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Fig. 3 Expression of GLI in Tera 1 and Tera 2 cells. a, RNase
A protection analysis using a 490 bp probe that contains 390 bp
of GLI zinc finger sequence flanked by vector. Lane 1, Tera-1 cel]
RNA (25 ug); lane 2, NTera-2 cell RNA (25 ug); lane 3, probe
alone (not subjected to RNase A treatment); lane 4, D-259 MG
cell RNA (9 ng); lane 5, yeast tRNA (25 pg); lane 6, 150 pg of in
vitro transcribed 3,600bp GLI transcript corresponding to
~30 copies per cell; lane 7, 30 pg of in vitro transcribed 3,600 bp
GLI transcript corresponding to ~6 copies per cell. b, Northern
blot analysis using AJ36 as probe. Lanes were loaded with poly(A™)
RNA isolated from: Lane 1, Tera-1 cells; lane 2, NTera-2 cells;
lane 3, D-259 MG cells.

Methods. Tera-1 cells®® were from the American Type Culture
Collection, NTera-2 cells?” were provided by P. Andrews. Total
RNA was isolated by the acid guanidium isothiocyanate-phenol-
chloroform extraction method®®. The 2P labelled RNA probe for
RNase A protection was a sublcone of AI2G containing the last
four zinc fingers of GLI (nucleotides 796-1189) cloned in Blue-
script. RNase A protection was performed as described® but with
the following modifications: hybridizations were in a final volume
of 10 ul; only RNase A (12.5 ug ml™!) was used; and the RNase
A and Proteinase K incubations were at room temperature for
30 min. Calculations of copy number per cell were based on a total
RNA content of 10 pg per cell. For Northern analysis poly(A)*
RNA was isolated from 50 pug total RNA (Tera-1 and NTera-2)
or 22 pgtotal RNA (D-259 MG) by selection on oligo-dT cellulose,
separated by electrophoresis through a 1.5% MOPS/formaldehyde
gel and transferred in dilute alkali to nylon (Bio-Rad) using condi-
tions recommended by the supplier. The insert from a AJ36 sub-
clone was labelled with *?P by the random primer method®® and
hybridized to the filter at 50 °C in 50% formamide, 2 X SSPE, 7%
SDS, 0.5% nonfat dried milk, 0.2 mg ml™* salmon sperm DNA
(10 x SSPE = 1.8 M NaCl, 100 mM NaPO,, 10 mM EDTA, pH 7.0).
Band sizes were determined by comparison to migration of an
RNA standard ladder (BRL). The previously reported size (4.8 kb,
ref. 2) for the GLI transcript in D-259 MG cells was the result of
the slower migration of transcripts in lanes containing total RNA.
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The geometric information used to solve three-dimensional (3D)
structures of proteins by NMR spectroscopy resides in short (<5 A)
interproton-distance data'?, To obtain these distances, the 'H-
NMR spectrum must first be assigned using correlation and nuclear
Overhauser effect (NOE) experiments to demonstrate through-
bond (scalar) and through-space connectivities, respectively.
Because the NOE is proportional to r~°, distance information can
then be derived. The increased resolution afforded by extending
NMR experiments into a second dimension® enables one to detect
and interpret effects that would not be possible in one dimension
owing to extensive spectral overlap and much reduced information. -
A number of small protein structures have previously been solved
in this way"?. Extending this methodology to larger proteins,
however, requires yet an additional improvement in resolution as
overlap of cross-peaks in the two-dimensional (2D) NMR spectra
present a major barrier to their unambiguous identification. One
way of increasing the resolution is to extend the 2D-NMR experi-
ments into a third dimension. We report here the applicability of
three-dimensional NMR to macromolecules using the 46-residue
protein a1-purothionin as an example.

Three-dimensional (3D) NMR experiments can be conceived
by combining two 2D-NMR experiments leaving out the detec-
tion period of the first experiment and the preparation period
of the second®. This is illustrated in a general way in Fig. 1. The
location of a peak in 3D space is described by the chemical
shifts of three spins, i, j and k. The information contained within
a peak depends upon the nature of the experiment. For example,

2D-NMR %~Eﬂ(t1)—mu} Dgitsl Pb{Eb(ﬁFMb—Db(tz)

30-NMR { R

Fig. 1 Generalized representation of 2D- and 3D-NMR experi-
ments. Abbreviations: P, preparations; E, evolution; M, mixing;
D, detection.

in a 3D-NMR spectrum combining an NOE experiment with a
correlation experiment, the peak at position F1(i), F2(j), F3(k)
will arise from through-space coupling between spins i and j
and scalar coupling between spins j and k.

Although conceptually simple, 3D-NMR has a number of
practical problems. Recording a complete 3D-NMR spectrum
would be prohibitive in measurement time. For example, a
3D-NMR spectrum with a spectral width of ~8,000 Hz and a
resolution of ~10 Hz in each dimension, would require ~1,000
independent increments for the first and second dimensions
leading to a total minimum of 10° experiments. If typically a
four-step phase cycle is necessary, the complete 3D-NMR
experiment would take 46 days, assuming a duration of 1s per
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Fig. 2 Pulse sequence used for the 3D-
NOESY-HOHAHA spectrum. A minimal 32-
step phase cycle was used. This included 180°

375

phase shifts of the two sr-pulses to com-

pensate for imperfections and of the semi-
selective pulses to remove axial peaks in F1
and F2, and a phase cycle selecting even p
coherence orders during the mixing process
of the NOESY portion of the 3D experiment.

A pure phase absorption spectrum was “
obtained using the time-proportional 0
incrementation method® by incrementing the

phase of ¢, and ¢, and of ¢, and ¢s by 90° -1
for every successive t, and t, value, respec-

. L -2
tively. The parameters used for the experiment
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shown in Fig. 2 were as follows: incremental delay (in ¢, and ¢,) = 300 ws; 90° pulse (non-selective) = 22.6 ws; 905! (NH) = 2 ms; 9052(C*H) = 3 ms;
SL (trim pulse) =2 ms; 7, (NOESY) =200 ms; 7,(HOHAHA) = 39 ms; acquisition time =0.145s. 64 independent increments were recorded

for the F1 and F2 dimensions giving a total of 4,096 increments.

Fig. 3 NH(F1 axis)-C*H(F2 axis)-NH(F3
axis) region of the 500 MHz 3D-NOESY-
HOHAHA spectrum of 68mM «al-
purothionin in 90% H,0/10% D,0 at 25 °C.
The F1-F2 (a), F2-F3 (b) and F1-F3 (¢)
projections correspond to 2D NOESY,
HOHAHA and relayed NOESY-HOHAHA
spectra, respectively. d, A stereoview of the
3D spectrum. The assignments of the peaks
labelled A to E are as follows: A,
Ile;; NH(F1)-Lys;,C*H(F2)-Lys;, NH(F3) at
8.56, 4.31, 9.21p.p.m.; B, Ser;,NH(F1)-
Ile;;C*H(F2)-Ile;;NH(F38.80, 8.56 p.p.m.;
C, Leuy;NH(F1)-Gly,,C*'H(F2)-Gly;sNH-
(F3) 8.32,4.19, 8.08 p.p.m.; D, Leu,,NH(F1)-
Gly,sC**H(F2)-Gly,xNH(F3) at 8.32, 3.83,
8.08 p.p.m.; E, Gln,,NH(F1)-Ala,,C*H(F2)-
Ala, NH(F3) at 8.80, 4.25, 8.10 p.p.m. (These
assignments were derived from the complete
assignment given in ref. 13.) The displayed
spectrum, which was inspected on an Evans
& Sutherland PS390 interactive graphics sys-
tem using the program FRODO'?, consists of
112(F1) x 129(F2) x 176(F3) real data points
with a digital resolution of 13.02 Hz per point
in F1 and F2 and of 6.88 Hz per point in F3.
The experimental conditions were: 6.8 mM
al-purothionin in 90% H,0/10% D,0 con-
taining 500 mM sodium phosphate buffer
pH4.0. The spectrum was recorded on a
Bruker AMS500 spectrometer equipped with a
selective excitation unit supplemented by a
30 W linear amplifier.

scan. This problem can be eliminated by recording only part of
the 3D spectrum (that is, a sub-volume of the total spectrum)
using semi-selective excitation pulses*®.

For the purposes of illustration, we present a sub-spectrum
comprising the NH-C*H region to demonstrate the utility of
3D-NMR in sequential resonance assignment. The general
strategy for sequential assignment involves the identification of
the following through-space (NOE) and scalar (J) pathways:

NOE
NH(i) «—— NH(i +1) (1)
(J(+NOE) NOE

NH(i) «——— C®H(i) «—— NH(i+1) (2)
relayed J
(+NOE) NOE

NH(i) «—— CPH(i) «— NH(i+1) 3)

Through-space connectivities are detected by the NOESY (two-
dimensional nuclear Overhauser spectroscopy) experiment’®.
Through-bond connectivities can be measured by correlated
spectroscopy (COSY®) that delivers exclusively direct con-
nectivities. A more versatile approach, however, is total-corre-
lated spectroscopy, known as TOCSY'® or homonuclear Hart-

mann-Hahn (HOHAHA)!' spectroscopy, which detects suc-
cessively direct, single and multiple relayed scalar connectivities
as the mixing time is increased. The 3D-NMR experiment
selected forillustration was a NOESY-HOHAHA with detection
of inter- and intra-residue NOE connectivities between NH and
C®H protons in the first part of the experiment and J-coupling
intra-residue connectivities between C*H(i) and NH(i) protons
in the second part. This is achieved using semi-selective
Gaussian excitation pulses'? centred in the middle of the NH
and C“H regions for the preparation pulse and the last pulse
of the mixing process, respectively, in the NOESY part of the
sequence. In this way a 3D spectrum is obtained with restricted
spectral widths in the F1 and F2 dimensions and the full spectral
width in the F3 dimension. The experimental scheme is shown
in Fig. 2.

The 3D-NOESY-HOHAHA experiment was recorded in
~69 h at 500 MHz on a 6.8 mM sample of a1-purothionin in
90% H,0/10% D,0 at 25 °C. Recording the spectrum in H,O
is required to observe the exchangeable NH protons. The sup-
pression of the huge water signal (~100 M) renders the experi-
ment technically demanding. This was achieved by on-resonance
irradiation during the relaxation delay and during the NOESY



e LETTERSTONATURE

mixing period. The NOESY and HOHAHA mixing times were
200 ms and 39 ms, respectively.

The results of this experiment are illustrated in Fig. 3. The
F1-F2 projection (Fig. 3a) corresponds to a NOESY spectrum
of the NH(F1 axis)-C*H(F2 axis) region; the F2-F3 projection
(Fig. 3b) to a HOHAHA spectrum of the C*H(F2 axis)-NH(F3
axis) region; and finally the F1-F3 projection (Fig. 3¢) to a
relayed NOESY-HOHAHA spectrum of the NH(F1 axis)-
NH(F2 axis) region. A stereoview of the cube is shown in Fig.
3d. Two sorts of peaks are present: auto-peaks which arise solely
from intra-residue effects, and combined intra- and inter-
residue-effect peaks. The former have the chemical shift of the
NH(i) proton in the F1 and F3 dimensions and the chemical
shift of the C*H(i) proton in the F2 dimension, whereas the
latter have the chemical shifts of the NH(i+1), CaH(i) and
NH(i) protons in the F1, F2 and F3 dimensions, respectively.
The assignments of five such combined intra- and inter-residue
peaks are given in Fig. 3. It will be noted that the strongest
peaks of that kind arise from B-strand structures. This is because
the contribution from the scalar CaH(i)-NH(i) and NOESY
C*H(i)-NH(i+1) interactions are very large in such cases
owing to sizeable values for the coupling constant *Jyn, and
very short C*H(i)-NH(i+1) distances (~2.2 A), respectively.

Informative 3D-NMR spectra of proteins can be obtained in
a reasonable time with concentrations of material no higher
than those regularly used in 2D-NMR experiments. What do
such 3D-NMR experiments offer? In the case presented here
they provided separation of C*H(i)-NH(i+1) inter-residue
NOEs in a third dimension according to the chemical shift of
the NH proton of residue i, thereby permitting us to identify a
number of inter-residue effects that could not be assigned by
2D-NMR owing to overlap with intra-residue C*H(i)-NH(i)
cross-peaks. For example, in the 2D-NOESY experiments, the
C*H(i)-NH(i+ 1) cross peaks between Ala 21 and Gln 22 (4.25,
8.80 p.p.m.), Ile 33 and Ser 34 (4.46, 8.80 p.p.m.), and Gly 36
(C*'H) and Leu 37 (4.19, 8.32 p.p.m.) are superimposed on the
intra-residue C*H(i)-NH(i) cross-peaks of Asn 14 (4.22,
8.80 p.p.m.), Ser35 (4.48, 8.81p.p.m.) and Leu 37 (4.20,
8.32 p.p.m.), respectively’®. In the 3D-NOESY-HOHAHA spec-
trum, however, the chemical shifts of these two sets of peaks
differ in the F3 dimension. Thus the inter-residue cross-peaks
in the 2D-NOESY spectrum give rise to mixed inter- and intra-
residue cross-peaks in the 3D-NOESY-HOHAHA spectrum
(Fig. 3) with NH proton chemical shifts of Ala 21 (8.10 p.p.m.;
peak E), Ile 33 (8.56 p.p.m.; peak B) and Gly 36 (8.08 p.p.m.;
peak D), respectively, in the F3 dimension, which differ from
those of the auto-peaks of Asn14 (8.80p.p.m.), Ser35
(8.81 p.p.m.) and Leu 37 (8.32 p.p.m.), respectively.

Many further useful 3D-NMR experiments can be envisaged.
A particularly useful, although technically difficult, 3D-NMR
experiment seems to be a HOHAHA-NOESY performed in H,O
with C*H and NH protons in the F1 and F2 dimensions,
respectively, which would provide the crucial NH-aliphatic pro-
ton NOEs. Other potentially useful experiments would include
the combination of the NOESY experiment with a heteronuclear
correlation experiment; two such experiments would be to
spread the NH-aliphatic and C*-NH/aliphatic NOEs in a third
dimension according to the >N and >C chemical shift, respec-
tively, of the directly bonded heavy atom.
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The proliferation and development of haemopoietic stem cells
takes place in close association with marrow stromal cells"*. This
intimate cell contact presumably enables the stem cells and their
progeny to respond to stimuli present on the stromal cell surface.
While the nature of these stimuli has not been determined, it is
likely that growth factors play some role. Recently, it was demon-
strated that the natural and the recombinant haemopoietic growth
factor, granulocyte/macrophage colony stimulating factor (GM-
CSF), could be adsorbed out of solution by an extract of human
marrow stromal extracellular matrix (ECM) with retention of
biological activity®. However, the precise ECM molecules involved
were not identified. Here, we clearly demonstrate that the major
sulphated glycosaminoglycan of mouse marrow stroma, heparan
sulphate®, possesses the ability to adsorb both GM-CSF and the
multilineage haemopoietic growth factor, Interleukin 3 (IL-3).
Furthermore, these growth factors, once bound, can be presented
in the biologically active form to haemopoietic cells.

In these experiments, we used two growth-factor-dependent
multipotent cell lines: FDCP-Mix A4 which responds to 1L-3
and FDCP-Mix A, which responds to both to IL-3 and GM-
CSF°. To examine the role that glycosylation of growth factors
plays in the ability to bind to components of the ECM, both
native ‘n’ (glycosylated) and Escherichia coli-derived recom-
binant ‘r" (non-glycosylated) IL-3 and GM-CSF were used.
Initially, we examined the ability of a commercially available
ECM preparation (Matrigel) to bind and present these growth
factors. The data (Fig. 1a and b) clearly show that when FDCP-
Mix A4 and FDCP-Mix A, are added to Matrigel which has
been pre-incubated with 1L-3 or GM-CSF, they can survive and
proliferate.

We could exclude the possibility that cell survival occurred
in response to growth factor released by diffusion from Matrigel
because the overlying medium from growth-factor-treated
Matrigel plates was unable to support the growth of IL-3 or
GM-CSF-dependent cells. We conclude, therefore, that the
stimulus for growth is bound growth factor. Significantly, both
native and recombinant growth factor could support the growth
of the stem cells, indicating that the protein portion of the growth
factor is responsible for binding. It is also clear the the bound
growth factors continue to express functional domains for inter-
action with receptors on the target cells.

We investigated whether enzymatic digestion of the glyco-
saminoglycan components of the Matrigel had an effect on the
ability of the ECM to bind and present growth factors. Two
enzymes with differing specificities were used: heparitinase,
which digests heparan sulphate and chondroitinase ABC, which
digests chondroitin sulphate. The data (Fig.2a and b) show



