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Summary

A combination of calculation and experiment is used to demonstrate that the global fold of larger
proteins can be rapidly determined using limited NMR data. The approach involves a combination of
heteronuclear triple resonance NMR experiments with protonation of selected residue types in an
otherwise completely deuterated protein. This method of labelling produces proteins with o-specific
deuteration in the protonated residues, and the results suggest that this will improve the sensitivity of
experiments involving correlation of side-chain (*H and “C) and backbone ('H and “N) amide reson-
ances. It will allow the rapid assignment of backbone resonances with high sensitivity and the determina-
tion of a reasonable structural model of a protein based on limited NOE restraints, an application that
is of increasing importance as data from the large number of genome sequencing projects accumulates.
The method that we propose should also be of utility in extending the use of NMR spectroscopy to

determine the structures of larger proteins.

In recent years the combination of heteronuclear triple
resonance NMR experiments and uniform isotope enrich-
ment with "C and "N has allowed detailed structural
studies of proteins of 150-200 amino acid residues (Clore
and Gronenborn, 1991; Bax and Grzesiek, 1993). The
extension of this approach to larger proteins (200-300
residues) is facilitated by deuteration: replacement of all
but the exchangeable H™ protons with deuterium has
been shown to optimise the sensitivity of the experiments
used for backbone (Grzesick ct al., 1993; Yamazaki et al.,
1994a,b} and side-chain carbon (Farmer and Venters,
1995) assignments, whilst random fractional deuteration
to a level of ~ 50% optimises many of the experiments
used to obtain either J-correlations or NOE contacts be-
tween side-chain and backbone 'H resonances (Nietlispach
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et al., 1996). In such large proteins, complete deuteration
allows the observation of NOE contacts between exchange-
able HY protons with high sensitivity (LeMaster and
Richards, 1988; Torchia et al., 1988; Nietlispach et al.,
1996). thus enabling the determination of limited struc-
tural restraints (Grzesiek et al., 1995; Venters et al., 1995).
In this communication we demonstrate a new approach
to the determination of low-resolution structures of larger
proteins using limited NMR data. It involves a combina-
tion of heteronuclear triple resonance NMR experiments
with protonation of s¢lected residue types in an otherwise
completely deuterated protein. The approach will allow
the rapid determination of a reasonable structural model
of a protein, an application that is of increasing import-
ance as data from the Jarge number of genome sequencing

Supplementary Material: A list of growth media and fermentation conditions is available from the authors upon request.
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Fig. . Comparison of F1 ('H) cross sections, at particular F2 (*N) chemical shifts, for two representative residues (L133 and F90) from 3D “N-
separated NOESY spectra of the completely and selectively protonated {TLV + FY) ras p21-GDP protein. Both spectra were recorded in four days
with a mixing time of ~90 ms using ""N-labelled proteins (with 128 = 32 = 1024 complex points and maximum acquisition times of 15.9, 23.7 and
[27.0 ms in t, t, and 1,, respectively); the concentrations of the completely and selectively protonated protein were ~4.0 and 2.0 mM, respectively.
The spectra were processed using essendally identical conditions. Tn the plots, NOE cross peaks Lo a number of non-ILV +FY residues are marked
with solid arrows. In addition, a dotted arrow indicates the intraresidue H®-H” cross peak for L133.

projects currently in progress accumulates. The method
that we propose should also be of utility in extending the
use of NMR to structure determination of larger proteins.

To determine protein structures in solution, measure-
ments of NOEs and J-couplings have traditionally been
employed. More recently, chemical shifts (for a recent
review see Oldfield, 1995) and studies of anisotropic ef-
fects have also been shown to be useful (Broadhurst et
al,, 1995; Tjandra et al., 1995; Tolman et al., 1995). As
the size of the proteins studied increases, the resolution
and sensitivity of NOESY experiments becomes limiting.
For proteins of’ 150-200 residues, the problem is mainly
one of spectral overlap and the combination of uniform
isotope labelling with *C and "N and recording 3D/4D
PC/N-separated NOESY spectra has provided an ele-
gant solution (Clore and Gronenborn, 1991; Bax and
Grzesiek, 1993). For larger proteins, however, the more
major problem is sensitivity and *C-labelling and 3D/4D
NOESY experiments become a liability. In particular, 4D
BC-separated NOESY experiments become too insensitive
(Kraulis et al., 1994; Vuister et al., 1994). The sensitivity
problem can be partially alleviated by ‘reverse’ labelling
of selected residue types with C in an otherwise "C-
labelled protein (Vuister et al., 1994), but ultimately only
2D or 3D ¥N-separated NOESY experiments can be used
because *N relaxation is slower than that of PC. If ’C-
labelling is no longer an option, the problems of overlap
must instead be reduced by limiting the numbers of cross

peaks observed, an approach that is alsc very relevant to
obtaining structural models of proteins using limited
NMR data. We have, therefore, investigated an approach
to obtaining NOE restraints that combines methods for
selective protonation of specific residue types in an other-
wise completely deuterated protein (Crespi et al., 1968;
Markley et al., 1968) with either “C/”N- or "N-labelling.
This method of labelling produces proteins in which se-
lected residue types are essentially completely protonated,
with the exception of the ¢-proton, which remains highly
deuterated due to exchange with the solvent during bio-
synthesis (Crespi et al., 1968; for a review, see LeMaster,
1990). When combined with "“C/*N-labelling, this c-spe-
cific deuteration will allow a complete backbone assign-
ment of all residues, both deuterated and protonated,
with high sensitivity (Yamazaki et al., 1994a.b). We show
that such o-specitic deuteration will also improve the
sensitivity of experiments involving the correlation of
side-chain (‘H and *C) and backbone ('H and *N) amide
resonances. However, because the structural information
that can be deduced from the NMR data 1s reduced,
modifications to the standard techniques for calculating
structures must be made and we need to tightly restrain
the secondary structure based on an analysis of measured
BCP und “C* chemical shifts (Spera and Bax, 1991; Wis-
hart and Sykes, 1994). Finally, we demonstrate that this
method can be usefully combined with previously pro-
posed approaches to obtain limited restraints, based on
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H"-H™ NOE contacts measured in spectra of a complele-
ly deuterated protein (Grzesiek et al., 1995; Venters et al.,
1995). Our approach has similarities to one employed in
studies of the Trp repressor, where sequential residues in
the protein sequence were selectively protonated (Arrow-
smith et al., 1991). However, in order to gain the maxi-
mum benefit from improved relaxation, and to obtain as
many long-range NOE restraints 4s possible, we ideally
need to avoid labelling amino acids that are adjacent to
each other in the protein sequence.

We have chosen to label proteins selectively with com-
binations of the aliphatic amino acids isoleucine, leucine
and valine (ILV) as well as the aromatic amino acids
phenylalanine and tyrosine (FY) (the ras protein to which
we are applying this method contains no tryptophan, but
this might also be usefully labelled if present). This choice
of residues was governed by several factors, the most
important of which is that methyl and aromatic “C nuclei
have favourable relaxation properties due to internal
motions and fewer attached protons, respectively. In
addition, these hydrophobic residues are usually found in
the protein core and their methyl and aromatic proton
resonances are often better resolved due to ring current
shifts. Labelling in this way should, therefore, provide

many structurally important restraints in larger proteins.
Finally, because of the nature of the biosynthetic path-
ways of the different amino acids, these combinations of
residues can be labelled without leakage of protons into
other residue types.

To demonstrate the feasibility of labelling proteins in
this way, we have produced samples of the ras p21 protein
(~19 kDa) by growing an appropriate F. coli expression
strain (TG1 harbouring the expression plasmid, pRGH)
in a minimal medium based on *H- (or *H/*C-) glucose,
PNH,C], and “N- (or "C/"*N-) labelled amino acids (ILV
+FY) in 95% D,0 (the exact composition of the media
and the growth conditions are provided in the Supple-
mentary Material). We found it necessary to use a deu-
terated carbon source in order to produce proteins that
are highly enriched in *H in all the other residues (data
not shown). In addition, although others (see for example
Venters et al., 1995) have successfully produced complete-
ly deuterated proteins using other carbon sources, such as
acetate, in our experience it is more efficient to use glu-
cose. To assess the specificity of labelling, we first recor-
ded 3D *N-separated NOESY spectra of the '"N-labelled
protein and compared them with similar spectra of the
completely protonated protein (Fig. 1). These spectra
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Fig. 2. A high-resolution 2D 'H-PN HSQC spectrum (recorded with 128 » 1024 complex points and maximum acquisition times of 94.8 and 127.0
ms in t, and t,, respectively), processed using the maximum entropy method (Laue et al., 1986), of the *N-labelled and selectively protonated (ILV
+FY) ras p21-GDP protein, from which the residual levels of o-protonation were quantified. For the ILVH+FY residues (labelled), two cross peaks
corresponding to the protonated {downfield) and o-deuterated (upfield) proteins can be seen.



TABLE ]
LEVELS OF a-DEUTERATION

Residue type Mean (%) = standard deviation®

I 55+3(7)
L 2942 (4)
v 73+4(7)
F 8142 (2)
Y 68+1 ()

* The number of measurements is given in parentheses.

showed that the specificity of labelling with protons in
only the ILV + FY residues was high, with very low levels
of labelling in other types of residue. For some residues
the signals from the HY protons were weaker duc to slow
exchange with the solvent (Kraulis et al., 1994), showing
that complete exchange back to protons did not occur
during the purification of the protein. This problem could
be alleviated by either taking the protein to higher pH or
by unfolding and refolding the protein in a protonated
solvent. In Fig. 2, a 2D 'H-"N correlation spectrum is
shown from which we estimated the level of deuteration
at (he o-position. Comparison of the relative intensity of
the cross peaks due 1o the ¢-protonated and o-deuterated
{whose "N resonance has a secondary isotope shift) mol-
ecules showed that the level of deuteration is ~29% for
isoleucine residues, but averages 69% for the others (see
Table 1). (Note that the completely deuterated residues
also become partially protonated at the w-position be-
cause the medinm contains 5% H,O.)

We expected that this level of a-denteration, in the
selectively protonated residues, would provide a signifi-
cant improvement to the sensitivity of the J-correlated
spectra used to correlate side-chain ('H and "“C}) and
backbone ("H" and "*N) resonances. These experiments
benefit greatly from improved "“C” relaxation resulting
from the c-deuteration (Nietlispach et al., 1996). Using
an approach that we have demonstrated previously (Niet-
lispach et al., 1996), we calculated the likely increase in
sensitivity for the HCC(CO)NNH experiment (Logan et
al., 1992; Montclione et al., 1992; Clowes et al., 1993) and
compared it with the sensitivity enhancement obtained in
spectra of proteins that were randomly fractionally deu-
terated to a level of 50% (Nietlispach et al., 1996). Plots
of the relative transfer efficicncy against the overall corre-
lation time 1,, compared to the completely protonated
protein, are shown in Fig. 3. The plots show that sensitiv-
ity enhancements of 1.3, 1.6 and 2.1, for proteins with
correlation times of 8, 12 and 18 ns, respectively, can be
expected for 69% wa-deuteration. This compares well with
the values found (1.15, 1.45 and 2.25) for a 50% random-
ly fractionally deuterated protein. The calculations also
suggest that further impravements in the sensitivity of the
experiments used to correlate side-chain ('H and BC) and
backbone (‘HY and "“N) resonances should be possible by
combining ~ 69% o-deuteration with 50% random [rac-

363

tional deuteration at other positions in the side chain (see
Fig. 3). Similar improvements can be expected for the
CBCANNH (Grzesick and Bax, 1992a,1993; Wang et al.,
1994) and CBCA(CO)NNH (Grzesick and Bax, 1992b,
1993) experiments (Nietlispach et al., 1996).

The potential of the proposed labelling pattern for
building reasonable models of protein structures using
limited NMR data was assessed by computing families of
structures using restrained molecular dynamics and simu-
lated annealing calculations in X-PLOR (Briinger, 1992).
The structures are based on the actual cross peaks ob-
served in 3D C- and “N-separated as well as 2D NOESY
spectra of the GDP form of selectively protonated (ILV
+ FY) samples of the ras p2]1 protein. Several sets of
calculations were carried out to assess the quality of the
structures that can be obtained from C/*N- or ®N-label-
led selectively protonated (ILV + FY)} ras proteins. In our
case, apart from some exira cross pcaks observed in the
spectra of the selectively protonated samples, we knew the
assignments of most of the different NOESY cross peaks
in advance (Kraulis et al., 1994). In these calculations,
however, we have attempted to simulate a situation wherc
they were not known, Thus, in carrying out the calcula-
tions, we have assumed that, in these sclectively labelled
proteins where overlap is reduced, it should be possible to
definitely assign the resonances of protons attached to
NMR -active heteronuclei in the 3D NOESY experiments.
However, for resonances of protons where this is not the
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Fig. 3. A plot of the relative transfer cfficiency, compared to the com-
pletely protonated protein (equal to an intensity of 1.0}, as a function
of the overall correlation time T, for the HCC{CO)NNH experment.
The plot shows the relative transfer efficiency for magnetisation orig-
inating on the HP protons for three different proteins, (a) a 69% o-
deuterated protein; (b) a 50% randomly fractionally deuterated pro-
tein; and (c) a protein that combines these labelling patterns (i.e. 30%
randomly fractionally deuterated in the selectively prolonated residues,
with the exception of the o-position, which is 69% labelled). For
details of the experiment and calculations, see Nietlispach et al.
(1996).
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Fig. 4. Solution structures of the GDP form of ras p21. Superpositions of five structures, as well as their mean structure (in bold), after a least-
squares fit are shown in panels b—f. In each case the backbone is shown. In panel a, a schematic representation (using Molscript (Kraulis, 1991))
of the structure determined using all the restraints is shown in the same orientation. Panels b, ¢ and e show structures computed using restraint
sets 2, 3 and 4, respectively, obtained from the selectively pretonated (ILV + FY) protein samples only; or restraint sets 3 and 4, the structures
computed with the extra HY-H restraints obtainable from a completely deuterated protein are also shown in d and f, respectively, (Note that in
each case only five structures are shown for clarity and that in all cases restraints to the GDP were not included. In e, the mean structure is not
meaningful and is not shown.)

case the method of ambiguous assignment (Nilges, 1995) be able to unambiguously assign some of these NOEs and
would need to be used. In practice, one might expect to our assumption should, therefore, represent a reasonably
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Fig. 4. (continued).

conservative approach. In addition, an iterative process to
unambiguously assign initially ambiguous NOFEs based on
preliminary structures could also be employed, but we
were Interested to see how much could be achieved with-
out recourse to such procedures. We have also carried out

calculations for a protein where the ILV residues are “C-
labelled and the FY residues are not, because in applying
this method to larger proteins there will be an advantage
in not labelling the aromatic residues, for which '"H and
3C relaxation is more rapid than in methyl groups (Vuis-
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ter et al., 1994), The NOE restraints were calibrated and
classified into three classes by reference either to NOEs
observed in well-defined regions of secondary structure,
e.g. HY-HY NOEs in o-helices (for the 3D "*N-separated
spectrum), or to known distances between protons at-
tached to aromatic rings (for the 3D "“C-separated spec-
trum); the three classes used were strong (0-2.7 A), me-
dium (0-3.3 A) and weak (0-5.0 A). Finally, in all the
calculations we have restrained the secondary structure of
the protein based on an analysis of measured *C® and
BC® chemical shifts (Spera and Bax, 1991; Wishart and
Svkes, 1994} that were obtained during the course of the
backbone assignment (Kraulis et al., 1994); the backbone
¢ and @ angles in regions of a-helix and extended strand
(104 residues in total) were restrained to —63° and —40° in
o-helices and to —120° and 130° in extended strands. The
dihedral angle restraints were given a high weight in early
stages of the simulated annealing protocol to encourage
the formation of regular secondary structure elements.
These restraints were much more weakly restrained during
the refinement stage, to allow the secondary structure
elements to flex. A summary of the NOE restraints used
in the four different sets of calculations can be found in
Table 2.

Some of the structures computed are shown in Fig. 4.
For each restraint set (see Table 2), 40 structures were
computed. Because the structures are underdetermined,
most of them satisfied the restraints (between 17 and 35
out of 40 converged) with no NOE violations greater

TABLE 2
EXPERIMENTAL NOE RESTRAINTS

than 0.5 A and low residual dihedral angle energies. We
therefore chose five structures with the lowest energies as
being representative of each ensemble and assessed their
precision by looking at the root-mean-square difference
(rmsd) from the mean of those five structures. To assess
the accuracy, the mean structure was also compared with
that computed using all the restraints employed in the
original structure determination (reference set, see Table
2), except those involving the GDP molecule (Kraulis et
al., 1994). (The lack of restraints to the GDP means that
none of the structures computed here are expected to be
identical to the original ‘true’ structure.) When superim-
posing and comparing the different structures, regions of
the protein that are flexible, mainly loops two and four,
have been excluded from the analysis; the flexible regions
(residues 1-3, 27-32, 58-66, 107-109 and 166) were read-
ily assessed from a "H-"*N heteronuclear NOE experiment
(Kraulis et al., 1994). The results of the calculations are
summarised in Table 3 and show that, with “C/"’N-label-
led ILV + FY (restraint set 2), structures of useful preci-
sion (rmsd of 2.1 A) and accuracy (2.9 A rmsd from the
true structure) can be computed (compare Figs. 4a and
4b). Not surprisingly, these structures are very much
improved in quality when compared with those computed
using only those restraints involving exchangeable protons
(restraint set 1, structures not shown). When the FY
residues are not “C-labelled, the mean structure is still
very similar to that of ras (3.0 A rmsd from the true
structure), despite the fact that the precision is poorer

Restraint set Restraints®

NH-NH®

Number Type

NH-side chain Side chain—side chain

Number Type Number Type

PCM*N-completely protonated

Reference set 101 a88.-288.
BCi"N-completely deuterated

Restraint set 1 101 (330y  ass.-ass.
BCIMN-ILY+FY

Restraint set 2 101 (330} 485.-ass.
BCAN-ILY and “N-FY

Restraint set 3 101 (330) ass.-ass.
BN-ILV+FY

Restraint set 4 101 (330) 285.-285.

1171 A88.-A8S. 1862 A88.-288.
390 ass.-amb, 431 ass.-ass.
390 ass.-amb. 231¢ ass.-ass.

1744 ass.-amb.
26° amb.-amb.
390 ass.-amb. 431 amb.-amb.

¢ The type of restraint used, i.e. whether one or both protons involved was assigned (ass.) or ambiguous (amb.), is indicated.

* Structures were also computed using the same sets of restraints, but with the addition of further H¥-H™ restraints that were observed in NOESY
spectra of a completely deuterated protein (Grzesiek et al., 1995; Venters et al., 1995); a further 229 restraints between backbone H™ protons
were added, based on all the HY protons found to be within 5.0 A of each other in the structure of the complex of ras p21 (1-166) with GDP,
determined using NMR spectroscopy (PDB code 1CRQ; Kraulis et al., 1994).

¢ Restraints between protons, both of which are in ILV residues.

4 Restraints between protons, one of which is in an ILV residue and the other in an FY residue,

¢ Restraints between protons, both of which are in FY residues.



TABLE 3
ATOMIC rms DIFFERENCES®

Measure® (4)

Restraint set

<SA>vs SA, SA,, vs NMR

BC*N-completely protonated

Reference set 0.62 1.8
BCI*N-completely deuterated

Restraint set 1 13 (12) 16 (12)
BCIUN-ILY+FY

Restraint set 2 2.1(1.8) 2.92.6)
BCMN-ILY and PN-FY

Restraint set 3 50(.7) 3.0 (2.6)
UN-ILV+FY

Restraint set 4 9.3 (3.4) 13(3.2)

* The atomic rms distances over the C* positions of the structured
residucs (see text) are given.

® The notation is as follows: <SA> is the average value for the five
best (with the lowest energy from 40 computed) simulated annealing
(SA) structures, whilst SA,, is the mean structure obtained by aver-
aging the coordinates of the five individual SA structures best fitted
to each other. NMR refers to the average structure (SA_) of the
complex of ras p2l (1-166) with GDP, determined using NMR
spectroscopy (PDB code 1CRQ; Kraulis et al., 1994). In each case
two values are given; the first corresponds to structures computed
without the addition of the extra HY-HY restraints, the second (in
parentheses) correspends to those compuied with the extra restraints
(see Table 2).

(rmsd of 5.0 A), compare Figs. 4b and 4c. This is a useful
result, because the sensitivity of detection of the NOEs
involving aromatic protons will be improved when the
FY residues are not “C-labelled. When all the 1LV + FY
residues are only “N-labelled, the structures are much
poorer (compare Fig. 4e with Figs. 4b and 4c). Compared
to the structures computed using just the restraints in-
volving exchangeable protons (set 1), the structures com-
puted with restraint set 4 improve slightly (see Tablc 3).

In larger proteins, the distance restraints that are most
easily observed with high sensitivity are those between
exchangeable protons in otherwise completely deuterated
proteins because H" relaxation rates are considerably
reduced (Markus et al., 1994; Grzesiek et al., 1995; Ven-
ters et al., 1995; Nietlispach et al., 1996). We therefore
also computed structures to assess the impact of including
extra restraints that we might reasonably obtain by re-
cording NOESY spectra of such completely deuterated
proteins. After checking that we could observe and assign
restraints between all backbone H" protons that are with-
in ~5.0 A of each other in a 3D ""N-separated NOESY
spectrum of the completely deuterated ras p21 protein
(Grzesick et al., 1995; Venters ct al., 1995}, we included
229 extra backbone H™-H" restraints derived from the
solution structure of ras p21-GDP (Kraulis et al., 1994).
In contrast to previous experience (Venters et al., 1995),
it can be seen that the H¥-H" restraints (set 1) do not by
themselves determine the global fold of ras p21 (see Table
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3). However, the precision of the structures computed
after adding these extra NOEs to restraint set 3 now
improves significantly (rmsd values of 1.7 and 5.0 A;
compare also Figs. 4c and 4d), although the improvement
in accuracy is similar to that with restraint set 2 (see
Table 3). As expected, inclusion of these extra restraints
has the most significant impact on the calculations using
restraint set 4, i.c. where all the ILV + FY residues are not
BC-labelled. Most encouragingly, almost equally good
structures can now be computed using proteins in which
all the ILV + FY residues are only '*N-labelled; the rmsd
of the mean structure is 3.2 A from the true structure and
the precision is also good (rmsd of 3.4 A). Notably, the
accuracy is not dissimilar to structures computed using
restraints from the *C/'*N-labelled proteins, compare Fig.
4f with Figs. 4b and 4d. The very marked improvement
in the quality of the structures computed using restraint
sct 4 when the extra backbone HY-H™ proton restraints
were added, suggests that these extra restraints help de-
fine the global fold of the protein, allowing distinction
between the ambiguous restraints in the structure calcula-
tions.

In summary, the results show that selective protonation
should provide a rapid means for determining the global
fold in proteins of up to ~200 residues using a single
protein sample. If uniform "*C/'*N-labelling in both the
deuterated and protonated residues is employed, the back-
bone assignment can be obtained with high sensitivity
because the o-position in the protonated residues becomes
deuterated (Grzesiek et al., 1993; Yamazaki et al., 1994a,
b). In addition, this o-specific labelling also provides
useful improvements in the sensitivity of the experiments
used to correlate backbone and side-chain resonances
{Nietlispach et al., 1996). Finally, the pood resolution in
the 3D *C- and “N-separated NOESY spectra should
allow their rapid assignment and facilitate subsequent
structure calculations. In general, this approach should be
most useful when data is obtained from a selectively
protonated protein that was “C/"N-labelled in the ILV
and "N-labelled in the FY residues, to improve the sensi-
tivity of detection of NOEs involving aromatic protons.
Where desired, the structural information can be supple-
mented with extra backbone HM-H" restraints obtained
from a completely deuterated and '"N-labelled protein
(Grzesiek et al., 1995; Venters ¢t al., 1995; Nietlispach et
al., 1996). There are 11, 11, 15, Sand 9 (I, L, V, F and
Y, respectively) residues in the ras p2l {1 166) protein,
which is nol atypical. The method that we propose should
therefore be reasonably general. It should not be too
dependent on the secondary structure content of the
protein, because this type of labelling provides good num-
bers of NOE contacts berween both backbone and side-
chain protons (see Table 2). For larger proteins, where
BC-labelling of the ILV residues unacceptably degrades
the sensitivity of NOESY spectra, 4 combination of re-
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straints derived from two *N-labelled proteins, one com-
pletely deuterated and the other selectively protonated
with TLV + FY residues, should stil] give very useful struc-
tural information. In this case a “C/"*N-labelled sample
would also be required to obtain assignments via J-corre-
lated spectra. For proteins larger than ras p2l, it is likely
that in order to reduce spectral overlap, proteins would
need to be prepared with fewer protonated residue types,
e.g. by producing two or more proteins using different
combinations of either protonated or completely deuter-
ated ILV + FY amino acids. In addition, to improve re-
laxation properties in the protonated amino acids, it
would be desirable to use amino acids with more exten-
sive deuteration in positions other than the methyl groups
or aromatic rings, e.g. at the C? position. The information
gained from proteins selectively protonated at the ILV +
FY residues could be extended by adding restraints from
other selectively labelled samples or derived from other
sources such as J-couplings, chemical shifts or studies of
anisotropic properties. It is also likely that the structures
shown here could be improved using iterative refinement
and methods of molecular modelling; these exlensions are
being investigated.
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Note added in proof

The authors would like to note that similar approaches
have been proposed by two other groups (see Metzler,
WJI, Wittekind, M., Goldfarb, V,, Mueller, L. and
Farmer 1I, B.T. (1996) J Am. Chem. Soc., 118, 6800
6801, and Gardner, K.H., Rosen, M.K., Willis, R.C.,
Parris, W., Pawson, T., Forman-Kay, J. and Kay, L.E.
(1996) XVIIth International Conference on Magnetic
Resonance in Biological Systems, Keystone, CO, US.A.,
August 18-23, Poster ThP 019) since the submission of
this manuscript.
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