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A detailed characterization of an NMR flow probe for use in
direct-injection sample analysis is presented. A 600-MHz, indirect
detection NMR flow probe with a 120-ul active volume is evalu-
ated in two configurations: first as a stand-alone small volume
probe for the analysis of static, nonflowing solutions, and second
as a component in an integrated liquids-handling system used for
high-throughput NMR analysis. In the stand-alone mode, 'H line-
shape, sensitivity, radiofrequency (RF) homogeneity, and heat
transfer characteristics are measured and compared to conven-
tional-format NMR probes of related design. Commonly used
descriptive terminology for the hardware, sample regions, and RF
coils are reviewed or defined, and test procedures developed for
flow probes are described. The flow probe displayed general per-
formance that is competitive with standard probes. Key advan-
tages of the flow probe include high molar sensitivity, ease of use
in an automation setup, and superior reproducibility of magnetic
field homogeneity which enables the practical implementation of
1D T2-edited analysis of protein—ligand interactions. © 2000
Academic Press

Key Words: direct-injection NMR; SAR by NMR; high-through-
put screening; LC-NMR; NMR probe.

INTRODUCTION

ume-optimized, fixed geometry sample chamber (flow cell
Sample loading of the probe is achieved via a low diamet
tube that is typically connected to a liquids-handling robo
Hence, in the proposed setup, NMR solutions are transferr
directly into the so-called flow-injection probe from an externe
set of sample wells. Probes for tubeless NMR, common
called flow probes, have not yet been characterized in detalil
the literature. The purpose of this paper is to examine tt
feature performance of a new type of flow probe that has be
optimized for data collection in the stopped-flow mode. De
tailed comparisons are made to standard NMR probes, part
ularly pertaining to factors that are relevant to high-throughpt
NMR methods such as SAR by NMR,,(2) screening.

Here, we compare the performance of a LaGctive vol-
ume flow probe to standard commercial 3- and 5-mm probes
related design. The active volume (120 of the flow probe
represents an intermediate between the corresponding ac
sample volumes in 5- and 3-mm (microsample) probes, pr
viding a set of performance markers well suited to displayin
and identifying trends. However, no rigorous comparisons at
statistical analyses of probe performances were carried o
The overall probe radiofrequency (RF) designs of the depict
probes are sufficiently similar to afford meaningful compari

Traditionally, most NMR technological innovations haveéons. Thus, the observed differences in probe performance

focused on extracting an extensive set of information fromhg attributed primarily to the variations in sample geometrie

single sample. An increasing need appears, however, for strat] he maximum overall sample throughput or total data co

egies that permit the collection of a limited set of data from Igction time per sample is an important performance chara

large number of samples rapidly. For example, combinatorfgristic of an NMR probe head. The data collection time pe

synthesis may produce a large number of related compourd@éple in a flow probe can be written as

which require the rapid measurement of a limited set of NMR

spectra per sample. Likewise, in NMR-based screening (SARt(total) = t(inject) + t(equilibrate + t(data acquisition

by NMR) one type of spectra (e.g.,'H—""N HSQC spectrum)

is recorded in a large set of compound mixtures. These new

methods require fast, cost-effective NMR data collection and

analysis and generally favor the use of relatively small sampgtewill be shown that the equilibration timegequilibrate) in

volumes combined with some method of automated samlew and 5-mm probes are comparable. In addition, the su

placement, data acquisition, and processing. total oft(inject) andt(retrieve) does not exceed by a significan
A key component of a high-throughput NMR data collectioamount the time needed to load tubes into a tube-holding pro

setup is the NMR probe head. In this paper we describebg a robotic sample changer. Only the time required for rinsin

novel, tubeless NMR probe which features in its core a vahe flow probet(rinse), prior to loading of a new sample has

o

+ t(retrieve + t(rinse. [1]
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no counterpart in the NMR tube-based mode of data collection g~
This latter time typically represents an insignificant percentage
of t(total) due to the high efficiency of the chosen sample
loading protocol.

In summary, flow-based sampling methods are well-estab
lished and used within many types of general analytical instru
mentation 8) and can be used to inject samples into NMR
probes with integrated sample tubes called flow cél|<). It
will be shown in this paper that the depicted novel flow probe
is highly competitive with standard tube-holding probes in
achieving high-throughput data collection in large sets of sa
ples.

|

DESCRIPTION OF FLOW PROBE

N AN

The flow probe design used in this study grew out of th
development of a liquid chromatography (LC) NMR systen
(6). The flow probe differs from a regular NMR probe by
featuring a permanently mounted sample chamber (flow ce
centered within the core of the radiofrequency detector co
Figure 1 depicts the relative positions of NMR sample tubes
and flow cell in regular 5- and 3-mm probes and in the flow
probe, respectively. The solid rectangles represent the diame¥
ters and lengths of the Helmholtz-shaped proton RF coils. Both
the bottom and the top ends of the flow cell are connected ta
1/16" od PTFE tubes which terminate into PEEK LC union
connectors at the base of the probe. These PTFE tubes connect
to the flow cell inlets by inert, adhesive-free, compression
fittings.

The conical tapering of the inner diameter of the flow cell
facilitates sample flow and reduced magnetic field inhomoge-
neity 6—9. The specific flow cell described herE)j differs in
part from other designs of tapered flow cells by featuring aFlG. 1. Cross-sectional drawing showing the active volumes and est

constant outer diameter and a lenath that considerabl excem ted minimum sample volumes for the probes used in this study. The leng
g y g diameters of the RF coils are indicated by the rectangles, and the crc

the NMR-sensitive region and by the use of quartz. When thgiched sample regions within the rectangles represent the NMR active v

probe is inserted in the magnet, the flow cell is aligned with thenes. The full crosshatched regions within the tubes show the approxim:

external magnetic fiel®,. This design ensures that magnetioninimum sample volumes/y. The double crosshatched region at the lowe!

field distortions due to susceptibility differences between tt§8d ©f the flow cell depicts the approximate location and boundary of tr

aqueous buffer and the flow cell do not extend into the acti °§t'°na| push solvent. Diagrams show (a) the 3-mm probe, (b) the 5-mm prol
q . . WHd (c) the 3.4-mm-id flow probe with 12@ active volume.

region of the flow cell. The thick-walled quartz at each end of

the sample chamber has the benefit of featuring a considerably

closer match in bulk magnetic susceptibility to water thapush—pull mode of sample change offers considerable bene

thin-walled Pyrex or air. Thus, the reduction of the flow celielative to a flow-through mode of operation.

volume to about twice the active volume within the proton Like regular NMR probes, flow probes can be equipped wit

detector coil still yielded acceptable proton lineshapes (selirect detection single and/or double resonance resonators

Table 2). The thick-walled stems of the flow cell can withstanenable fH, *N], [*H, **C], or [*H, N, **C] double or triple

the high mechanical pressures associated with compressiesonance experiments, respectively. In addition, flow prob

fittings and permit the fabrication of quartz cells with excepeadily accommodate actively shielded pulse field gradie

tionally high levels of structural symmetry. coils.

A NMR sample solution is inserted into the flow cell through The geometry of the proton detection cail in the flow prob
the bottom inlet at a maximum flow rate that maintains laminatosely resembles the prevalent geometry in regular NM
flow until the sample chamber is filled completely. Retrieval girobe featuring Helmholtz saddle coils (see Fig. 2) with lengt
the NMR sample is preferably done again through the bottdm, radiusRg, and window anglé. For each probe used, the
inlet. As depicted in greater detail in a subsequent section, tiigxdow angles of the proton detection coils were equivalen

\

.

- )y
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/ n = VJVe = (R)*/[2(Rep) °]. [4]

/——é\ At a given magnetic field strength and sample temperatur

1 the probe sensitivity, or signal-to-noise rati@I{l), is primar-
' ily affected by the respective volum&s, V., and the quality
o (Q) factor of the resonator circuitry as depicted in Eq. [5]:

SN = nVRQM2 = (V4VH Q2 [5]

—

A The filling factorm generally decreases with shrinking sam
ple diameter, because both the wall thickness of the sam
4 tube and flow cell and the air gap between the outer wall of t
tube and the detector coil cannot be shrunk below a minimu

threshold. Therefore, as shown in Table 1, the filling faajor
I of the flow probe is lower than in a 5-mm probe but higher tha
//[ ~N in a 3-mm microsample probe. Due to its rigid positioning thi
flow cell accommodates higher flow rates of temperature co
trol air (VT-air) thereby allowing a tighter air gap between flow

| cell and detector coil.

\>-——/ PERFORMANCE OF FLOW PROBE

FIG. 2. Diagram showing the relevant dimensions of saddle coils for use ES.S.tetlal. performance _CharaCte”s“CS .Of NMR_ probes .a
in this paper. The dimensions shown pertain to the innermost surfaces &@NSsitivity, lineshape, RF field homogeneity, and time requir
edges of the coil conductor. The region on the surface of the winding cylinder,

)‘Nit_rr)lda; pe”rimeter defined by either of the two conductive loops, is called the TABLE 1
window.

Comparison of Detector Coil Parameters and
'H Sensitivities at 600 MHz*

A pair of cylindrical Faraday shields (also called RF Standard Flow probe Standard
shields), separated symmetrically above and below the coil 3 mm 120 pl 5 mm
midplane by the RF coil length, is placed at an intermediate _
diameter between the proton RF coil and the flow cgll)( Sample diameter,Rs 24 mm 3.4 mm 42 mm

These shields suppress the pickup of NMR signal from tri%o” length, L ee 16 mm 18 mm 16 mm

_ ) . ) tive volume,Vg 72 pl 120 pl 220 pl
fringes of the detector coil and thereby improve lineshape apghimum sample volume, 150 ul 270 pl 550 ul
enhance sensitivity performance in dielectrically lossy samples/,

(aqueous solutions with high ionic strength). SIN {3}00 mM sucrose in 62 103 154
2
Nl\l/?scause both the _flow pr(_)be _an_d the regular sample tglsgﬁ 2.00 mM sucrose 5o 88 120
p_robes_are equ_peo_l with similar geometry saqldle COilS,, ">50 mM NaCl in DO}
the active coil volume in either probe can be approximated Pyn).......;{2 mM sucrose}  0.40 067 1.00
V2Q™2, no salt, 0.43 0.68 1.00
— 2 normalized
Ve = 2Leem(Rer) [l (SN) romaivea {2 MM sucrose  0.49 0.73 1.00
. w. 250 mM NacCl in DO}
wherelL - and Ry represent length and radius of the detectqjy2q*: (w. 250 mM NaCl  0.50 0.76 1.00
coil (Fig. 2) and the factor 2 approximates the magnetic energyn D,0, normalized}
coupling to the exterior of the coil cylinder. (S§N)/Vun {2 mM sucrose}  1.47 1.36 1.00
The active sample volume can be approximated by (SN)/Vw {2 mM sucrose - 1.80 1.49 1.00
w. 250 mM NacCl in DO}
S/N {0.1% ethylbenzene/ 451 Not measured 1062
VS = LRFW(RS) 2, [3] CDC|3}

whereR; represents the inside diameter of the sample tube or Sucrose an_d ethylbenzene linewidths without line broadening averag

flow cell 1.5_ x 0.1 Hz in all cases. For_ sucrose, samples were me_asure_d W|th§

’ . I . spinning and a 1.0-Hz exponential line broadening was applied prior to F

Hence, the effective coil filling factorl@) can be approxi- gthyibenzene was measured with the sample spinning, using 1.06 Hz
mated by exponential line broadening.



72 HANER, LLANOS, AND MUELLER
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FIG. 3. Proton lineshape at 600 MHz of 50 mM sodium acetate in 99% & 30°C measured with a 134-active volume, 3.4-mm-id flow probe. Spectrum
(a) was measured using a standard VJIflew rate of 10 L/min, and spectrum (b) was measured using a Y1ldw rate of 20 L/min. Each spectrum shown
in (a) and (b) has the same vertical scale. Insets show the shape and resolution of the upper portion of the lines and have the same vertical geate w
to each other.

ment to achieve a homogeneous temperature across the adieight as seen in Fig. 3. At 0.5% of the height of the methy
sample volume after the loading of the sample into the proljgeak, satellite lines are visible due to one- and two-bor
Comparisons of these parameters are made using a flow prpbaton—carbord-couplings to the methyl and carbonyl carbon
(Varian, prototype model) and standard probes of 5-mm tubespectively. The two-bond couplingJ¢y = 5.9 Hz) can be
diameter (Varian, Model 00-958566-60) and 3-mm tube diameadily suppressed by band-selective carbonyl decoupling. T
eter (Varian, Model 00-958566-46). In addition, we assesskdeshape data in Table 2 confirm that the flow probe produc
the issue of cleansing of the sample chamber prior to loadingmparable lineshapes to the regular NMR probes. Shimmi
a new sample in the flow probe—a unique issue facing thi$ the samples was performed in a straightforward mann
type of probes. All tests were performed on Varian Inovasing the automated gradient shimming algorithm followed &
600-MHz NMR spectrometers. retouching of the low-order radial shims as well as #ie

gradient. However, relatively larger values afl—z6 are
Resolution and Lineshape

At the outset of flow probe project it was not obvious thatthe TABLE 2_ )
restricted volume flow cell would produce competitive proton, H Lineshapes at 600-MHz: Full Widths Measured as Fractions
NMR lineshapes. In order to avoid volatile solvents durinf the Total Peak Height; 50 mM Sodium Acetate in 99% D.O at
testing, all measurements in the flow probes were conducted.in

o

agueous solutions, although the flow probe has been demon- 50% 0.55% 0.11%

strated to produce quality spectra in organic solvents such-as

chloroform. A solution of 50 mM sodium acetate in 99.99%low probe 120ul  Stationary 045Hz  52Hz  9.0Hz

D,O was chosen to perform both lineshape and temperatgf@ndard 5 mm Nonspinning  0.38 3.6 8.0
. . . SteHgdard 3 mm Nonspinning 0.44 5.3 9.0

equilibration tests. The acetate produces a sharp singlet at ha
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FIG. 4. Proton lineshape reproducibility test at 600 MHz showing the sucrose and sucrose—ethanol difference spectra for (a) samples injected jdto tt
active volume, 3.4-mm-id flow probe and (b) samples (#0®laced into individual 5-mm tubes, using the 5-mm probe. Both spectra have 1.0 Hz of exponer
broadening. The results are representative for the effort used and are not necessarily fully optimized.

needed to achieve the reported lineshapes due to the relativelynogeneity in successive samples renders the flow pro
short length of the large id portion of the flow cell, whose totahost suitable for 1D-type NMR-based screeni@y (
volume is slightly less than twice its active volume.

Sensitivity

Reproducibility of Magnetic Field Homogeneity Having established the lineshape performance, it was impc

The flow probe features a remarkable reproducibility itant to test the proton sensitivity performance of the flo
lineshape and resolution as evidenced by the following sutrobe. We were interested both in assessing sensitivity in t
traction test. This stability in magnetic field homogeneity angsual sense, relative to a given standard sample concentrat
bulk susceptibility is most likely a result of the rigid geometnand in relative molar sensitivity given a limited amount of
of the flow cell whose schematic cross section is depicted sample. The molar sensitivity is the sensitivity divided by th
Fig. 1. Spectra were recorded in an alternate fashion in sampd@proximate minimum volume of sampl&/(,) needed to
of 2 mM sucrose in RO followed by 2 mM sucrose in D  achieve a suitable lineshape. The majority of proton sensitivi
doped with 2 mM ethanol (both types of samples were deriveteasurements were performed using the anomeric proton r
from the same stock sucrose stock solution). No push solvemtance in a solution of 2.00 mM sucrose in 99.9%DThe
was used to pump the sample into the flow probe (total transfemperature of the NMR samples was equilibrated at 30°
volume of 620ul, one rinse cycle prior to sample loading). Thavith a VT N, flow rate of 10 L/min. The NMR samples were
5-mm probe was loaded with samples containing 70®f shimmed to achieve a linewidth within the doublet of the
liquid. Prior to data collection the samples were equilibrateshomeric resonance of less than 1.6 Hz. The HDO signal w
for 3 min. No retouching of the shim gradients was performeslippressed by lower power CW presaturation during the r
between successive data collections. The HDO line was silga<ation delays. The sucro$&N ratios represent sum averages
pressed using WETL@, 14. The difference spectra, of whichover 10 successive single transient measurements using
a representative set is depicted in Fig. 4, consistently produmeguisition time of 2 s and a relaxation delay between succe
superior subtraction of the sucrose lines in the flow probe. Aive experiments of 30 s.
attempt to use hand-picked, matched 5-mm sample tube holdin addition, sealed samples of 0.1% ethylbenzene dissolv
ers (spinners) failed to improve the subtraction quality in tha 99.98% CDCJ} were measured in the standard probes :
5-mm probe. The superior reproducibility of magnetic fieldmbient temperature. A&/N ratios were measured using a
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TABLE 3 difference in the filling factorn. The observed additional
'H RF Homogeneity at 600 MHz, as Intensity Ratios Relative ~ enhancement in RF field homogeneity in the flow probe cé
to a 90° Pulse most likely be attributed to a closer relative placement of th
RF shields in the flow probe. This tighter geometry of RF
Standard Flow probe Standard . . .
3 mm 120 pl 5mm Shields and detector coil surrounding the flow cell tends |
restrict and more sharply define tiigy distribution thereby
1(450°)/1(90°) 91% 87% 83%  benefiting RF field homogeneity. The aspect rdtig/ 2R,
1(810°)/1(90°) 84% 78% 71%  however, seems to have a limited impact on the proton RF fie
Filling factor, V¢/V¢ 0.13 0.17 0.19 homogeneity in these probes.
Aspect fatio L n/2Rs 67 38 38 The™N RF homogeneity was measured as a nonroutine te
Rers — R, normalized 0.8 05 1.0 geneity

using a sample of 296°N-enriched benzamide in dry.d
DMSO with 0.2% Cr(acag) A 'H-"N heteronuclear echo

sequence was used, and th¢ RF homogeneity was measured

noise band of 200 Hz. In the sucrose test, which could Bg jntensity ratios of the amidi signal relative to theH
performed on all three probes, the experimental signal-to-noi§g 4 resulting from a 0®N pulse, obtained by arraying the
ratios were derived from the anomeric resonance of sucrose: pulse width. TheN transmitter was placed on resonance

mM sucrose in DO). The normalizedS/N values listed in the samples were not spun, and four transients were avera
Table 1 were in close agreement with the expected theorehﬁglr spectrum.

values ¢ V. Q"'?) corresponding to Eq. [5] for samples with" 1,c 15y RE homogeneity for the 1204 flow probe was

and without added salt. Due to the constricted volume o_f tl%ﬁnilar to the 3-mm probe, having an intensity ratio obtaine
flow cell, the flow probe allows one to concentrate a giveljit spectra using a 720°N pulse, relative to that measured

amount of sample into a smaller volume. This translates inﬁ%ing a 0°N pulse, of 75%. The 5-mm probe had a value o
improved relative molar sensitivity of the flow probe and thp(7200)/|(00) of 630'/0. The error is estimated to be2%.
3-mm probe relative to the standard 5-mm probe, which re-

quires a sample volume of 550 ml in regular NMR tubes. The .
use of microsample tubes (Shigemi) with susceptibility>@MPle Temperature Equilibration

matched plugs would boost the molar sensitivity of the 5-mm ¢ {ime requirement for establishing the desired temper

probe as well. It is important to bear in mind, however, thaf,re across the entire NMR sample represents an import:
susceptlblllty_-matched plugs cannot be easily inserted intQ-;q, affecting the quality of modern NMR probes. A shor
NMR tubes in an automated fashion. Hence, the flow proRgm e equilibration time translates into enhanced samj
prowd_es a higher molar sen§|t|V|ty than astqndard 5-mm pr?ﬁﬁoughput. Reaching a stable homogeneous sample temp
when integrated in a robotic sample loading setup. In higfre prior to data collection is of particular importance ir
ionic strength samples (high salt content), further improvey eous samples, where the magnetic field is typically lock
ments to the molar sensitivities are realized in the flow proBg’ e temperature-sensitive ,O-resonance. Temperature

and the 3-mm probe in comparison to the standard 5-mm profi ijipration was monitored using a sample of 50 mM sodiur

(see Table 1). acetate in RO. The methyl proton resonance of the acetate ic
is sensitive to the sample temperature when the magnetic fit
is locked to the deuterium resonance of the aqueous solve
The primary factors affecting RF homogeneity are detectdhe temperature equilibration curves in Fig. 5 indicate th:
coil type, the filling factorm, the location of the RF shields both the flow probe and the 5-mm probe reach the set equili
relative to the detector coil, and the aspect ratio of the activiem temperature at a comparable rate when comparable V
volumeLge 2Rs. All probes which were utilized in this study air flows were employed~10 L/min). Due to its greater
featured saddle-shape Helmholtz coils. Hence, differencessurface to volume ratio, the 3-mm probe equilibrates at
observed RF homogeneity are dominated by the filling factocensiderably faster rate as expected. The relatively better s
and the relative placements of the RF shield. The decreasdane to volume ratio of the flow probe compared to the 5-mr
the filling factor in the flow probe, and more significantly in thgorobe does not translate into a more rapid temperature equ
3-mm probe, is primarily due to a greater decrease in theation. This can be explained by the narrower air gap betwe
sample diameter relative to the detector coil diameter. THisw cell and proton detector coil, which slightly hampers
enhanced reduction in sample radRisconfines the sample to VT-air flow as outlined in the previous section on probe
a more homogeneouB, region within the detector coil and sensitivity. Fortunately, the rigid geometry of the flow cell
thereby causes an improvement in RF field homogeneity ascepts an increased VT-air flow rate of up to 20 L/min withot
documented in Table 3. The RF homogeneity data in TablepBoducing any deterioration in proton NMR lineshape an
indicate that the proton RF homogeneity improvements relatiwéthout introducing vibrational artifacts. At a VT-air flow rate
to the 5-mm probe are greater than what one expects from tfe20 L/min the equilibration curve of the flow probe ap-

Homogeneity of the Radiofrequency Field
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FIG. 5. Plot (a) shows the rate of thermal equilibration of newly placed aqueous samples for théd@i¥e volume, 3.4-mm-id flow probeH), the 3-mm
probe (), and the 5-mm probeX), using VT N, flow rates of 10 L/min. The dashed line indicates the flow probe sample equilibration using a fl6iMNate
of 20 L/min. The time scale for each probe was defined as zero at the moment that the sample enters the active volume. Plot (b) shows the rate c
equilibration of newly placed aqueous samples for the fP&etive volume flow probe at VT Nflow rates of 10 ¢), 15 (&), and 20 ©O) L/min.

proaches the excellent equilibration curve of the 3-mm proltiee spectral region between 4.6 and ppm indicates that one
shown in Fig. 5. rinse cycle using plain B reduces the concentration of pro

tein 100-fold. After two rinse cycles signal from residua
Carryover between Successive Samples in the Flow Probelysozyme dropped to the edge of detection ability. Each rin:

The utility of the flow probe critically depends on the abilityCYCle consumes a time slot of about 100 s. Each emptying
to clean out the sample chamber prior to loading a successiJ§ Sample chamber reduces the amount of residual sample
sample. The need for excessive, time consuming rinsing of ﬁg@ flow cell by at least 10-fold. Hence, _removal of the protei
sample chamber would neutralize the relative superior mofggMPple reduces the level of lysozyme in the flow cell at lea
sensitivity of the flow probe (see Table 1). Early on it wad0-fold- Removal of the first load causes another 10-fol
discovered that the need for extensive rinsing between sampfR&UCtion in protein giving rise to the observed 100-fold re
is greatly reduced when both loading and removal of sampledyction of sample at the end of the first rinse cycle. Remov
performed through the bottom of the flow cell compared to Y the second batch of rinse solvent gives rise to anoth
flow-through LC-type sample retrieval through the outlet at thiP-fold reduction in protein concentration resulting in a 100C

top of the flow cell. The insertion and ejection of the sampl!d reduction of protein at the end of the second rinse cycl

through the bottom inlet of the flow cell has two key benefitd! Summary, two rinse cycles should provide adequate sepa

First, the creation of air bubbles in the sample chamber, whdi¥ Petween adjacent samples in the overwhelming number
presence would seriously deteriorate magnetic field homog@Ses: In experiments where ligand-binding to a target prote
neity, is greatly diminished. In fact, the excellent reproducibilS 25s€ssed one rinse cycles may already suffice.
ity of magnetic field homogeneity in the flow probe as depict
in a previous section can be attributed to a lack of air bubb
formation. Second, removal of the sample though the bottom ofThe flow probe setup permits an almost full recovery of th
the flow cell, assisted by introducing compressed nitrogesample. For concentrated protein solutions, a single cycle |
through the top inlet, physically removes most of the sampt®very is approximately 90% based on the rinse experime
before the rinse solvent is pushed into the probe. shown in Fig. 6. For smaller molecules with less affinity to th
The rinse test was performed using a sample of 3 mMner surfaces, the single cycle recovery is approximately 95¢
chicken egg white lysozyme (Sigma) in 99.9%@ Using a If needed, it is possible to improve this percentage by expe
Gilson liquid handler Model 215, a sample of 220 of mentation and optimization of conditions. A second retriev:
lysozyme was injected into the flow probe followed by a pustycle can be implemented by keeping the aliquot of dilute
volume of 350wl plain D,O. Prior to data acquisition, therinse fluid.
sample was equilibrated for 5 min. The WET scheme was usedsome drop in sample concentration may occur when pla
to suppress the HDO signal. Figure 6 summarizes the resultsofvent is used as the push volume. Pushing a minimum acti
the rinse test. After one rinse cycle the integrated intensity ov@mple volume of about 250l into the probe by plain solvent

eample Recovery
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FIG. 6. Rinse efficiency as measured by lysozyme carryover. Spectrum (a) is a 6004 Heasurement of 3 mM lysozyme in 99%® using 64
transients. Spectrum (b) is'Bl measurement of plain JO, showing the residual lysozyme after one rinse cycle with plai@ &ffectively two dilution cycles)
using the same spectrometer conditions and plotted with a vertical expansioix aeEflive to (a). Spectrum (c) is & measurement of plain J® showing
the residual lysozyme after two plain,O rinse cycles (effectively three dilution cycles) using the same spectrometer conditions and plotted with a ve
expansion of 258 relative to (a). Spectra (b) and (c) were compared to (a) using integrals, and residual concentrations were estimated to be 0.024 a
mM respectively, assuming uniform mixing after injection of plain(D For smaller aqueous molecules having less affinity to the inner surfaces, ril
effectiveness is greater.

helps to conserve the sample, but some dilution cannot Aatomation of Sample Loading

prevented at the push solvent/NMR sample interface, although

such mixing does not affect the sample concentration in theThe flow probe can be readily interfaced with a liquids
active volume during the course of typical NMR experiment§iandling robot such as a Gilson liquid handler Model 215. Thi
such as proton 1D oH-"N HSQC. type of liquids handler accepts 96-well blocks or 384 microtite
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plates, which are commonly used in high-throughput screenirgatively small sample chamber, approximating twice the a
assays. Hence, the flow probe allows one to readily interfacetare volume, are reduced by the choice of thick-walled quar
NMR spectrometer with standard high-throughput screeniagjeach end of the sample chamber assembly. The use of gl
hardware, thereby using the spectrometer as a specialinddch is susceptibility matched to water, would permit ar
detector of intermolecular interactions. One potential drawbaakditional reduction in the size of the sample chamber. |
of using a flow probe interfaced to a robot is the insertion @ddition, the closer RF shields in the flow probe tend to confir
additional inactive (dead) volume in the liquids mixing chanmthe active sample volume more tightly and thereby improv
ber of the liquids handler and the tubing which links the flohneshape performance.

cell to the mixing chamber of the liquids-handling robot. If one

uses tubing with an inside diameter of 0.010 in., the dead CONCLUSION

volume amounts to about 154. However, this dead volume

can be readily filled with plain kD or D,O depending on the We have compared a set of NMR probes of similar layot
type of sample that is used by pushing a sample that slightlyid circuitry at the same field strength, thereby distilling prok
exceeds the flow cell with plain solvent into the flow cellperformance characteristics in terms of sample volume al
During the course of a typical NMR experiment negligiblggeometry. The depicted tubeless flow probe has been showr
amounts of plain solvent diffuse into the active region of theepresent a viable alternative to standard NMR probes. Whi
flow cell. For this reason, the minimum sample volume that &chieving comparable magnetic field homogeneity as in t
needed to perform an experiment in the flow probe is only 2&andard NMR probes, the flow probe offers improved sen:
wl. This dead volume includes about 44 of nonaspired tivity where NMR samples are limited. This is especially
sample at the bottom of the 96-well blocks which are mounte@luable in situations such as primary 1D or 2D SAR by NMF
on the liquids handler. The flow rate of 0.3 ml/min allowscreening measurements, £). The excellent reproducibility
reliable loading of aqueous samples and is a conservatigéthe magnetic field homogeneity in the fixed flow cell of the
nonoptimized rate for aqueous samples. Lower viscosity sflew probe facilitates the collection of clean difference spectr
vents such as acetonitrile of chloroform permit more rapid rateach as 1D NOE difference- or,-veighted'H 1D difference
of sample transfers to and from the flow probe. The liquidspectra 2).

handler and the flow of data acquisition using the flow probe A tubeless NMR flow probe allows for direct injection of

are controlled by the VAST software package. samples from well-plates and facilitates high-throughpt
analysis of samples, while the depicted sample loadir
DISCUSSION protocol greatly reduces leakage between adjacent sampl

The opportunity to use alternative sample containers such
The depicted novel flow probe features an active volume thegll-plates—a significant departure from conventional san
is intermediate in size between a standard 5-mm and a standslesl tubes—permits the interface and development of aut
3-mm probe. As in the standard probes, the flow probe featuraation technologies common to other analytical method
saddle-type RF coils and a cylindrical sample chamber. Thi®gether with calculable and reliable probe performanc
the primary unique characteristics of the flow probe stem frodirect-injection NMR provides opportunities for reduction
the choice of a static sample chamber whose relative size arfccosts, particularly those associated with sample prepal
geometry impact sensitivity, lineshape, and other key charaiwn. With the direct-injection format, the individual terms
teristics. in Eqg. [1] can be optimized separately for specific applice
Resolution, lineshape, and ease of shimming in the flawons. Thus, Eq. [1] can be viewed term-by-term with greate
probe resemble that of the standard 5- and 3-mm probgerspectives for the development of efficient NMR sampl
although the flow probe features a minimum sample volunmeanagement strategies.
that is comparatively small for its sample diameter. Further-
more, we found the lineshapes to be highly reproducible in the ACKNOWLEDGMENTS
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