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Abstract-The general procedures by which solution structures of proteins may be deduced from distance 
and angular constraints derived from NMR are reviewed, with an emphasis on practical aspects of the 
calculations. In addition, novel methods based on chemical shift calculations and on quantitative fits to 
nuclear Overhauser effect intensities are presented; these should provide improved understanding of 
the limits of our ability to simulate complex spectra, and may permit higher precision structures to be 
determined. 

The development over the past decade of high-field 
NMR spectrometers and novel two-dimensional 
techniques has made it possible in favorable cases to 
determine the three-dimensional (3D) structures of 
small proteins in solution. The general procedure is 
by now fairly well known [l-4]: distance constraints 
based on nuclear Overhauser effect (NOE) inten- 
sities and angular constraints based on coupling con- 
stants are used to first deduce and then refine a three- 
dimensional structure consistent both with general 
stereochemical constraints derived from the covalent 
structure and with the particular experimental data 
for the protein in question. The most popular method 
for deducing a three-dimensional structure that 
(approximately) satisfies the experimental con- 
straints is based on a metric matrix or “distance 
geometry” approach [5]; other methods have been 
tried, and the entire field has been reviewed recently 
[6]. It is typical for these initial structures to be 
refined in 3D space by some combination of energy 
minimization and stimulated annealing, in an 
attempt to simultaneously minimize energy terms 
related to strain in the covalent structure and penalty 
terms based on experimental information [6, 71. 
Finally, systematic comparisons of the spectra pre- 
dicted by these structures with the experiment can 
be used to further refine the constraints and to gain 
insight into the motional and spin diffusion effects 
that influence spectral intensities [Sll]. Figure 1 
gives a general overview of the flow of information 
in this process. 

It should be emphasized that no generally accepted 
method for structure refinement exists, and that 
many algorithms are being tried in various labora- 
tories. In this paper, we review the foundations of 
various approaches and give some details of the 
approach we have used for several proteins. Pros- 
pects for new approaches, particularly involving 
quantitative assessment of NOE intensities and 
analyses of chemical shifts, will be assessed. 

Distance geometry methods 

Basic formulas. If we consider describing a macro- 
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Fig. 1. Flow of information in a general refinement. 

molecule in terms of the distances between atoms, it 
is clear that there are many constraints that these 
distances must satisfy, since for N atoms there are 
N(N + 1)/2 distances but only 3N coordinates. Gen- 
eral considerations for the conditions required to 
“embed” a set of interatomic distances into a real- 
izable three-dimensional object form the subject of 
distance geometry [S, 121, and applications to macro- 
molecular conformation pre-date modern NMR 
techniques for deriving large numbers of distance 
constraints [ 131. In this section we outline, in a non- 
rigorous fashion, the fundamental mathematics of 
the procedure and describe some of our experiences 
in using it on proteins of various sizes. 

The basic idea of distance geometry arises from 
consideration of the metric matrix that contains the 
scalar products of the vectors Xi that give the positions 
of the atoms: 

gij=Xi’Xj 
(1) 

These matrix elements can be expressed in terms of 
the distances dij, dn, and dp: 

gij = h(d#$ + d$ - d$) (2) 
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If the origin (“0”) is chosen at the centroid of the 
atoms, then it can be shown that distances from 
this point can be computed from the interatomic 
distances alone [5]: 

(3) 

A fundamental theorem of distance geometry states 
that a set of distances can correspond to a three- 
dimensional object only if the metric matrix g is 
rank three, i.e. if it has three positive and N-3 zero 
eigenvalues. This is not a trivial theorem. but it may 
be made plausible by thinking of the eigenanalysis 
as a singular value decomposition: all of the distance 
properties of the molecule should be describable in 
terms of three “components,” which would be the x, 
y and z coordinates. If we denote the eigenvector 
matrix as w and the eigenvalues hk, then the metric 
matrix can be written in two ways: 

,,=i: 
X,kXjk = k$, WikWjkAk (4) 

k=l 

The first equality follows from the definition of the 
metric tensor, Eq. 1; the upper limit of three in the 
second summation reflects the fact that a rank three 
matrix has only three non-zero eigenvalues. Equat- 
ing these two provides an expression for the coor- 
dinates xik (k = 1-3) in terms of the eigenvalues and 
eigenvectors of the metric matrix: 

X;k = hi’*Wjk (5) 

This, then, is a prescription for determining coor- 
dinates from distances. If the distances are not exact, 
then in general the metric matrix will have more 
than three non-zero eigenvalues, but an approximate 
scheme can be made by using Eq. 5 with the three 
largest eigenvalues. Since information is lost by 
discarding the remaining eigenvectors, the resulting 
distances will not agree with the input distances, but 
will approximate them in a certain optimal fashion 
[5]. A further “refinement” of these structures in 
three-dimensional space can then be used to improve 
agreement with the input distances. 

In practice, even approximate distances are not 
known for most atom pairs; rather, one can set upper 
and lower bounds on acceptable distances, based on 
the covalent structure of the protein and on the 
observed NOE crosspeaks. Then particular instances 
can be generated by choosing (often randomly} dis- 
tances between the upper and lower bounds, and 
embedding the resulting metric matrix. Different 
choices of specific distances will lead to new struc- 
tures, so that it is typical to generate a family of 
approximate structures in this way. 

Pruc~ic~~ i~~~e~e~i~~ion. Although the actual 
mathematics of embedding and refining structures is 
straightforward, it is in practice a complex operation 
to encode all of the covalent and NOE information 
into distance bounds, to check it for errors and 
redundancies, and to analyze the output. The most 
commonly used programs to accomplish this are 
DISGEO [14] and DSPACE [15]. Our experience is 
with the former program, and here we give an over- 
view of its implementation. 

The first step in distance geometry involves the 
creation of a bounds matrix, which stores upper and 
lower distance bounds for each pair of atoms. For 
covalently-linked atoms, the upper and lower bounds 
are the same, and set equal to the known covalent 
bond length. Many other distances are known 
exactly; these include: l-3 distances where fixed 
bond angles are assumed, distances between aro- 
matic ring atoms and 1-4 distances across the peptide 
linkage. For each rotatable bonds, the l-4 distance 
bounds are set to cis and tram limits. All other lower 
bounds are taken to be the sum of the corresponding 
van der Waals’ radii, except for potential hydrogen 
bonds, where the minimum distance is somewhat 
shorter. Upper bounds also come from experimental 
NOE constraints, from limitations imposed by the 
covalent structure, or simply from estimates of the 
maximum extended length of a polypeptide chain. 
Dihedral angle constraints can be expressed in terms 
of distances between the l-4 atoms involved. and 
are also imposed as constraints during subsequent 
refinements. 

Where stereospecific assignments are not avail- 
able, pseudoatoms can be placed at appropriate posi- 
tions, and distance constraints measured from these 
points [16]. We have found it useful to use a mixed 
pseudoatom/all atom representation in many cases, 
where both the pseudoatoms and the “real” atoms 
are retained in the calcuIation, and distance relations 
among al1 of these are inferred from experimental 
data and from the chemical structure. The initial 
implementations of DISGEO did not include all of 
the bounds it is possible to infer from the chemical 
structure (such as the complete set of intra-ring dis- 
tances in aromatic side chains), and the embedding 
proceeds more smoothly if these are included. 

These initial bounds are then improved 
(“smoothed”) by application of the triangle 
inequality, which effectively extends information 
about proton-proton distances to the nearby heavy 
atoms [S, 131. Additional techniques can be used to 
improve bounds in cases where distances are fixed 
by the covalent structure 1151. At this point, the 
smoothed bounds matrix represents all that is known 
geometrically about the protein structure, though it 
by no means represents a unique molecular con- 
formation. A family of conformations is generated 
by repeatedly choosing particular sets of distances 
between the upper and lower bounds. An eigen- 
analysis of the resulting metric matrix yields an 
embedded structure, as described above. 

This eigenanalysis step is the single most time- 
consuming step of the calculation for large systems. 
and sometimes only a subset of atoms is embedded 
in order to save time. It is not known what the “best” 
subset of atoms is, but we find it useful to add many 
sidechain atoms to the set originally proposed 1141, 
so that the substructure size is almost half that of the 
final calculation. Our current subset includes the 
heavy atoms N, C, C/3, Cy, Sy, C6 (Pro), N6 (Asn), 
C62 and C&3 (Trp), and Cc (Tyr, Phe, Arg), plus all 
protons attached to Ca and Cp. This is an empirical 
list, and the exact specification of the substructure is 
probably not crucial; adding Ca atoms to the above 
list generally leads to markedly poorer results, how- 
ever. After the substructure atoms have been embed- 
ded and refined, the resulting distances are inserted 
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into the full distance bounds matrix, and the entire 
problem is solved, now with the (presumably) 
improved distances arising from the substructure 
part of the calculation. It is also appropriate to 
discard some of the poorer structures at this point, 
to save computer time. 

In distance geometry calculations on a number of 
proteins we have observed that fewer problems are 
encountered with incorrect local structures in regions 
of @ sheets than in helical segments. Right-handed 
(Y helices are virtually indistinguishable from left- 
handed ones in their distance behavior unless con- 
nectivities can be observed between the Ha protons 
of residue i and the H/I protons of residue i + 3. 
These distances fall in the range 2.5 to 4.4A for 
right-handed helices and in the range 7.0 to 8.5 A 
for left-handed ones. In our experience, unless a 
significant number of such connectivities are 
observed, distance geometry structures will often 
have distorted helices, sometimes beginning with one 
handedness and ending with the other. Although 
these poor initial structures can be corrected in the 
molecular dynamics refinement stage (discussed 
below), it is clearly advisable to search carefully for 
the diagnostic d,&i, i + 3) NOES in regions of the 
protein where helices are suspected. 

Once the distances have been entered, smoothed 
and checked for internal consistency, a three-dimen- 
sional structure is determined, as outlined above. 
Much information is lost in the process of discarding 
all but the first three eigenvectors, so the resulting 
structures violate many of the distance constraints, 
and may also have incorrect chirality about the Ca 
atoms (and C/I of Thr and Ile), non-planar con- 
formations about sp2 carbons and nitrogens, or incor- 
rect cis peptide bonds. These problems can be 
ameliorated by a real-space (3D) refinement in which 
violations of distances, chirality or planarity are pen- 
alized by positive functions that approach zero when 
the constraints are satisfied. These refinements can 
be carried out by conventional nonlinear opti- 
mization techniques or by more powerful simulated 
annealing procedures. In fact, this 3D refinement 
stage, although a part of the DISGEO or DSPACE 
programs, conceptually belongs with the molecular 
dynamics refinement procedure outlined below, and 
various implementations differ primarily in the 
details of the functions to be optimized. What is 
unique to the “distance geometry” approach is the 
embedding step, which in our experience is remark- 
ably robust in determining the correct global fold of 
a polypeptide chain. 

An alternative approach, implemented in the com- 
puter code DISMAN [17], works in three-dimen- 
sional space from the outset, using an ingenious 
variable target approach to avoid (as much as 
possible) being trapped in local minima. There is not 
space to describe this approach here, but it appears 
to be comparable to distance geometry approaches 
in determining protein structures [18]. The cor- 
respondence of results is somewhat remarkable 
because the two procedures work in opposite direc- 
tions: distance geometry first obtains a global struc- 
ture whose details are refined at a later step, whereas 
DISMAN begins by building up local structures 
(using local constraints) and gradually takes into 

account longer range constraints. This and other 
evidence provide strong support for the notion that 
the results of NMR refinements of proteins are not, 
in general, dependent upon the details of the 
refinement procedures. 

Molecular dynamics refinements 

Refinements in three-dimensional space start from 
some initial conformation and attempt both to pre- 
serve the covalent geometry of the protein and to 
satisfy the constraints derived from the NMR 
measurements. The relative weighting of these two 
components is an important feature of the function 
to be optimized, which is almost always a sum of 
terms representing the energetics of the molecule per 
se and the experimental constraints. The molecular 
terms may be represented by simplified functions 
that maintain bond distances and angles and prevent 
non-bonded overlaps [ 15,191, or by use of molecular 
mechanics expressions such as that from the 
AMBER potential [20]: 

E MM = & Kr(r - rJ2 + ,Iz, Ke(8 - O&2 

+ dil2als 2 
3 [I + cos(nc#l - y] 

1 

This expression does not include explicit solvent 
molecules, but the expense of such calculations, plus 
difficulties in heating solvated systems to high tem- 
peratures, currently make solvated simulations 
impractical. We do reduce the net charge on Asp, 
Glu, His, Lys and Arg sidechains to kO.2, in order 
to mimic partially dielectric effects and to reduce the 
tendency to form salt bridges. We have also found 
it useful to increase the torsional force constant about 
the peptide bond to reduce the tendency otherwise 
found for these angles to deviate significantly from 
0 or 180”. 

The penalty functions arising from NMR obser- 
vations can be of several forms, but the most common 
are “half-parabolas” related to upper bounds do: 

ENoE = fKd(d - d,,)2 ford > do = 0 otherwise 

(7) 

In the absence of stereospecific assignments, pseu- 
doatoms can be used, as described above. As an 
alternative, one can avoid pseudoatoms by using 
some average of the distances to the protons 
involved. The theoretical basis for such a procedure 
depends upon the nature of the internal motions, in 
particular whether they are fast or slow compared to 
the overall molecular tumbling [21]. As long as one 
is involved with deliberately conservative distance 
bounds, such distinctions make little difference, and 
an rw6 averaging procedure is typically used. For 
angular constraints we typically use a trigonometric 
function K&l - cos($ - &,)I, where @a is the near- 
est endpoint of an “allowed” range, e.g. backbone 
$J angles with large NH-C&H coupling constants 
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Fig. 2. Annealing scheme in use in our laboratory, giving 
temperature and force constant for the NOE penalty terms 

as a function of time. 

(J > 8 Hz) are typically restrained to the range - 160” 
to -80”. As with distance constraints, this potential is 
applied only when + is in violation of the constraint. 

The first applications of these procedures were 
reported about four years ago [22,23]. Since that 
time it has become a fairly standard method in the 
field, although there are sometimes significant dif- 
ferences in implementation, and thermal procedures 
such as Monte Carlo can also be used [24]. The 
discussion here necessarily reflects our experience; 
as with other aspects of refinement, the optimal 
strategies are not yet clear. 

As stated above, the relative weight given to mol- 
ecular mechanics and NMR constraints is an impor- 
tant parameter in the optimization procedure, and 
one for which there is no general agreement. General 
practice can be divided into two camps, dif- 
ferentiating those who use relatively strong con- 
straints (with Kd in the range 30-50 kcal/mol . A’) 
from those who use much weaker NOE penalties. 
For well-constrained structures, where the final con- 
straint energies are low (on the order of 2.5 kcal/ 
mol) the larger values are probably acceptable and 
introduce little strain into the overall protein struc- 
ture. For less well-defined proteins the situation is 
less clear, and care should be taken in all cases to 
look for large residual constraint forces, particularly 
where conformational averaging may be present. 

Although standard procedures (such as conjugate 
gradients) may be used to minimize the sum of EMM 
and ENoE, these typically get trapped in nearby local 
minima, and it has become common practice to use 
molecular dynamics or Monte Carlo schemes to 
obtain more robust optimization. These techniques 
add kinetic energy to the system to allow it to pass 
over some barriers in an attempt to find lower (local) 
minima. The scheme we have used is outlined in Fig. 
2, and contains features common to most implemen- 
tations. There is an equilibration phase in which the 
system is allowed to explore conformational space at 
a high temperature. Systems with large numbers of 
constraints are quite stable even at such tempera- 
tures, at least in vacuum calculations. The higher 
the temperature, the larger the barrier that can be 

overcome in a fixed length of simulation (on the 

average), but very high temperatures can lead to 

instabilities in the dynamics algorithm, and the length 
of time required to anneal the structure increase as 
the temperature is raised. Our temperature of 
1200°K for the equilibration phase represents a 
rough compromise between these competing factors. 

The cooling or annealing phase is crucial to the 
success of the procedure and should be carried out 
as slowly as possible. We use a modified dynamics 
algorithm that removes kinetic energy in an exponen- 
tial fashion [25], controlled by a time constant t. 
(Because of partitioning between kinetic and poten- 
tial energies, the actual time constant for the tem- 
perature decay is approximately 2s.) Most of our 
calculations to date have used r = 2 psec for the 
cooling step, although recent experiments suggest 
that a larger value may be worth the added expense. 
Again, a tradeoff exists between the length of the 
computation and the care with which the cooling 
takes place, and other algorithms may prove superior 
to the one described here. The entire heating and 
cooling cycle can be repeated several times: in our 
experience, no further improvement is found after 
2-5 cycles (depending on the protein involved). 

Refinement by NOE intensities 

Two-dimensional ‘H NOE spectra contain valu- 
able information about molecular structures and 
dynamics, and a number of efforts are underway to 
use this information in a more quantitative manner. 
Between protons i and j, the 2D NOE crosspeak 
intensity I, for a mixing time r,,, is given by [26,27]: 

I,, = exp(-Rr,),, (8) 

where R is the dipolar longitudinal relaxation matrix, 
which depends on the set of interproton distances 
and the motional characteristic of the protein 
[26,28]. In particular, R ;, K r,r6, with r;j the distance 
between the i-th and the j-th protons. Thus, if the 
crosspeak intensities can be measured accurately for 
a sufficiently small mixing time r,,,, we have as a 
linear approximation to Eq. 1, 

or, 

1, = -R,t, (94 

ri, x (I,,l~,)-‘J6 Pb) 

The short mixing time crosspeak intensities thus 
directly yield interproton distances. It is possible to 
“calibrate” the intensities against known distances 
such as that between two methylene protons, or 
between two ring protons in phenylalanine or tyro- 
sine. Alternatively, to eliminate potential zero-quan- 
tum contributions, the calibration can be based on 
inter-residue distances that are approximately fixed 
in regions of regular secondary structure. A reason- 
ably complete set of distance can then serve to deter- 
mine the molecular conformation. 

However, practical considerations can severely 
compromise the simplicity of the above method. The 
intensities at small mixing times may be strongly 
influenced by noise, especially for weak peaks cor- 
responding to large (>3.5 A) distances. This can 
make it difficult to determine the range of validity 
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of the linear approximation, Eq. 9a. Peaks whose 
primary intensities arise from indirect (multiple-spin) 
effects may have very short linear regions (~20 msec) 
that may be missed entirely. A number of authors 
have considered the likely effect of such errors on 
estimates of interproton distances [8,29-311. A gen- 
eral conclusion is that longer distances may be si - 
nificantly underestimated, often by more than 1 8: . 
While such uncertainties can be offset by assigning 
distance bounds deliberately higher than estimates 
of the true distances, this can entail a significant loss 
of information. 

In a qualitative way, “back calculation” of the 
NOESY spectrum using the initial rate approxi- 
mation is an important part of current refinement 
techniques. The computed spectra can be used to aid 
in the assignment of additional NOESY peaks, and 
the spectrum can be carefully checked for peaks 
predicted by the structure but absent from the spec- 
trum. To exploit the full content of the 2D NOE 
intensities in a more quantitative way, one would 
like to adopt a refinement procedure that can treat 
spectra at longer mixing times. If this were merely a 
matter of accounting for spin diffusion effects, the 
calculation would be relatively straightforward, as 
outlined below. However, a number of other factors 
inhibit quantitation of NOE intensities; these include 
limited digital resolution in the spectrum, ti noise 
from the solvent or from sharp or intense protein 
resonances, “leakage” due to alternative relaxation 
mechanisms [21]. Even if it were possible to obtain 
near-“perfect” NOE spectra, where only dipolar 
relaxation contributed, the resulting intensities 
would depend upon molecular motions as well as 
interproton distances, and detailed motional char- 
acterizations of biopolymers are not known. Never- 
theless, it appears that significant gains could be 
made by at least accounting for spin diffusion 
(multiple-spin) effects, and several groups are pur- 
suing research in this direction [S-11]. The following 
paragraphs give an outline of these efforts. 

The general procedure for such refinement is as 
follows (see Fig. 1): (a) start with an initial trial 
structure, say, from a distance geometry/molecular 
dynamics calculation as described above; (b) account 
for spin diffusion effects by simulating NOE spectra, 
using (at present) relatively simple models for the 
motions of the protons; (c) use the difference 
between the simulated and the experimental inten- 
sities to improve the trial structures; and (d) iterate 
until a desirable agreement is reached between the 
simulated and observed intensities. 

In the simplest, but potentially very effective 
approach, the distance bounds are modified by the 
spectral comparisons: if the computed NOE intensity 
is too large, the lower bound is raised by some 
empirically determined amount; if it is too small, the 
corresponding upper bound is lowered. One then 
returns to distance geometry or real space refine- 
ments to incorporate this new information into the 
structures, and iterates the procedure. There is no 
guarantee that this procedure will converge, and in 
some cases the direction of the error may be different 
for different mixing times, making it hard to decide 
what correction to make. Nevertheless, the work by 

South et al. [32] indicates that this may be a promising 
approach. 

A second method is being pursued in our labora- 
tory [ll]. We use the difference between calculated 
and experimental intensities to form a penalty func- 
tion P, 

P = pea;T, (IYP - zy)* (10) 

The gradient of P, VP, with respect to proton coor- 
dinates provides a contribution to the force in a 
molecular dynamics annealing scheme that is used 
to improve the structures. The key advantages are (a) 
the refinement scheme works directly to maximize 
agreement between computed and experimental 
spectra, (b) results from several mixing times can be 
refined simultaneously, and (c) it is easy to incor- 
porate other penalty functions (such as those arising 
from coupling constants or chemical shifts) in the 
same calculation. 

Generating an expression for VP is not trivial, 
although the final result resembles the well-known 
two-spin expression. The rate matrix can be diagon- 
alized as R = LALT, where L is the unitary eigen- 
value matrix, and A the diagonal eigenvalue matrix. 
The gradient of P is determined by the gradient of 
I,, which is given by [ 111: 

x exp(A,hJ - ev-khd 

[ Ap - L 1 (11) 
where Ai is the i-th element of the eigenvalue i matrix 
and p is any proton coordinate. V,RqI can easily 
be computed since the elements of R are simple 
functions of distances. 

The penalty function P and its gradient VP are 
incorporated into the code AMBER [33], which has 
the force field to handle other (non-NOE-based) 
constraints, and an annealing routine for mini- 
mization. Test studies for a small peptide with simu- 
lated “dry” lab intensities are promising [ 111. Further 
studies on crambin and zinc-fingers are currently in 
progress. In the current implementation it can be 
quite time-consuming to carry out these calculations 
for systems with more than a hundred spins, and 
approximation schemes are being studied [ 11,341. 
Nevertheless, having VP available should help many 
refinement schemes, since it indicates the direction 
that a conformational update should take in order to 
improve agreement with the experiment, a feature 
that is lacking in current alternatives. Furthermore, 
since the elements of R depend upon correlation 
times as well as distances, this same general method 
allows calculation of the gradient with respect to 
motional parameters, and thus could be used to 
refine effective correlation times as well as inter- 
proton distances. All of these potential advantages 
remain to be demonstrated in a practical com- 
putational scheme, however. 

A third approach uses an ingenious combination 
of experimental and computed spectra to estimate 
spin diffusion effects. It is based on the observation 
that the rate matrix R could in principle be deter- 
mined directly from the (complete) intensity matrix 
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I. ~~~g~~~~~~~~ I, we have f = MDMT, where M 
and ct are the eigenvector and eigenvalue matrices 
of f. Then it is easy to show that: 

Ri, = -$x M;l ln(D,)M$ 
I 

Once the rate matrix R is known, the set of inter- 
proton distances can be determined. In practice, 
however, one can only obtain a small fraction of the 
set of intensities. For example, the diagonal peaks 
are often not resolved well enough to be measured 
with accuracy. This problem of incomplete intensities 
is attacked by merging the experimental data with 
intensities computed from a triat structure. Inversion 
via Eq. 12 then yields a new rate matrix and set of 
distances, which can be used to update distance 
bounds as described above. This general procedure 
is also very new and goes by the acronyms IRMA 
[lo, 351 or MARDIGRAS [9]~ 

Although each of these methods is in its infancy, 
it seems clear that considerable progress has been 
made in incorporating spin diffusion effects into the 
refinement process, and that this should allow an 
increase in the confidence one has in the correctness 
of the structure and (one hopes) in the precision of 
structural results themselves. 

In principle, chemical shifts depend upon con- 
formation in ways that might provide useful infor- 
mation, particularly if approximate structures are 
already known by the methods outlined above. As 
with refinements based on NOE intensities, the prin- 
cipal question to be decided is whether the 
expressions used to compute the shifts for a particular 
structure are sufficiently accurate and reliable to be 
used as input in a refinement procedure. For chemi- 
cal shift calculations, the situation is complicated 
by the fact that many physical contributions to the 
chemical shift are not known, and only empirical 
relations are available for ring-current effects, which 
we consider here. Hence, this method has not yet 
been successfully applied to structure dete~inat~on; 
we give here a preliminary analysis of prospects in 
this direction. 

The conformation-dependent contribution to 
chemical shifts that is best understood is the ring- 
current contribution associated with conjugated 
groups [36]. In the Haigh-Mallion model, for 
example, the magnitude of the secondary held at 
a proton position is proportional to the geometric 
factor: 

where sii is the area of the projection into the plane 
of the aromatic ring of the triangle defined by the 
proton and the bonded ring atoms i and j, and ri and 
rj are the distances from the proton to the i-th and j- 
th ring atoms. In the context of a protein calculation, 
each aromatic sidechain contributes to the local mag- 
netic field at each proton, and the contributions can 
be significant (l-4 ppm) for nearby protons. 

-4' /_-i 
-4 -3 -2 -1 0 1 

observed 

Fig. 3. Comparison of calculated and observed secondary 
shifts far sidechain protons in hen egg-white lysozyme. See 

text. 

As an example, in Fig. 3 we plot the observed 
chemical shifts for protons bonded to sidechain car- 
bons in lysozyme [37] with the predictions from a 
crystal structure of the same protein ]38]. The values 
on the horizontal axis are the “secondary” or con- 
fo~ational shifts obtained by subtracting reference 
values obtained from short peptides 2393 from the 
observed shifts. The values on the vertical axis are 
the computed ring-current contributions [36]. The 
general pattern is seen in many proteins: there are a 
small number of significant secondary shifts 
(> 1 ppm), and there is a reasonable but flawed linear 
correlation between the observed and calculated 
values. Most points lie near the origin of this plot (i.e. 
have small secondary shifts), and here the spread 
of observed values is greater than that calculated, 
leading to a dense “ellipse” in this region. The sim- 
plest and most 1ikeIy explanation for this behaviour 
is that other contributions to the chemical shift are 
present, with magnitudes on the order of 0.5 ppm. 
(Alternatively, some of this error may arise from 
deficiencies in the empirical ring-current expressians 
and/or from differences between solution and crystal 
conformations; it is not possible at present to sort 
out all of these potential errors.) Overall, the linear 
correlation between observed and calculated values 
is r = 0.81 for 276 side-chain protons in lysozyme, 
and the r.m.s. error in the predicted values is 
0.30ppm. For protons near aromatic rings, the 
dependence of computed shift on position is very 
strong, so that small changes in conformation (such 
as using a different crystal form of lysozyme for 
the calculation) can lead to significant changes in 
computed shifts. This is somewhat like the situation 
with regard to NOE intensities, and suggests that 
refinements may be meaningful even with imperfect 
theories, since sizable errors in the computed shifts 
translate into only small errors in computed posi- 
tions. 

Heme proteins form a special class, where large 
secondary shifts arise primarily from proximity to 
the porphyrin ring. Models for heme ring-current 
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by nuclear magnetic resonance spectroscopy. Protein 
Engineering 1: 275-288, 1987. 

4. Wright PE, What can two-dimensional NMR tell us 
about proteins? Trends Biochem Sci 14: 255-260,1989. 

5. Crippen GM and Have1 TF, Distance Geometry and 
Molecular Conformation. Research Studies Press, 
Taunton, U.K., 1988. 

6. Braun W, Distance geometry and related methods for 
protein structure determination from NMR data. Q 
Reu Biophys 19: 115-157, 1987. 

7. Clore GM, Briinger AT, Karplus M and Gronenborn 
AM, Application of molecular dynamics with inter- 
proton distance restraints to three-dimensional protein 
structure determination. A model study of crambin. J 
Mol Biol 191: 523-551, 1986. 

8. Borgias BA and James TL, COMATOSE, a method 
for constrained refinement of macromolecular structure 

-7 based on two-dimensional nuclear Overhauser effect 
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observed 
spectra. J Magn Reson 19: 493-512, 1988. 

9. James TL and Borgias BA, Determination of DNA and 
Fig. 4. Comparison of calculated and observed secondary 
shifts for side chain protons in sperm whale carbonmonoxy 

myoglobin. See text. 

effects (reviewed in Ref. 40) treat the heme group 
10. 

as five or eight coplanar loops, and work quite well. 
Figure 4 shows results for the carbon monoxide 
complex of myoglobin, based on assignments from 
this laboratory [41, *] and the 1.5 A X-ray structure 11. 
of the same protein [42]. Here r = 0.95 for 213 side- 
chain protons, with an r.m.s. error in the predictions 
of 0.29 ppm. 12. 

Calculations of ring-current shifts are already 
being used in certain cases to aid in peak assignments 
[43,44]. How useful such data will be for refinement 

13 
’ 

purposes is not yet clear. Similar comparisons of 
calculated versus observed shifts for NMR-deter- 14. 
mined structures of plastocyanin show significantly 
poorer correlations (with values of r around 0.4), 
suggesting that improvements should be possible, 
and that predictions of chemical shifts can at least 
provide one parameter (among others) of the “qual- 15 
ity” of the resultant structures. As more protein 
assignments become available, it may be possible to 
calibrate additional contributions to chemical shifts 
(e.g. from hydrogen bonds or from the peptide group 
[45,46]) and to extend consideration to amide or Ca 
protons. 

16. Wtithrich K, Billeter M and Braun W, Pseudo-struc- 
tures for the 20 common amino acids for use in studies 
of protein conformations by measurements of intra- 
molecular proton-proton distance constraints with 
nuclear magnetic resonance. J Mol Biol 169: 949961, 
1983. 
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