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Abstract

Due to the inherent complexity of the natural biological environment, most studies on polypeptides, proteins
and nucleic acids have so far been performed in vitro, away from physiologically relevant conditions. Nuclear
magnetic resonance is an ideal technique to extend the in vitro analysis of simple model systems to the more
complex biological context. This work shows how diffusion-based spectroscopic selection can be combined with
isotopic labeling to tackle and optimize the NMR analysis of specific macromolecules in multicomponent mixtures.
Typical media include cell-free systems containing overexpressed proteins, lysates and proteolytic mixtures. We
present a few variants of diffusion-edited HSQC pulse sequences for the selective spectroscopic detection of
protein and polypeptide resonances within complex mixtures containing undesired species of smaller molecular
weight. Due to diffusion-based filtering, peak intensities of fast diffusing small molecules are attenuated more than
peaks due to large molecules. The basic sequence, denoted as PEGSTE-HSQC, combines translational diffusion-
ordering with two dimensional heteronuclear single quantum correlation spectroscopy. The GCSTE-HSQC and
BPPSTE-HSQC sequences include bipolar gradients and are therefore suitable for both diffusion-based filtering
and determination of diffusion coefficients of individual mixture components. Practical applications range from
protein stability/folding investigations in physiologically relevant contexts to prescreening of tertiary fold and
resonance assignments in structural genomics studies. A few applications of diffusion-edited HSQC to an E. coli
cell lysate containing the '’N-labeled B domain of streptococcal protein G (GB1), and to a '’N-labeled N-
acetylglycine/apomyoglobin mixture are presented. In addition, we provide specific guidelines for experimental
setup and parameter optimization.

Abbreviations: PFGSTE — pulse field gradient stimulated echo; GCSTE — gradient-compensated stimulated echo;
BPPSTE - bipolar pulse pair stimulated echo; HSQC — heteronuclear single quantum coherence; GB1 — B domain
of streptococcal protein G (T2E mutant).

Introduction components and simple model systems, to the more

diverse and physiologically relevant biological con-

Most investigations on biomolecular structure and
function are traditionally carried out in vitro. Nuclear
magnetic resonance is an ideal technique to extend
this type of analysis, based on isolated biochemical
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text. This specific context, whose role is presently
poorly understood, may well have significant effects
on thermodynamic stability, kinetic behavior and over-
all biological function. In order to properly tackle the
above research area, it is desirable to take advantage
of a spectroscopic tool, which enables the selective
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detection of the specific molecule of interest in the
context of a complex mixture.

NMR is one of the best presently available tech-
niques for the analysis of complex multi-component
samples (Dixon and Larive, 1999). In addition to
being ideally suited to high resolution structural ana-
lysis, NMR is a non-invasive method, which yields
accurate information without the need to resort to
the physical separation of individual mixture com-
ponents. In cases where signal overlap is severe,
spectral resolution is enhanced by increasing spectral
dimensionality. The elegance of the purely NMR-
based approach to mixture analysis is in contrast
with the traditional analytical tools employed for this
purpose, which have typically included either chro-
matography or electrophoresis (Manabe, 2000; Wu
and MacCoss, 2002), or the combined use of chro-
matography and either mass spectrometry (GC/MS
and HPLC/MS (Tatematsu et al., 1976)) or NMR
(HPLC/NMR (Watanabe et al., 1979; Pullen et al.,
1995)) or both (Shockcor et al., 1996). A common
feature of the multi-technique approaches is the need
to physically separate individual solution components
to facilitate the subsequent spectral analysis. In addi-
tion, these methods tend to be time-consuming and
require the use of multiple instruments. Most import-
antly, separation-based approaches prevent the study
of the structural properties of individual molecules
within the mixtures, which may be important in the
study of complex systems. The above drawbacks make
the purely NMR-based approach highly preferable, es-
pecially in cases where it is of interest to examine
the molecular behavior of one species in the presence
of others. The growing interest in the study of bio-
molecules within their most physiologically relevant
environment best illustrates this case. This topic has
recently been gaining considerable interest within the
structural biology community, especially in relation to
the study of the effect of molecular crowding on pro-
tein conformation (Minton, 2000; Flaugh and Lumb,
2001; Morar et al., 2001; Patel et al., 2002) and the
investigation of protein structural properties in cell-
like environments (Serber and Doétsch, 2001; Serber
et al., 2001a; Shimizu et al., 2001; Guignard et al.,
2002; Briieggert et al., 2003; Morita et al., 2003).

NMR analysis of individual mixture components
requires the selective spectroscopic detection of the
species of interest over the remaining molecules.
This selection can be achieved by following three
primary approaches, i.e., isotopic labeling (Serber
et al., 2001b; Shimizu et al., 2001), relaxation-based

filtering (Rabenstein and Isab, 1979; Rabenstein et al.,
1988) and diffusion-based filtering. Hahn’s classic
work on spin echoes and stimulated echoes (Hahn,
1950a, b), and the following investigations by Carr and
Purcell further elaborating on the subject (Carr and
Purcell, 1954), provided early evidence that the extent
of translational diffusion influences echo amplitudes
in the presence of magnetic field gradients. Soon
thereafter, the replacement of continuous gradients by
pulsed field gradients (Stejskal and Tanner, 1965) con-
tributed to the growing popularity of diffusion-based
NMR spectroscopy. The most popular application of
this tool has been the determination of self-diffusion
coefficients, leading to information about molecular
sizes and shapes, both in purified samples and in com-
plex mixtures (Woessner, 1961; Stejskal and Tanner,
1965; Tanner, 1970; Stilbs, 1981).

The analysis of diffusion coefficients in mixtures
has been greatly facilitated by the introduction of
an additional ‘diffusion dimension’ to the processed
spectrum, leading to the prolific field of diffusion-
ordered spectroscopy (DOSY), introduced by Johnson
and coworkers (Morris and Johnson, 1992, 1993). Dis-
criminating distinct mixture components by DOSY is
quite difficult in crowded NMR samples unless the
peaks belonging to the species to be identified have
large differences in diffusion coefficients or are spec-
trally well resolved. Towards the latter goal, a number
of recent implementations have effectively combined
DOSY with other resolution enhancing sequences.
These include DOSY-COSY (Wu et al.,, 1996b),
DOSY-TOCSY (Birlirakis and Guittet, 1996), and
DOSY-NOESY (Gozansky and Gorenstein, 1996).

Diffusion-based spectroscopy has been employed
to selectively monitor ligand binding within mixtures
(Lin and Shapiro, 1996; Hajduk et al., 1997; Lin et al.,
1997; Gounarides et al., 1999; Hodge et al., 2001)
and protein self-association (Altieri et al., 1995). In
addition, sequences such as DRYCLEAN have been
utilized for solvent suppression purposes (VanZijl and
Moonen, 1990).

Two and three dimensional pulse sequences in-
volving the combined use of DOSY and heteronuc-
lear coherence selection include DOSY-INEPT and
DOSY-DEPT (Wu et al., 1996a), and DOSY-HMQC
(Barjat, 1998). For protein work, 2D DOSY-INEPT
and DOSY-DEPT yield limited spectral resolution and
the 3D DOSY-HMQC sequence suffers from subop-
timal lineshapes inherent to HMQC-type experiments
(Bax et al., 1990; Norwood et al., 1990). 2D se-
quences combining longitudinal-eddy-current delay



pulses (LED) (Wu et al.,, 1995) and heteronuclear
single quantum correlation focused on either determ-
ining differences in diffusion coefficient of small citric
acid derivatives (Parkinson et al., 1998), or follow-
ing peptide self association and folding (Buevich
and Baum, 2002). In general, the combination of
diffusion-editing with heteronuclear correlation spec-
troscopy, typically needed for straightforward assign-
ments and structure determination in biomolecular
NMR, is still largely unexplored.

This work employs a combination of selective
isotopic labeling of the species of interest (over the
remaining mixture components), diffusion-based fil-
tering and HSQC spectral editing to simplify the struc-
tural analysis of macromolecules in solutions con-
taining significant amounts of spectrally undesirable
small molecules. The peak intensities of the small mo-
lecule components are minimized while the intensities
of proteins and other macromolecules are selectively
retained. Towards this end, we introduce three novel
pulse sequences, which improve upon past related ef-
forts and are optimized for the analysis of proteins
and other macromolecules within mixtures. These se-
quences are collectively denoted as ‘diffusion-edited
HSQC’ and are easily implemented on modern NMR
spectrometers.

Materials and methods

Protein expression/purification

The Sperm whale apomyoglobin gene was subcloned
into the pET blue-1 vector (Novagen) by PCR amp-
lification following standard molecular biology tech-
niques (Chow et al., 2003). '>N-labeled apomyoglobin
was overexpressed in E. coli in >N enriched M9 min-
imal medium. Cell growth, lysis and purification were
done according to published procedures (Eliezer and
Wright, 1996; Cavagnero et al., 1999). The '>N-
labeled B domain of streptococcal protein G (GBI,
T2E mutant) was prepared by similar protocols, ex-
cept that cell growth was carried out in LB medium
until time of induction. Cells were then transferred
to 1N enriched M9 medium as described (Serber
et al., 2001a), and induced with 1 mM isopropyl-
B-D-thiogalactopyranoside (IPTG) at 0.6-0.8 optical
density at 600 nm. Growth was continued at 37 °C for
about two hours.
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NMR sample preparation

An N-acetylglycine-apomyoglobin mixture was pre-
pared by dissolving the two !N labeled molecules in
10 mM phosphate buffer. Final apomyoglobin and N-
acetylglycine concentrations were 180 wM and 3 mM,
respectively. The solution pH was adjusted to 5.9.
An NMR sample containing 1 mM GBI in E. coli
cells was prepared starting from gently pelleted cells
coming from GBI expression. Cell growth and ex-
pression were performed as described above. The cell
pellet was resuspended in minimal medium lacking
vitamins and >N ammonium sulfate but containing an
equivalent amount of NaSO4 to compensate for ionic
strength losses, to a final 30% v/v slurry concentra-
tion (pH 6.9). After the NMR experiments, the sample
was gently centrifuged and the supernatant tested. The
presence of the residual GB1 'H,"’N-HSQC signals
in the supernatant indicated that part of the cells had
undergone lysis.

NMR spectroscopy

All experiments were performed on a Varian INOVA-
600 MHz NMR spectrometer equipped with a Varian
triple resonance 'H{!3C, N} triple axis gradi-
ent probe. Square gradients were employed in
all experiments. The experiments involving the N-
acetylglycine-apomyoglobin mixture and the GB1 cell
lysate were performed at 37°C. Relaxation delays
were set to 1.5 s. GARP (Shaka et al., 1985) was
used for PN decoupling during acquisition for the
experiments in Figures 2 and 4.

Diffusion coefficients were measured by running
1D versions of GCSTE- or BPPSTE-HSQC on an
18 mM sample of pure aqueous '“N-labeled N-
acetylglycine (also labeled by '3C at its acetyl car-
bonyl carbon) with diffusion-encoding gradient (go)
values ranging from 0 to 60 G cm™!. A was set to
21.5 and 22.7 ms in GCSTE- and BPPSTE-HSQC,
respectively. Modulating g gradient strength at con-
stant A ensures constant relaxation effects through-
out the experiment. Gradient calibration was done
according to published methods (Antalek, 2002), us-
ing the known HDO diffusion coefficient in D,O at
25°C (Mills, 1973). For D measurements, no decoup-
ling was applied during acquisition to avoid sample
overheating and the consequent possible formation
of convection currents (Goux et al., 1990; Mau and
Kohlmann, 2001). Convection currents may increase
effective translational diffusion rates, thereby causing
errors in D values. Alternatively, in order to minimize
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sensitivity losses arising from signal splitting in the
coupled spectrum, low power WURST decoupling can
be employed (Barjat, 1998). This option, which was
not necessary in our test D measurements on pure N-
acetylglycine, becomes highly desirable in the case
of complex mixtures where sensitivity and spectral
resolution are likely to be an issue. An additional
option is incorporation of the double stimulated spin
echo sequence (Jerschow and Muller, 1997). Diffusion
coefficients based on GCSTE-HSQC were calculated
by fitting acetylglycine peak intensities (I) at each
gradient strength (go) to the relation

d
I'=Tpexp [—VZDBZ(A - 5)@0)1 , 1

where I is the expected signal intensity at any given
diffusion delay (A) and diffusion-encoding gradient
(go) strength values. Iy denotes the signal intensity
when go is set to zero, & is the duration of gg, vy is
the ' H nuclear gyromagnetic ratio and D is the transla-
tional diffusion coefficient. The corresponding expres-
sion used for measurements based on BPPSTE-HSQC
is

I=1Ipexp [—yZD(ZB)Z (A - ? - g) (g0)2:| , (2)

where o is the time interval between the two pulse field
gradients forming each bipolar pair (Wu et al., 1995).
D values were calculated from the slope of a In(I/Ip)
Vs g(z) plot.

NMRPipe (Delaglio et al., 1995) and NMRView
(Johnson and Blevins, 1994) were used for data pro-
cessing. Curve fittings were done by Kaleidagraph
(Synergy Software) and Excel (Microsoft).

Results

All three versions of the diffusion-edited HSQC
pulse sequences, shown in Figure 1, are based on
the sensitivity-enhanced HSQC experiment employ-
ing pulse field gradients for coherence selection (Kay
et al., 1992). In order to achieve molecular size-
dependent spectroscopic filtration, the first two 'H
pulses in the HSQC sequence have been replaced by
diffusion-encoding sequences. The g gradients serve
the purpose of spatially dephasing undesired trans-
verse single quantum and antiphase coherence during
the diffusion delay A. In addition, they assist with
solvent suppression.

The first pulse sequence, shown in Figure la, is
denoted as PFGSTE-HSQC since diffusion-encoding

is achieved by a pulse field gradient stimulated echo
(PFGSTE) (Tanner, 1970). Alternatively, a gradient-
compensated stimulated echo (GCSTE) (Pelta et al.,
1998) can be utilized to achieve diffusion-encoding.
The resulting GCSTE-HSQC pulse sequence is shown
in Figure 1b. In this case, the presence of a bipolar
gradient pair sandwiching the second and the third
90° 'H pulse serves the purpose of suppressing eddy
currents. These currents are a well known source of
lineshape distortion and errors in diffusion coefficient
measurements. The third pulse sequence, BPPSTE-
HSQC (Figure 1c), includes two additional 180° 1H
pulses, each of them sandwiched between bipolar
gradient pairs. The additional pulses have been inser-
ted in the intervals before the second and after the
third 90° 'H pulse. This sequence is otherwise very
similar to PFGSTE-HSQC. Diffusion-based signal at-
tenuation is proportional to the square of the pulse
field gradient area, defined as the product of diffusion
encoding/decoding gradient strength and gradient dur-
ation, as shown in Equation 1. An advantage provided
by BPPSTE-HSQC is that the total available diffusion
gradient area is four times as large as in the other
pulse sequences presented here, when identical gg
strengths and durations (i.e., 3) are used. A direct im-
plication of the above is that BPPSTE-HSQC allows a
greater extent of diffusion-based spectroscopic filter-
ing than PFGSTE-HSQC and GCSTE-HSQC. In addi-
tion, since the presence of bipolar gradient pairs sup-
presses eddy currents, BPPSTE-HSQC is also suitable
to determine diffusion coefficients. The performance
of all the diffusion-edited HSQC variants discussed
above is very similar in terms of signal-to-noise ratio.

In summary, all the above sequences perform com-
parably in terms of spectroscopic filtration of small
molecules, with BPPSTE-HSQC being slightly prefer-
able when very strong diffusion gradient amplitude
and duration combinations are needed to reach appro-
priate levels of filtration.

In the case of the PFGSTE-HSQC and GCSTE-
HSQC sequences, the first 90° 'H pulse generates
transverse single quantum coherence. The following
chemical shift and J-coupling evolution gives rise to
both transverse and antiphase coherences, which are
subsequently encoded by the first gy gradient. The
second 90° 'H pulse transfers some of the resulting
coherences into longitudinal magnetization (I;) and
longitudinal two-spin order (I,S;). These terms are
then ‘stored’ and remain unchanged until the third
'H 90° pulse, while all the remaining transverse (Iy)
and antiphase (IxS;) coherences are dephased by the
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Figure 1. (a) The PEFGSTE-HSQC pulse sequence. The delay t was set to 1/4Jyx and delays nj and n, were set to 2.7 ms and 345 ps,
respectively. The phase cycling is: ¢1 = X, —X; $2= X, 3 = 2(x), 2(y), 2(—X), 2(=y); ¢4 = X, R = X, 2(—x), X. The go gradients
(duration: 2.2 ms) provide diffusion encoding. The g3 and gg coherence selection gradients were set such that g3/gg = —yn/yx. The carrier
frequency is centered on the solvent and a selective sinc-shaped pulse has been used for ‘flip-back’solvent suppression (Grzesiek, 1993).
Quadrature detection in the indirect dimension was achieved by collecting two separate data sets with ¢4 phase alternating between x and —x
and concurrent g; gradient sign toggling. The two data sets were stored separately and then manipulated as described by Kay et al. (1992)
to obtain purely absorptive line shapes. Data were processed according to the STATES method (States et al., 1982). Gradient strengths and
durations were g = 55 G em1, 2.2 ms; g =253G em—!, 1 ms; g3 =299 G em~!, 2.5 ms (for X = 15N); g1 =46G em~!, 0.5 ms;
g5 =69G em~!, 0.5 ms; g6 =29.7G em™!, 0.25 ms (for X = 15N). The delay t was 2.4 ms (for X = I5N). (b) ‘Gradient compensated’
version (Pelta et al., 1998) of the PFGSTE-HSQC pulse sequence (GCSTE-HSQC). The phase cycling is: ¢1 = 8(x, —x), 8(y,—Y); ¢po = 2(x),
2(—x); d3 = 4(x), 4(y), 4(—x), 4(—y); dg =X, dR = 2(X, 2(—X), X, —X, 2(X), —X), 2(=Y, 2(y), =Y, ¥, 2(—y), y). All delays and gradient
strengths were as in (a). (c) ‘Bipolar pair’ version of the PEGSTE-HSQC sequence (BPPSTE-HSQC). The phase cycling is: ¢ = 8(x), 8(—y);
b2 =X, —X; $3 = 2(x), 2(y), 2(—X), 2(—Yy); b4 = —X, PR = X, 2(—X), x. The delay o was set to 200 ps. All other delays and gradient strengths
were as in (a).
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g1 gradient(s). The first 180° X pulse changes the
sign of the stored longitudinal two-spin order to -1,S,.
This allows refocusing of antiphase IxS, coherence
(occurring just before the fourth 'H 90° pulse). The
third 90° 'H pulse converts the above longitudinal
magnetization (I;) and longitudinal two-spin order
(-IS,) into transverse single quantum and antiphase
coherences, which then undergo chemical shift and
J-coupling evolution. The second diffusion-encoding
gradient refocuses some of the resulting coherences to
generate pure antiphase coherence (IxS;) just before
the fourth 'H 90° pulse. The degree of coherence refo-
cusing depends on the extent of translational diffusion
experienced by the nuclei during the diffusion delay
A (Johnson, 1999). The fourth 'H 90° and the first
Ix 90° pulse then convert IS, to ISy, thus com-
pleting the INEPT transfer. The subsequent pulses
and delays mirror those of the standard sensitivity
enhanced HSQC experiment and are common to all
sequences. Therefore the intensity of the detected sig-
nal is modulated by the diffusion coefficient D. The
leading features of the above discussion also apply to
the BPPSTE-HSQC sequence except that, in this case,
the first X 180° pulse allows evolution of scalar coup-
lings, leading to IS, antiphase coherence right before
the fourth 'H 90° pulse.

The GCSTE- and BPPSTE-HSQC sequences have
been tested by measuring the diffusion coefficient of
a simple and readily available isotopically enriched
small molecule with non-exchangeable amide protons.
N-acetylglycine was chosen for this purpose, and its
diffusion coefficient was found to be 8.67 £ 0.25 x
1071 m? s7! and 9.29 + 0.38 x 107'% m? s7! at
25°C by BPPSTE- and GCSTE-HSQC, respectively.
The accuracy of this value was tested by determining
the diffusion coefficient of the same sample by the
standard BPPSTE proton pulse sequence (Wu et al.,
1995). This measurement yielded a diffusion coeffi-
cient of 8.37 & 0.40 x 107! m? s~!. The BPPSTE-
HSQC and BPPSTE values are identical within ex-
perimental error, while the GCSTE-HSQC value is
slightly higher than the reference diffusion coefficient
obtained by BPPSTE.

In order to assess the effectiveness of the above
pulse sequences to selectively filter out spectral contri-
butions due to small molecules, the simplest sequence,
PFGSTE-HSQC, was tested on a mixture containing
a 17:1 molar ratio of N-acetylglycine and apomyo-
globin. The resulting spectra, with diffusion-encoding
gradient go set to either (a) 0.023 G cm™! or (b)
60 G cm™!, are shown in Figure 2. The strong res-

onance arising from N-acetylglycine is dramatically
attenuated at higher gradient strengths while the pro-
tein resonances experience a much more moderate
decrease in intensity. This pulse sequence is therefore
effective at selectively filtering out peaks due to small
molecules in heteronuclear correlation experiments.
The degree of signal suppression for small molecules
can be qualitatively assessed by comparing the first
row 'H traces of the PFGSTE-HSQC spectra, collec-
ted with gg set to either 0.023 G cm~! (Figure 2a) or
60 G cm~! (Figure 2b).

A more detailed assessment of the extent of signal
suppression experienced by the apomyoglobin and N-
acetylglycine resonances was obtained by a systematic
comparison of peak intensities as a function of both
diffusion-encoding gradient strength and diffusion
delay. The corresponding plots (Figure 3) show that
the intensity of the N-acetylglycine amide proton res-
onance decreases more rapidly than the apomyoglobin
resonances as diffusion-encoding gradient strength or
diffusion delay increase. A relaxation delay of 1-1.5s
was found to be optimal (at 600 MHz) to ensure ef-
ficient spectroscopic filtration of resonances due to
small molecules while preserving relatively fast data
acquisition. As shown in Figure 3, the use of this
delay value does not significantly affect the overall
curve shape but it has a small effect on peak intensities.
However, we found that diffusion coefficients are not
affected, within experimental error, by the use of either
a short or a longer (about 5x Tj) relaxation delay.

The PFGSTE-HSQC sequence was also tested on
a complex biological mixture, i.e., an E. coli cell
lysate resulting from overexpression of GB1 (Fig-
ure 4). The 'H,'>N-HSQC spectrum of the crude
lysate looks very similar to that of the purified protein
(K.H. Gardner, unpublished data). In addition, some
spurious resonances are reproducibly present (circled
peaks). These arise from endogenously produced iso-
topically labeled small molecules. The circled peaks,
visible in the PFEGSTE-HSQC spectrum at low gradi-
ent strengths (Figure 4a), selectively disappear when
strong diffusion-encoding gradients are applied (Fig-
ure 4b).

An additional stringent test for molecular size-
dependent selectivity in signal filtration is provided by
plotting the percent intensity attenuations by all the
resonances in Figure 4 (data not shown). These at-
tenuations were calculated as (Ip.g23-Ig0) x 100/Ip.023,
where I denotes the peak intensity. The subscript refers
to the specific go value in G cm~! used in the exper-
iment. The average percent intensity attenuation for



100

511

WWWM ;%Ww wwwwmwmwm Wwﬁwm

102} . ' L .
[ ]
T gy b
106 ’ B .
108 | ¢ -
, [ '
1o . B . ' Y
nzf L0 0 - ’ o
' ® .
14 |4 s O
15 16 f- . ' L s ! '
N ‘e '.° v, ) ‘.‘ '
Mer S L | i AR T
(ppm)tf- '.n, Oy e i ) ".' "_"" . .
s e Qo i Yolhpa fF . '
“r .o, B L
126k ¢ 'C. R” | » ." '\'0
128 = L] - (]
’ .
130 s B )
132k -
¢ ’
JREY 5 -
136 1 I | 1 | 1 1 1 1 ] L 1 | 1 1 1 1 1
0.6 101 96 9.1 8.6 81 76 7.1 6.1 106 101 96 9.1 8.0 &1 76 71 6.6 6.1

'H (ppm)

H (ppm)

Figure 2. PFGSTE-HSQC spectra and corresponding 1D first row Y traces for an N-acetylyglycine-apomyoglobin mixture. The diffusion
encoding gradient g is set to either (a) 0.023 G cm™ I or (b) 60 G cm™!. The diffusion delay A is set to 20.4 ms in both experiments. Spectral
widths were set to 9000 and 2200 Hz in the direct and indirect dimensions, respectively. Data were acquired as 512(t;) x 4096(t, ) total points,
apodized with an unshifted gaussian function in both dimensions and zero filled to 1024(t1) x 8192(t2) complex points. The arrow and asterisk
denote the N-acetylglycine resonance in the 2D spectrum and TH trace, respectively.

the resonances arising from fast diffusing non-GB1
species was 92%, i.e., a significantly greater value
than the average protein peak attenuation. Under op-
timized conditions, the difference between the percent
intensity attenuations of a globular protein and a small
molecule can be up to about 70%. A useful diagnostic
feature, which may be exploited to selectively identify
protein peaks, is the nearly-uniform level of percent
intensity attenuation experienced by the resonances
belonging to the protein. The standard deviation for
the GB1 peak intensities was smaller than 2%. Unex-
pectedly, two GB1 amide backbone resonances (i.e.,
T11 and E19) showed an 8% higher percent intensity
attenuation relative to the other protein peaks. T11 is
located in the loop connecting the first two B-strands

while E19 is close to the C-terminal portion of the
second B-strand. Backbone dynamics studies show
that these residues have no unusual Ty, T,, steady-
state NOEs or order parameters (Idiyatullin et al.,
2003). Rapid chemical exchange by T11 and E19
amide protons with a cellular small molecule com-
ponent may explain the above effects (Johnson, 1999),
although no evidence is currently available to support
this intriguing hypothesis.

In order to obtain further insights on the de-
pendence of signal intensities on diffusion-encoding
gradient strength and diffusion delay, we have gener-
ated theoretical plots illustrating the expected signal
intensities for the diffusion-edited HSQC sequences
(Figure 5). The plots are based on Equation 1. This
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to 9000 and 3500 Hz in the direct and indirect dimensions. Data were acquired as 256(t1) x 4096(t2) total points, apodized with a gaussian
function in both dimensions and zero filled to 512 (t;) x 8192(t) complex points. The circled peaks present in (a) are reduced to noise level in

(b).
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Figure 5. Theoretical I/ fractional intensities for N-acetylglycine (- - -) and apomyoglobin (—) as a function of (a) diffusion-encoding gradi-
ent strength and (b) diffusion delay. Values were calculated according to Equation (1), which applies to PFGSTE-HSQC and GCSTE-HSQC.
Gradient durations § were set to 2.2 ms. Difference in theoretical 1/I values for N-acetylglycine and apomyoglobin (c) as a function of gq for
different values of the diffusion delays A, and (d) as a function of A for different g gradient amplitudes.

equation does not take relaxation into account and
applies to the PFGSTE-HSQC and GCSTE-HSQC
sequences. Figure 5 (panel a and b) shows the ex-
pected fractional intensities (I/Ip) for N-acetylglycine
and apomyoglobin as a function of diffusion-encoding
gradient strength and diffusion delay, respectively. The
representative published D value for apomyoglobin
at 22°C, ie., 1.12 x 10710 m?2 ¢! (Papadopoulos
et al., 2000) and the N-acetylglycine D value determ-
ined here were used to generate the plots. The graph
shows that small molecule peak intensities decrease
more steeply relative to large molecule peak intens-
ities at increasing gop and A values. On the other
hand, N-acetylglycine and apomyoglobin I/Ip values
are identical at very low and very high gy gradient
strengths and diffusion delay A durations. The ex-
pected differences between the fractional intensities
of N-acetylglycine and apomyoglobin as a function
of diffusion-encoding gradient strengths and diffusion
delays are plotted in Figure 5c and 5d, respectively.
From these plots, it is evident that, for each diffusion-

encoding gradient strength, there is an optimal dif-
fusion delay Appr which maximizes the difference
between the I/Ip values due to small and large mo-
lecules. Therefore, a proper selection of diffusion
delay at each diffusion-encoding gradient strength is
crucial to optimize the quality of spectroscopically
filtered HSQC spectra emphasizing resonances due to
large molecules.

An optimized diffusion delay (Aopr) can be theor-
etically determined for each diffusion-encoding gradi-
ent strength by maximizing the function representing
the difference between the fractional intensities of
small and large molecules with respect to the diffusion
delay. This function can be expressed as

I Is d
S PN
Io.  Ios 3

d
—exp (—szsesZ(A —~ §>g%) )

The large and small molecules are denoted by the
‘L’ and ‘S’ subscripts, respectively. Alternatively, the



514

fractional intensity difference function can be maxim-
ized with respect to diffusion-encoding gradient for a
fixed A value. The optimal diffusion delay Appr for
the PFGSTE and GCSTE HSQC sequences is

Aopt = 21;(21)& + § 4

y28%g5(Ds —DL) 3

In the case of BPPSTE-HSQC, an additional term, /2,
is added to the right hand side of the above equation
and 3 is replaced by 23. The maximal achievable frac-
tional intensity difference for a small and large mixture
components can be achieved by substituting the optim-
ized A-ggp pair from Equation 4 into Equation 3. This
leads to

(o) = (B) - (30)] @
Io  Tos/max Ds Ds

The above relation shows that the maximum difference
in intensity depends only on the ratio of the diffusion
coefficients for the two species as long as an optimal
A-g( pair is used. Rational criteria to select optimal A-
g0 pairs are discussed in the Supporting Information.

Discussion

The pulse sequences introduced in this study are suit-
able to simplify the analysis of complex in vitro
mixtures by combining heteronuclear correlation and
translational diffusion-based spectral editing. The in-
tensities of resonances due to small molecules are
minimized while resonances due to large molecules
are selectively preserved. Viable applications include
proteomics and structural genomic studies involving
the screening of expression conditions and NMR spec-
tral quality in lysates and cell-free systems contain-
ing novel proteins. The sequences presented here are
also applicable to studies targeting the conformational
and thermodynamic properties of bioactive macro-
molecules in a physiologically relevant context. Viable
media include tissue and biopsy homogenates, cell lys-
ates, cell-free systems and conventional multicompon-
ent solutions. In all cases spectral lineshapes for the
species of interest have to be sufficiently sharp in spite
of the possible presence of magnetic susceptibility
gradients generated by inhomogeneous cellular com-
ponents (Springer, 1994; Wieruszeski et al., 2001).
This issue is highly dependent on the sample nature
and needs to be carefully evaluated in each case. Re-
spectable spectral quality has been obtained in hetero-
nuclear correlation experiments of complex mixtures

presented here (Figure 4) and elsewhere (Serber and
Dotsch, 2001; Serber et al., 2001a, b; Guignard et al.,
2002; Briieggert et al., 2003; Morita et al., 2003).

The presence of NMR peaks not belonging to the
protein of interest in complex biological samples has
been documented before (Ou et al., 2001; Serber et al.,
2001b; Morita et al., 2003) and attributed to the pres-
ence of products of amino acid metabolism (Ou et al.,
2001; Serber et al., 2001b). This can complicate pre-
liminary NMR analysis and assignments of proteins
in complex media. Therefore it is desirable to minim-
ize the intensity of these resonances and, if possible,
eliminate them.

In order to maximize the degree of size-dependent
selectivity in signal suppression upon spectroscopic
filtration, an optimized A-go pair must be used. This
pair typically comprises a large diffusion-encoding
gradient go and small diffusion delay A or vice versa
(Figure 5, panels ¢ and d). The first option, involving
use of a large go, is generally to be preferred since
signal losses due to -1, and -I,S, T relaxation during
the diffusion delay A are minimized.

In general, molecular diffusion coefficients are
directly proportional to temperature and inversely pro-
portional to the viscosity of the medium, regardless
of molecular shape (van Holde et al., 1998). In case
no significant changes in shape or size take place
as a result of viscosity or temperature changes, the
diffusion coefficient ratios in Equation (5) are to be
regarded as temperature- and viscosity-independent.
This is an important conclusion, which implies that,
under the above conditions, the efficiency of spectro-
scopic filtration is not expected to decrease in complex
biological media, which are typically more viscous
than conventional solutions. For instance, the viscos-
ity of cell lysates (Williams et al., 1997), subcellular
compartments (Dayel et al., 1999) and animal tissues
(Lebihan et al., 1991) is between 1.2- to 2-fold larger
than the value obtained in pure water at physiolo-
gically relevant temperatures. As seen in the Results
section, size-dependent spectroscopic filtration was
easily achieved for an E. coli GB1 lysate at 37°C. In
more heavily viscous mixtures or at low temperatures,
however, linewidth broadening resulting from very
long correlation times may limit the general applicab-
ility of NMR analysis unless TROSY-type (Pervushin
et al., 1997; Riek et al., 1999) sequences were to be
employed. These experiments work optimally if the
species of interest have deuterated carbon and fully
protonated amide nitrogens. In situ generation of such
species may pose special practical challenges in the



case of complex biological mixtures. For instance, the
conventional selective backbone amide reprotonation,
which follows production of fully deuterated proteins,
may need untolerably harsh conditions.

In practice, the degree of small molecule spec-
troscopic filtration within complex mixtures can be
optimized by judicious choices of acquisition para-
meters. It is generally convenient to start by setting
go to the largest value allowed by the NMR spec-
trometer. The matching optimal diffusion delay can
then be determined from Equation 4, if D values
for the small and large molecules can be estimated.
Additional guidelines on parameter optimization are
available as Supporting Information.

In addition to the pulse sequences presented here,
other related diffusion-based sequences involving het-
eronuclear correlation have been reported in the lit-
erature and used for purposes different from spec-
troscopic filtration of mixtures. Implementations by
Parkinson et al. (1998) and Buevich er al. (Buevich
and Baum, 2002) have taken advantage of the in-phase
single quantum coherence (Iy) generated at the end
of a longitudinal-eddy-current delay (LED) sequence
(Wu et al., 1995) by replacing the first 'H pulse, in
either the basic or sensitivity-enhanced HSQC, with
LED. The resulting pulse sequences are overall longer
than PFGSTE- GCSTE- and BPPSTE-HSQC and
provide some additional time (> ﬁ) for transverse
relaxation to take place. This is not 1deal for the spec-
troscopic filtration of protein samples, which usually
have short T, values. The sequences introduced here
are more specifically tailored to the spectroscopic ana-
lysis of proteins in mixtures than LED-based HSQC
experiments.

The concept of diffusion-edited heteronuclear cor-
relation and its use in small molecule NMR filtra-
tion can in principle be extended towards the devel-
opment of triple resonance analogs of HSQC such
as diffusion-edited HNCA, HNCO and related se-
quences. However, due to the anticipated overall sig-
nal losses introduced by the diffusion-editing pulses
(we experienced sensitivity drops ranging from 60%
to 85% from regular to diffusion-edited HSQC) this
may not be a convenient implementation. A more
straightforward procedure, in the course of triple-
resonance-based resonance assignments, is to simply
exclude from triple resonance analysis the peaks that
have been identified as impurities or undesired species
by independently performed diffusion-edited HSQC
analysis. The signal losses experienced in diffusion-
edited HSQC, relative to regular HSQC, result from
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the fact that, during the stimulated echo portion of
the sequence, only part of the overall magnetization is
stored (as gradient-encoded £, and +£I,S;) while the
remaining terms are lost by being wiped out by the g;
gradient(s). Additional potential contributions to sig-
nal losses may arise from T relaxation of -I and -I,S,
during the diffusion delay. The above is not a problem
provided that the concentration of the macromolecule
of interest within the complex mixture is not too low.
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