PO4 in D2O (Fig.
a). These data were acquired with a stimulated-echo EN
ulse sequence (1, 7). It can be seen that a step-wise incre
f DC-electric current has produced a cosinusoidal ampl
odulation of the lysozyme resonances. The magnitude o

timulated echo signal can be expressed as

M~Edc! 5
M~0!

2
expF2DK 2S tD 2

d1

3 D 2
2t

T2
2

D

T1
G

3 cos@~KEdcD!m#, [1]

here Edc and D are the amplitude and the duration of
th
ube.

drical sample tube. Symbolsr andT represent solution density and temperat
s to block the convection and the electrical current loops.
FIG. 2. Schematics of a CA-ENMR sample cell. The number of bun
apillaries varies in different experiments. All capillaries have the same l
o ensure that the same resistance and electric field are produced in eac
FIG. 1. (a) Schematic illustration of heat-induced convection in a cylin
espectively. (b) The capillary walls (dashed lines) impose physical barrier
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lectric field,m is the electrophoretic mobility of the protein,tD

s the self-diffusion time,D is the molecular diffusion coeffi
ient,M(0) is the initial magnetization, andT1 andT2 are the
pin–lattice and spin–spin relaxation times, respectively.
ameterK 5 gg1d 1 is determined byg, the gyromagnetic rati
f the nucleus,g1 andd1, the amplitude and the duration of t

abeling and refocusing gradient pulses, respectively. The
le conductivity was 4.21 mS cm21, and the solution pH wa
.89. The maximum total DC electric current was 0.72 mA
A per capillary), producing an electric field of 29.03 V cm21.
y contrast, a control experiment performed using a reg
lass U-tube of larger diameter (A5 3.758 mm2) yielded a
aximum electric field of only 9.10 V cm21, although this

equired twice the maximum electric current (1.44 mA).

TABLE 1
NMR Probe Q Factors of High Salt Samplesa

Saline (0.9% or
154 mM NaCl)

1 mM lysozyme
50 mM KH2PO4

in D2O

Deionized wate
(k 5 0.436

0.02 mS cm21)

mm NMR tube 131.86 1.7 186.26 1.5 222.86 1.1
arge U-tube
(diameter5
2.55 mm) 186.46 3.0 208.66 3.1 227.86 2.2
apillary array
ENMR sample
cell (12-bundle) 192.56 1.5 218.16 2.9 230.36 1.9

a The sampling size is 5.

FIG. 3. Bruker AM 500 MHz electrophoretic NMR interferograms of
ith (a) a 12-bundle capillary array U-tube (i.d.5 250mm) and (b) a conve
,t 5 2.575 ms,tD 5 0.6136 s, NS5 512,TR 5 4 s;g1 5 g2 5 426.3 mT m2

b) Edc 5 0 to 9.10 V cm21, A 5 3.758 mm2, and NS5 128. Other parame
fter shimming. The pulse sequence and symbols are consistent with o
a-

m-

0

ar

Because of insufficient strength of the electric field in
egular large diameter U-tube, no phase inversion of lysoz
esonances was observed in the cosinusoidal ENMR inte
ram shown in Fig. 3b. The substantially weaker electric

n high salt conditions rendered the electrophoretic mob
easurements impossible using such large U-tubes. Th
uced cross-sectional area of the capillary tubes in CA-EN
ermits a significant increase of the strength of the ele
eld, leading to improved signal resolution in the new dim
ion of motion. This is the major advantage of CA-ENMR o
onventional ENMR. The trade-off for accomplishing t
igher motional resolution is reduced coil filling factor. In
A-ENMR experiment reported here, the sample volume
nly 16% of that of the large U-tube. The resulting reductio
ignal sensitivity, however, was offset by the fact that hig
robe Q-factor are maintained in CA-ENMR (Table 1).
In both experiments, electroosmotic flow was reduced
ethylcellulose coating of the sample tubes. This was ac
lished by injecting the standard coating solutions (18) into the
apillary array sample tubes. However, the coating did not
he effective capillary diameter. The average diame
6s.d.d.) of the capillary tube were respectively 256mm (65;

5 6) before coating, and 254mm (611; n 5 12) after
oating. Figure 3 shows frequency-domain spectra obta
fter Fourier Transformation of the first chemical shift dim
ion.4 Spectral white noise was subsequently removed

4 Using Felix, an NMR software by Biosym and Molecular Simulations (
iego).

M lysozyme in a D2O solution of 50 mM NaH2PO4. Data were obtained at 25°
nal glass U-tube. Parameters are: (a) pH 5.89,k 5 4.21 mS cm21; D 5 0.6097
5 1 ms,d2 5 6 ms;Edc 5 0 to 29.03 V cm21 andm 5 1.33 1024 cm2V21s21.
are the same as in (a). The spectral linewidth in CA-ENMR was typical

earlier studies (1).
1 m
ntio
1, d1

ters
ur
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enuation due to high electric current, which comes f
esidual convection in the capillaries, can be further remo
y spectroscopic compensation of the convective flow.
ave evaluated this effect, and detailed results are being
ared for publication.
Capillary walls also block electrical eddy current, wh

ften reduces NMR signal sensitivity of high salt samples
erify this, we measured the Q factors (22) of the NMR probe

oaded with different samples (Table 1), using an HP 87
etwork Analyzer (300kHz–3.0GHz). The probe Q factor
reased as the solution ionic strength increased; howev
maller change of the probe Q factor was observed as the
f the sample tube was decreased. Thus, the probe Q fac
saline solution in a 5-mm NMR tube was 41% lower than
f water, whereas the probe Q factor was only 16% less

hat of water when the capillary array sample cells were u
ote that this simple sensitivity comparision is solely base
-factor measurements and does not take into account
etermining factors such as sample volume and RF coil fi

actors. However, the results with CA-ENMR suggest tha
igher Q factor that is achieved with the capillary array tub
igh salt solutions compensates for the decrease in s
ensitivity due to the smaller sample volume and coil fil
actor.

We routinely achieved excellent magnetic field homogen
ith this system since capillary array chambers introduc
agnetic susceptibility effect (23, 24). Each capillary can b

iewed as an infinitely long circular cylinder with unifor
agnetization. No external magnetic field is produced by

apillary since the cylinder behaves like a solenoid with n
ero, uniform surface current (25).
In summary, the significant increase of the effective ele

eld and the dramatic reduction of the heat-induced conve
ffect that CA-ENMR achieves enable electrophoretic N
tudies of protein samples in high salt biological buffer s
ions. Furthermore, CA-ENMR maintains high probe Q fac
nd minimizes spectral lineshape distortions, which are im

ant in obtaining high resolution spectra of proteins. Our re
ave demonstrated the potential of investigating multiple

ein conformations and protein interactions in biological bu
olutions of high ionic strength. Lithographic technolo
26, 27), microcoil NMR detector, and ultra-high electric fie
evices may be adapted to further improve signal sensi
nd resolution (24, 28–30). CA-ENMR does not require phy

cal separation of proteins and can be implemented on
ercially available NMR spectrometers equipped with m
etic field gradients.
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