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ABSTRACT The structure in solution of 
crambin, a small protein of 46 residues, has 
been determined from 2D NMR data using an 
iterative relaxation matrix approach (IRMA) to- 
gether with distance geometry, distance bound 
driven dynamics, molecular dynamics, and en- 
ergy minimization. A new protocol based on an 
“ensemble” approach is proposed and com- 
pared to the more standard initial rate analysis 
approach and a “single structure” relaxation 
matrix approach. The effects of fast local mo- 
tions are included and R-factor calculations are 
performed on NOE build-ups to describe the 
quality of agreement between theory and ex- 
periment. A new method for stereospecific as- 
signment of prochiral groups, based on a com- 
parison of theoretical and experimental NOE 
intensities, has been applied. The solution 
structure of crambin could be determined with 
a precision (rmsd from the average structure) of 
0.7 A on backbone atoms and 1.1 A on all heavy 
atoms and is largely similar to the crystal struc- 
ture with a small difference observed in the po- 
sition of the side chain of Tyr-29 which is deter- 
mined in solution by both J-coupling and NOE 
data. Regions of higher structural variability 
(suggesting higher mobility) are found in the so- 
lution structure, in particular for the loop be- 
tween the two helices (Gly-20 to Pro-22). 
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INTRODUCTION 
Structure determination of proteins in solution by 

NMR spectroscopy is based primarily on proton-pro- 
ton distances obtained from nuclear Overhauser ef- 
fects (NOES). The quality of these structures de- 
pends to a large extent on the number of NOES per 
residue that is taken into account. However, for a 
given set of NOES the accuracy of the structures can 
be improved by deriving more precise distance con- 

@ 1993 WILEY-LISS, INC. 

straints from experimental data. Various ap- 
proaches have been proposed to obtain such dis- 
tances from experimental NOE intensities, in 
particular methods based on the relaxation matrix 
calculations.1s2 The aim of this study is to test such 
methods for the determination of the solution struc- 
ture of proteins and compare the results with the 
more standard initial rate analysis3 In addition, a 
new refinement protocol based on an “ensemble” it- 
erative relaxation matrix approach is proposed 
which should better represent the experimental 
NOE data since NOES are measured as an ensemble 
property. As a model we studied the solution struc- 
ture of crambin, a small hydrophobic protein (MW 
= 4715) which is found in the seeds of Crambe ab- 
yssinzca. It is homologous to several plant toxins, 
such as purothionin and phoratoxin, but its precise 
function is unknown. A good crystal structure with a 
resolution of 1.5 A is available4 of which coordinates 
have been deposited in the Brookhaven Protein 
Data Bank (entry 1CRN). It has been further refined 
to a resolution of 0.9 A but coordinates have, to our 
knowledge, not been made public5 The good quality 
of the X-ray structure and the fact that the molecule 
despite its size of only 46 residues contains two a-he- 
lices and a short P-sheet have made crambin into a 
favorite model system in a number of theoretical 
studies and 

The primary structure of crambin is given in Fig- 
ure 1. NMR studies have shown that crambin dis- 
plays amino acid heterogeneity a t  positions 22 (Pro 
or Ser) and 25 (Leu or Ile).’ The mixture obtained in 
the isolation procedure consists of two species, the 

Abbreviations: NMR, nuclear magnetic resonance; 2D, two- 
dimensional; NOE, nuclear Overhauser effect, IRMA, iterative 
relaxation matrix approach; DG, distance geometry; DDD, dis- 
tance bounds driven dynamics; MD, molecular dynamics; EM, 
energy minimization; rmsd, root mean squared deviation. 
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5 10 
Thr - Thr - Cys - Cys - Pro - Ser - Ile - Val - Ala - Arg - 

20 
Ser - Asn - Phe - Asn - Vav- Cys - Arg - Leu - Pro - Gly - 

25 
Pro Leu 30 - Cys - Ala - Thr - Tyr - Thr - Thr - - Glu - Ala - 

Ser Ile 
35 40 Gly - Cys - Ile - Ile - Ile - Pro - Gly - Ala - Thr - Cys - 

Pro - Gly - Asp - Tyr - Ala - Asn 

Fig. 1 .  Primary structure of crambin. 

45 

Ser/Ile and the Pro/Leu forms in a 55:45 ratio.’ The 
secondary structure in solution has been found to be 
in agreement with the crystal structure.lo*” 
Crambin contains two a-helix regions from residue 
Ile-7 to Leu-18 and from Glu-23 to Thr-30, the last 
part of the first helix showing a transition to a 310- 
helix for residues 17 and 18. Residues 1-4 and 32- 
34 form a short antiparallel P-sheet. For the com- 
plete resonance assignments of the ‘H NMR 
spectrum of both crambin species see ref. 11. 

Our analysis is based on NMR data for the Pro/ 
Leu form. An extensive series of distance con- 
straints has been derived from NOE data using an 
iterative relaxation matrix approach (IRMA).2*12,13 
A new “ensemble” approach was followed in which 
the calculation of theoretical NOE intensities is 
based on an averaged relaxation matrix. The effects 
of fast local motions together with methyl group ro- 
tation and aromatic ring flips were included in the 
calculations. Stereospecific assignments obtained 
from both experimental data and a model based 
approach and dihedral angle constraints were ap- 
plied. An initial set of 20 structures was generated 
with distance and further refined 
in a parallel procedure combining the “ensemble” 
IRMA and restrained molecular dynamics calcula- 
t ion~.’~-’~ Two other sets of structures were gener- 
ated for comparison using the more standard initial 
rate analysis (“NOE build-up”) approach and a 
“single structure” IRMA. In the present paper we 
report the results of these calculations and show 
that the “ensemble” IRMA protocol leads to better 
structures than the initial rate analysis and allows 
for a better fit of the experimental NOE data. The 
solution structure of crambin will be described and 
compared to the crystal structure. 

MATERIALS AND METHODS 
Experimental 

Crambin was a gift from Prof. Dr. M. Llinhs (Car- 
negie-Mellon University, Pittsburgh) and the Pro/ 
Leu species was purified as described 
Crambin was dissolved in either acetone-d$’H,O (3: 
1 v/v) or acetone-@H,O (3:l v/v). Since the acetone 

protons exchange with the water protons the inten- 
sity of the residual protonated acetone signal in the 
NMR spectra increases with time and becomes im- 
portant after -48 hr. Therefore all ‘H,O spectra 
were recorded on samples freshly prepared from lyo- 
philized material. 

The 2D NOE spectra for the build-up data were 
recorded at 500 MHz on a Bruker AM500 interfaced 
with an Aspect 3000 computer and processed on a 
VAX 11/750 or a micro VAX I1 using our ‘TRITON 
software written in FORTRAN 77. Two build-up se- 
ries in ‘H20 and ‘H20, six spectra each, were re- 
corded with a 32-step phase cycle” using TPP122 
The mixing times were 20,40,80,120,160, and 250 
msec, respectively. Each set was recorded in one 
measuring session. Each spectrum consists of 424 
FID of 32 scans each. In the 2Hz0 spectra the spu- 
rious HDO signal was suppressed by irradiation 
during the relaxation delay (2s). All time domain 
data were weighted with a sine-bell shifted by d3. 
Within one set the same phase correction parame- 
ters were used for all six spectra and a baseline cor- 
rection was applied in both dire~tions.2~ The final 
1K x 1K spectra have a digital resolution of 5.43 
Wpoint for the 2H,0 spectra and 6.10 Wpoint for 
the ‘H,O spectra. Peak intensities were determined 
from volume integrals. The volume integral con- 
sisted of the sum over all data points within a rect- 
angular base plane. The correction factor for the dif- 
ference in intensity between the ‘H20 and ‘H20 sets 
was determined from the build-up rates of the in- 
traresidue aromatic cross-peaks of Phe-13 and Tyr- 
29 and checked on other cross-peaks involving the 
aromatic protons. Cross-peak intensities involving 
the exchangeable protons were integrated in the 
‘H20 spectra, all others in the ‘H,O spectra. 

A COSY spectrum in acetone-d$H,O was re- 
corded at  600 MHz with a resolution of 10.4 and 3.0 
Hdpoint in fl and f2 dimensions, respectively. The 
coupling constants were measured directly from the 
antiphase splitting in the 2D spectrum after zero 
filling the spectrum to the final digital resolution of 
6.1 and 0.76 Hdpoint in fl and f2 dimensions. 

Crystal Structure 
As already mentioned crambin displays heteroge- 

neity at positions 22 and 25. Two crambin species 
exists: Pro-22/Leu-25 and Ser-22/Ile-25. However, 
the crystal structure has been determined assuming 
that the (nonexisting) Pro/Ile form is the dominant 
component. Since 2D NMR data for the structure 
determination were obtained for the F’ro/Leu 
crambin, the X-ray structure of 1.5 A resolution as 
obtained @om the Brookhaven Protein Data Bank 
had to be modified at position 25. After changing the 
Ile side chain in that of Leu, 30 steps of unrestrained 
energy minimization with the GROMOS force 
field24 were carried out in order to remove unfavor- 
able contacts. The total potential energy changed 
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from -1132 to -1920 kJ  mol-l; the rmsd between 
the backbone atoms of the minimized structure and 
the original one is 0.06 A. In the following this struc- 
ture will be denoted as "the X-ray structure." 

Iterative Relaxation Matrix Approach (IRMA) 
When a model for the structure and dynamics of a 

molecule is available, the NOES can be calculated 
from the spectral densities by standard matrix 
techniques.26 Mobility effects can be included in 
these calculations: methyl group rotation and aro- 
matic ring flip can be described in a simple way by 
appropriate averaging of the corresponding ele- 
ments of the relaxation matrix26"8; effects of fast 
local motions can be included via order para- 
meters" according to the model-free approach of 
Lipari and S ~ a b o ~ ' . ~ ~  (see below). The opposite route 
from experimental NOES to relaxation parameters 
is not possible directly, since the experimental NOE 
matrix is incomplete. We have shown, however, that 
the experimental data may be supplemented by 
NOES calculated from a mode1.2.12*13 The combined 
NOE matrix is transformed back to a corrected re- 
laxation matrix from which new distances are cal- 
culated. Upper and lower bound margins are related 
to the precision with which the relaxation matrix 
elements can be calculated, i.e., their variation with 
the mixing time. Structure calculations are then 
performed using the new distance restraints, which 
now reflect the effect from direct and indirect mag- 
netization transfers. The whole process is repeated 
until convergence is obtained. A complete descrip- 
tion can be found e l s e ~ h e r e . ~ , ~ ~ , ~ ~  In the "ensemble" 
IRMA, the single structure providing the starting 
point to the calculations is replaced by an ensemble 
obtained from a set of different structures and an 
relaxation matrix is built from the distances of the 
corresponding contributions averaged as <l/r6>. 

All IRMA calculations were performed with inclu- 
sion of local mobility, aromatic ring flips and methyl 
group rotation. The best value for the overall corre- 
lation time was found to be 2 nsec and an additional 
leakage rate of 0.8 sec-l corresponding to l/Tl was 
added on the relaxation matrix diagonal. Six ala- 
nine H"-methyl cross-peaks on both sides of the di- 
agonal were chosen as calibration peaks, the corre- 
sponding residues being part of the a-helices. 

Model Based Stereospecific Assignments 
Except for proline residues the procedures for ob- 

taining stereospecific assignments of the prochiral 
centres are based on a combination of J-coupling 
and NOE data32,33 and therefore depend on the 
availability of J-coupling information. Apart from 
this method another procedure based solely on ex- 
perimental NOEs has also been used here. In this 
approach experimental NOES are compared with 
theoretical values calculated from a model struc- 

ture. All proton pairs for which at least one NOE 
contact has been found can be investigated. The 
method works for C" protons of Gly, for Cp, Cy, and 
C6 protons of methylene groups, for methyl groups 
in Val and Leu, and in principle also for the amide- 
NH, groups. The method can be particularly valu- 
able for larger proteins, where the J-coupling infor- 
mation cannot be easily obtained. 

The stereospecific assignment for a pair of prochi- 
ral protons or methyl groups (iR, is) is based on a 
subset of all NOES found for these protons. We de- 
note here the initial experimental assignments with 
i', i". Of all NOEs involving i' only those are used for 
which Ai'jexP > slim, max(AiRjtheo, Aisjtheo) > alim and 
(Ai~jtheO - I > adif, where j runs over all 
uniquely assigned protons Nj for which an NOE in- 
volving i' has been found. The same selection crite- 
ria apply to i". By choosing appropriate values for 
alim and udif only constraints that are sufficiently 
discriminating between the two possible assign- 
ments will be selected. The assignment is then based 
upon the ratio between experimental and theoreti- 
cal values, after scaling, for a given mixing time. We 
calculate the quantities 

and for the alternative assignment: 

and their rmsd fl"" and fz"", where j runs over the 
constraints set selected for i' (Nj NOES) and K runs 
over the constraints set selected for i" (Nk NOEs). 
The following assignment is made: 

or 

If not all three conditions can be met simulta- 
neously, or if none of the constraints passes the se- 
lection criteria, the data are considered to be statis- 
tically unreliable. In order to  avoid any bias IRMA 
then averages the corresponding experimental NOE 
intensities of the prochiral proton pairs before merg- 
ing them with the theoretical data. 
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In the present work the selection parameters alim 
and adif were both set to a value of 0.003. This guar- 
antees the inclusion of strong NOES corresponding 
to distances of about 3 A, such as intraresidue aP 
and PN and many sequential contacts, plus some of 
the medium and long range contacts. At the same 
time the two assignments should correspond to rea- 
sonably different intensities: the given parameters 
require that for NOES corresponding to distances of 
3 A the intensities differ by a factor of about 2, i.e., 
a difference in distance of about 0.3 A. 
Generalized Order Parameters S2 

Effects of fast local motions can be included in the 
calculations of the NOE intensities by introduction 
of a generalized order parameter Sv2 in the spectral 
density functions. Following the approach developed 
by Lipari and S ~ a b o ~ ' . ~ ~  for 13C relaxation, the gen- 
eralized order parameter, SG2, can be evaluated 
from the plateau values of the internal correlation 
function2' C?(t), normalized at the origin. C?(t) 
is defined as 

Here the angular brackets indicate an ensemble av- 
erage; Yz, represents the second order spherical 
harmonics, r and Pol denote the length and polar 
angles of the interproton vector in the molecular 
frame of coordinates. SG2 has values between 0 and 
1, and can be calculated from an MD trajectory by 
using Eq. (3) and estimating the plateau value for 
each interproton vector. These order parameters can 
be introduced in the spectral density functions used 
to calculate the elements of the relaxation matrix. 

Generalized order parameters were calculated 
from a free MD simulation in water starting from 
the X-ray structure using the GROMOS force 
field.24 Crambin was put in a box containing 1178 
water molecules with periodic boundary conditions. 
The system was first subjected to an energy minimi- 
zation with harmonic position restraining on the 
crambin coordinates (Kps = 80 kJ  mol-' kz) to 
remove the unfavorable interactions introduced by 
adding water. Initial velocities for the molecular dy- 
namics simulation were taken from a Maxwellian 
distribution at 300 K. The time step was set to 1.25 
fsec and temperature and pressure in the system 
were kept constant with relaxation times of 0.5 and 
2.5 psec, re~pectively.3~ These relaxation times were 
sufficiently long to avoid disturbing the dynamic 
processes under consideration. The other parame- 
ters were the same as in the restrained MD simula- 
tions (see below). After equilibration a 50 psec MD 
trajectory was generated and structures were saved 
every 0.05 psec. This trajectory was used for analy- 
sis. The internal correlation functions C?(t) were 
calculated for all interproton vectors shorter than 5 

A using a fast Fourier transform algorithm. After 
visual inspection, generalised order parameters SG2 
were computed as the averaged value of the internal 
correlation functions, normalized at the origin, be- 
tween t = 8 and t = 10 psec. 

R-Factor Calculations 
The quality of an NMR structure has often been 

expressed in terms of the residual restraint energy 
or sum of violations. A more direct comparison be- 
tween experimental data and model structure is pos- 
sible in terms of the agreement between measured 
and calculated NOE intensities. This can be ex- 
pressed as an NMR R-fa~tor?'-~~ analogous to what 
is done in X-ray structure refinement. We used the 
simple but effective definition as proposed by Gonza- 
les et al.36 

where the weights were chosen equal to the mixing 
times. A distinction was made between R-factors 
calculated on all NOES or only interresidue NOES, 
the latter giving a more sensitive measure of the 
quality of the NMR structures. 

Refinement Protocols 
New structures were generated with the distance 

geometry algorithm (DG) derived from the original 
EMBED program.14 This was followed by distance 
bounds driven dynamics (DDD)?' a Newtonian dy- 
namics simulation using a chiral constraint function 
and the distance constraint function of Eq. (5) 

vdis = Kas (7 (dg' - UZ)' + 
U'% 

(5) 

where u and Z represent upper and lower bounds, 
respectively, and d the actual distance. The force 
constant Kdis was set to 1 k~ mo1-l A-4. TWO runs, 
the first at 300 K, the second at  1 K, were performed. 
By "shaking up" the molecule the DDD procedure 
improves the sampling of allowed conformational 
space, while keeping the violations at the same level 
or reducing them further. All information about the 
covalent structure is represented by upper and lower 
bounds between atoms separated by less than 4 
bonds. 

Structure refinement was performed with molec- 
ular dynamics and energy minimization using the 
GROMOS force field and programs.24 In this force 
field only polar protons are treated explicitly; the 
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5 psRMD, li3msteupr REM 
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5 ps RMD, 1&3M ‘Lps REM 
. . . .  . . . . .  

Fig. 2. Flow diagrams of the three refinement protocols: (a) build-up, (b) “single structure” 
IRMA, and (c) “ensemble” IRMA. The abbreviations used are DG (distance geometry), DDD 
(distance bound driven dynamics), REM (restrained energy minimization), and RMD (restrained 
molecular dynamics). 

others are incorporated using the united atom tech- 
nique. Distance constraints were entered via an ex- 
tra harmonic pseudo potential vdis defined in the 
following way’’: 

lG 5 d.. c d.. 

U” 5 dij 

(6) 
vdis = 0 v -  v 

-&is (dG - UG)’ I: 
where u and 1 represent the upper and lower bounds. 
Dihedral constraints were also applied with a poten- 
tial v&h, defined as 

(7) Vdihed = &ihed 11 - cos(+ - +0)1 

where b0 represents the dihedral angle value ob- 
tained from J-coupling data. Force constants were 
set in all calculations to 40 kJ  mo1-l fk2 for Kdis 
and 110 kJ mo1-l for Kdih,, this latter value allow- 
ing fluctuations for the dihedral angles of t 20” at 
300 K. Restrained MD simulations were done in 
vacuo with a time step of 2 fsec. The temperature in 
the system was kept constant with a relaxation time 
of 0.1 psec. A cut-off of 8 A was used and the non- 
bonded pair list was updated every 10 steps. Initial 
velocities were taken from a Maxwellian distribu- 
tion at 300 K. 

Three different refinement protocols presented in 
Figure 2 were tested. 

Build-up 
In this protocol distance constraints are obtained 

from an initial rate analysis of the build-up curves 

without corrections for spin diffusion. These were 
used in DG calculations followed by two times 400 
steps DDD simulations at 300 and 1 K, respectively. 
The resulting structures are first energy minimized 
using 300 steps of steepest descent and then refined 
using a combination of 5 psec restrained MD fol- 
lowed by two times 300 steps restrained EM with 
steepest descent and conjugated gradient, respec- 
tively. This last refinement cycle can be repeated a 
number of times. 

“Single structure” IRMA 
In this protocol the iterative relaxation matrix ap- 

proach is applied to the refinement of one structure 
until convergence, monitored in terms of R-factors, 
is achieved. We can start from a linear chain, in 
which case an initial set of structures has to be gen- 
erated using DG, the best structure being selected 
for further refinement. Alternatively, another struc- 
ture, corresponding to a low resolution structure, for 
example, can be used if available. This structure is 
refined with the same combination of restrained MD 
and EM steps as in the build-up protocol. After each 
cycle a new IRMA calculation is performed and the 
distance constraints are updated. The process is re- 
peated until convergence is achieved. A new set of 
structures is then generated from the final IRMA 
constraints with DG followed by DDD and the MDI 
EM refinement procedure of the build-up protocol. 

“Ensemble” IRMA 
The starting point for this protocol is identical to 

the “single structure” IRMA protocol. However, an 
ensemble of structures is directly generated in the 
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0 4 8 12 16 20 

time [ps] 

Fig. 3. First 20 psec of the internal correlation functions of the Val-8 HN-Ala-9 HN (-), lle-33 
HN-lle-33 HY (- - -), and Thr-2 He-Phe-13 H‘ (-.-.-) interproton vectors normalized at t = 0. 

first cycle with DG followed by DDD. All structures 
are then refined in parallel with the standard EM, 
MD, EM combination. At this stage an averaged re- 
laxation matrix is built from the ensemble and used 
for a new IRMA calculation. Parallel refinement of 
the ensemble is then pursued with the new con- 
straints reflecting now both spin diffusion effects 
and ensemble averaging. The “ensemble” IRMA re- 
finement is repeated until convergence is achieved. 

Additional constraints corresponding to NOE 
peaks for which no build-up series are available or 
from other sources and dihedral angle constraints 
obtained from J-coupling data are included in all 
three protocols. In addition, both IRMA protocols 
make use of the model based stereospecific assign- 
ments. 

RESULTS 
Order Parameters 

The internal correlation functions of all interpro- 
ton vectors within 5 A in the X-ray structure were 
computed from the 50 psec free MD trajectory in 
water. This resulted in a set of 2,037 correlation 
functions from which order parameters were evalu- 
ated. Figure 3 presents the first 20 psec of three of 
these correlation functions corresponding to the 
amide HNz-HN, + interproton vector between Val- 
8 and Ala-9, the amide-side chain HNz-H,Y interpro- 
ton vector in Ile-33 and a long range interproton 
vector between a methylene proton of Thr-2 and an 
aromatic proton of Phe-13. A fast initial decay 
within a few picoseconds can be observed for all 
three functions. As expected, more mobility is found 
for side chain and long range vectors. A correlation 
can be found between order parameter values and 
secondary structure elements. The plot of the amide 

HN,-H“, order parameters against the residue se- 
quence in Figure 4 allows one to recognize the two 
a-helices and p-sheet regions in crambin. Regions of 
higher mobility correspond to turns and loops in the 
structure. The computed order parameters were 
used in all IRMA and R-factor calculations. 

Stereospecific Assignments 
Crambin contains 38 diastereotopic methylene 

protons pairs and two valine residues. From an anal- 
ysis of the J-coupling data 16 proton pairs and the 
methyl groups of one valine residue could be ste- 
reospecifically assigned, which represents 43% of 
the possible assignments.” Using the model based 
method 17 proton pairs and the methyl groups of the 
two valine residues could be assigned, which repre- 
sents 48% of the possible assignments. The latter 
were based on theoretical NOE intensities calcu- 
lated from the last “ensemble” IRMA cycle. The pro- 
cedure was also tested with the X-ray structure as a 
model, but only the assignments obtained from the 
solution structures were used in the calculations. 
Combination of the experimental and model based 
results leads to stereospecific assignment of 20 pro- 
ton pairs and of the methyl groups of the two valine 
residues which corresponds to 55% of the possible 
assignments. Experimental and model based ste- 
reospecific assignments are presented in Table I. It 
can be noted that there is very good correspondence 
between assignments based on J-coupling data and 
NOE intensities. 

Distance Constraints 
For both build-up series the intensities of 735 

cross-peaks on both side of the diagonal could be 
determined.” After a visual inspection of the build- 



”ENSEMBLE” IRMA APPLICATION TO CRAMBIN 391 

residue number 

Fig. 4. Plot of the intraresidue HNi-Hai order parameters against the residue sequence and 
comparison with the secondary structure elements. 

TABLE I. Stereospecific Assignments From J-Coupling and NOE Data* 

NOEt N O E ~  
Residue Atom J NMR X-ray Residue Atom J NMR X-ray 

Pro-8 HP S s s Gly-20 H“ n 
cys-3 HP S s s Pro-19 HS 

Pro-5 HS Pro-22 HP s 
Ser-6 HP CYS-26 HP s 8 
Ile-7 HP s Tyr-29 HP n 
Val-8 HY’ n n Gly-31 Ha n n 
Arg-10 HY n CYS-32 HP n n n 
Arg-10 HS s Ile-33 HY1 s 
Arg-10 HV1 Ile-34 HY‘ s 
Asn-12 HP n n Ile-35 Hy’ n s 
Asn-12 HS2 Pro-36 HP s s 
Phe-13 HP Pro-36 Ha s s 
Asn-14 HP n n n cys-40 HP S S 8 

Asn-14 HS2 Pro41 HP S 
Val-15 HY’ n n n Pro41 HS 
CYS-16 HP s ASP-43 HP s s 
Arg-17 HP 8 Tyr-44 HP s s 8 
Arg-17 HY Asn-46 HP s s s 
Arg-17 HS n Asn-46 Ha2 
Pro-19 HB s s 

*The label n (no swap) means that the initial assignment based upon resonance position is correct, the label s (swap) means that it 
must be reversed. 
+Model based stereospecific assignments were made for mixing times = 80,120,160, and 250 msec. Only if the results obtained for 
all four mixing times are not conflicting are they included in the table. X-ray denotes the assignments obtained for the X-ray 
structure and NMR the assignments obtained in the “ensemble” IRMA protocol. NOES were calculated with inclusion of local 
mobility, methyl group rotation, and aromatic ring flip. 

up curves 91 cross-peaks were removed from the list, to the water frequency were identified and intro- 
since the quality of the build-up curves was too poor. duced as upper bounds of 5 A-before pseudo atom 
These latter were, however, used as qualitative con- correction. This resulted in a set of 132 qualitative 
straints in the calculations with upper bounds val- constraints-after removing redundant informa- 
ues of 2.8,3.5 and 4.5 A-before pseudoatom correc- tion-for which lower bounds were chosen equal to 
tion-for strong, medium, and weak NOES, the sum of the van der Waals radii. The three disul- 
respectively. Fifiy additional NOES which are close fide bridges were introduced in the distance geome- 
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TABLE 11. Final NMR Constraints Used in the 
“Ensemble” IRMA Protocol 

Distances* Number 
Intraresidue 
Sequential 
Medium 
Long range 
Total 

248 
129 
75 
91 

543 
Dihedral angles Number 

18 
2 

11 
13 

*411 IRMA constraints + 132 qualitative constraints corre- 
sponding to observed NOES without build-up series. 

try calculations as having an upper bound of 2.1 A 
and a lower bound of 1.9 A. 

Constraints were obtained from the 644 remain- 
ing build-up series in two different ways: 

1. Initial rate analysis was applied for the build- 
up protocol. All distances were calibrated using a 
single proportionality constant corresponding to a 
distance of 3.5 A. Upper and lower bounds were ob- 
tained by taking an additional margin of 2 10% of 
the actual distance. Pseudoatoms were introduced 
on the prochiral centers when no experimental ste- 
reospecific assignment was available and the 
bounds were relaxed accordingly. As proposed by 
Holak et al.?’ explicit lower bounds were used in- 
stead of the sum of the van der Waals radii to obtain 
a good fit between calculated and observed NOE in- 
tensities. 

2. In both IRMA protocols, distance limits issued 
from the relaxation matrix calculations were used 
directly as upper and lower distance constraints. 
Pseudoatoms were introduced on the prochiral cen- 
ters when no stereospecific assignment was avail- 
able and the bounds were relaxed accordingly. In 
addition to the experimental stereospecific assign- 
ments model based assignments were applied except 
in the first cycle. For methyl groups pseudo atoms 
were used with a correction of 0.3 A as suggested by 
Koning et a1?8 when fast methyl rotation is taken 
into account. 

Some statistics concerning the final distance con- 
straints from the “ensemble” IRMA protocol are pre- 
sented in Table 11. 

Dihedral Angle Constraints 
Backbone + dihedral angle constraints were ob- 

tained from 3JHN, coupling constants measured in 
the COSY spectrum; 35 3JHNm coupling constants 
were measured, but only 31 could be transformed 
into dihedral angle constraints. For 3 J ~ ~ ,  > 9 Hz 

the dihedral angle constraint was - 120” 2 30”, for 8 
< 3Jma < 9 Hz the constraint was -120” f 40” and 
for 3Jma < 6 Hz and the residue being part of an 
a-helix the constraint was -60” f 30”. These dihe- 
dral angle constraints were transformed into dis- 
tance constraints for both the DG and MD calcula- 
tions. From the , experimental stereospecific 
assignment procedure 13 x1 dihedral angle con- 
straints could be imposed. These were also trans- 
formed into distance constraints for the DG calcula- 
tions but directly used in the potential function of 
Eq. (7) for the MD refinement. These constraints are 
summarized in Table 11. 

Structure Calculations 
Sets of 20 structures were generated with each 

protocol. The build-up structures were refined with 
one cycle of 5 psec restrained MD followed by energy 
minimization. In the “single structure” IRMA proto- 
col, a total of three cycles (x  = 2 in Fig. 2b) were 
necessary to obtain convergence. A linear chain of 
crambin provided the initial model for the IRMA 
calculations. Four structures were then generated 
with DG followed by DDD and the best one was fur- 
ther refined with two IRMA cycles. From the con- 
straints obtained at this point 20 structures were 
generated and refined as indicated in Figure 2b. 
Two of the final structures with high energies were 
discarded for the analysis. In the “ensemble” IRMA 
protocol, two cycles (x = 1 in Fig. 2c) were sufficient 
to achieve convergence. The initial model was also a 
linear chain and 20 structures were generated in the 
first DG calculations. After a first refinement with 
restrained MD, a relaxation matrix was built from 
the ensemble by averaging the different contribu- 
tions according to < l / r%- .  The three sets of struc- 
tures are presented in Figure 5. A visual inspection 
directly reveals that the ‘‘ensemble” approach leads 
to better results. This is confirmed by both the rmsd 
and R-factors within each set. Table 111 lists the av- 
erage rmsd from the average structure; results are 
presented for all heavy, for all backbone atoms 
(C,C”,N) and for the well-defined region excluding 
the first and last residues and the three residues 
constituting the loop between the two helices (Gly- 
20, Thr-21 and Pro-22). Both IRMA protocols give 
better results than the build-up approach. The low- 
est rmsd are obtained for the “ensemble” IRMA 
structures with values of 1.1 and 0.7 A, average 
rmsd from the average structure for all heavy and 
backbone atoms for the well-defined region, respec- 
tively. No statistical difference with the X-ray struc- 
ture is found since all rmsd from the X-ray structure 
are within the average pairwise rmsd for each of the 
three sets. Table IV presents energies and R-factors 
for all three sets and for the X-ray structure. The 
total potential energies, excluding restraint ener- 
gies, are comprised between -1,647 and -1,998 kJ  
mol-’ with the lowest value found for an “ensemble” 
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BUILDUP IRMA ensemble IRMA 

Fig. 5. View of the backbone of the three sets of structures generated according to the protocols 
of Figure 2. The structures were fitted on backbone C, N, C“ atoms. 

TABLE 111. Averaged rms Deviations in A for the 
Three Sets of Structures Obtained According to 

the Protocols of Figure 2. 

Residues “Ensemble” 

rmsd from average structure 
(atoms) Build-up IRMA IRMA 

1-46 (all heavy) 1.5 1.3 1.2 
2-19,23-45* 

(all heavy) 1.4 1.2 1.1 
1-46 (backbone) 1.1 1.0 0.9 
2-19,23-45* 

(backbone) 1.0 0.8 0.7 

tween the three sets and the X-ray structure is pro- 
vided by the NMR R-factors: the X-ray structure 
scores quite well with an interresidue R-factor of 
0.41 which is slightly lower than those calculated for 
the build-up and “single structure” IRMA sets. The 
performance of the “ensemble” IRMA is now well 
highlighted by the lowest R-factors of 0.35 and 0.38 
calculated on all NOE peaks and interresidue peaks, 
respectively. Note that the R-factor calculations for 
all three sets were performed by computing the re- 
laxation matrices from distances averaged as <1/ 
r6> over the ensemble. 

rmsd from X-ray structure 
1-46 (all heavy) 2.1 1.9 1.8 Solution Structure Analysis and Comparison 
2-19,23-45* With the X-Ray Structure 

(all heavy) 2.0 1.6 1.6 
1-46 (backbone) 1.3 1.2 1.1 
2-19,23-45* 

(backbone) 1.2 0.9 0.8 

Our analysis is based on the structures obtained 
with the “ensemble” IRMA protocol. The solution 
structure of crambin is well determined for the two 
helices and the short antiparallel p-sheet as can be 
seen from ~i~~ 5 and from the plot of the average 
rmsd on C” atoms from the average structure 

*First and last residues and the three residues constituting the 
loop between the two helices were omitted. 

IRMA structure. Distance restraint energies be- 
tween build-up and IRMA structures are not di- 
rectly comparable since the IRMA constraints are 
tighter than the corresponding ones obtained from 
the initial rates analysis. All NMR structures sat- 
isfy quite well the experimental constraints: only a 
few constraints are violated by more than 0.5 A and 
none by more than 1 A. Larger violations are found 
in the X-ray structure for both dihedral angle and 
distance constraints as can be seen from the corre- 
sponding restraint energies. A direct comparison be- 

against the residue sequence in Figure 6. Regions of 
higher variability are found in the loop between the 
helices and in turns. These observations are in line 
with the order parameter values shown in Figure 4 
computed from the free MD simulation in water. 
This suggests that the high structural variability 
such as in the loop region (Gly-20 to Pro-22) is in fact 
due to a high mobility of this peptide region with 
motions on the picosecond time scale. There is also a 
reasonable correspondence with the crystallo- 
graphic B-factors given in Figure 6, the variability 
in the loop, however, being larger in solution. 

The number of violations calculated from aver- 
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TABLE IV. Total Potential @&,* Distance Restraint (Edie),t and Dihedral Restraint (E,,)* Energies 
and R-Factors (R)' of the Crambin Structures 

Build-up** IRMAtt "Ensemble" IRMA** X-ray 
a,,> - 1848 - 1846 - 1891 - 1920 
a d i s '  183** 360" 288'§ 882'§ 
&dihed> 9 7 6 162 
E ,  range -1991 to -1742 -1991 to -1647 -1998 to -1771 
Edis range 105 to 242 305 to 459 221 to 361 

R*11 0.37 0.36 0.35 0.38 
Rinterresidue 0.42 0.42 0.38 0.41 
*GROMOS force 
tHarmonic potential of Eq. (6), force constant = 40 kJ mol-' k2. Energy calculated from averaged distances. 
*Potential of Eq. (7), force constant = 110 kJ mol-'. 
OR-factors from Eq. (4). Theoretical NOES calculated from an averaged relaxation matrix. 
**Set of 20 structures 
ttSet of 18 structures (two high energy conformation were discarded). 
**525 stereospecific constraints. 
'$543 stereospecific constraints. 

Edihed range 6 to 16 3 to 11 3 to 10 

excluding distance and dihedral restraint energies. 

L 

- 10 

2 
0 10 20 30 40 

Residue number 

Fig. 6. Rms deviations from the average structure on C" atoms per residue (0) for the set of 
structures obtained with the "ensemble" IRMA protocol of Figure 2c and C" crystallographic B- 
factors (0). 

aged distances is 185,102 of which are upper bound 
violations. Figure 7 presents the size distribution of 
these violations. None exceeds 1.0 A, only 8 are 
larger than 0.5 A, and 72% is less than or equal to 
0.2 A. We checked our structures for bond distances, 
bond angles, and improper dihedral angles. Due to 
the procedure used in the GROMOS MD simulations 
to maintain constant bond distances (SHAKE):' no 
deviation of the bond distances exceeding 0.004 A is 
observed! For the bond angles the average of the 
absolute value of the deviation from the GROMOS 
standard values is found to be 2.1" with a maximum 
deviation of 14.5" for the N-Ca-C angle in Pro-41. 
The average deviation on the improper dihedral an- 
gles is 3.0" with a maximal deviation of 16.0" for the 
N-C"-C-C* improper dihedral of Pro-19. 

The side chain x1 dihedral angles satisfy the ex- 
perimental values obtained from J-coupling data. 
Table V lists their averaged values. One significant 
difference between the solution and crystal struc- 
tures is found in the x1 angle of "yr-29 which is 
around -60" in solution, while a value of -172" was 
reported for the crystal. However, disorder was ob- 
served at this position in the X-ray structure which 
is possibly related to the fact that the structure was 
determined for a mixture of both crambin species 
(Pro/Leu and Ser/Ile). 

An analysis of the conformation per residue is pre- 
sented in Figure 8 in the form of a Ramachandran 
map of the C$ and + dihedral angles for the set of 20 
NMR structures. Typical values are found for the 
helices and the antiparallel P-sheet. The majority of 
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Fig. 7. Size distribution of the constraint violations in A calculated from the averaged distances 
on the 20 “ensemble” IRMA structures. 

the $I $ combinations found in the forbidden area 
corresponds to glycine residues with a few excep- 
tions indicated in the figure. In the average struc- 
ture all the $I $ dihedral angles lie in the allowed 
regions. 

The hydrogen bond pattern of the structures ex- 
plains to a large extent the exchange behavior of the 
backbone amide protons.” Experimental and theo- 
retical results are summarized in Table VI. Two sets 
of criteria were used in the search for hydrogen 
bonds. The first one used a maximum distance be- 
tween proton and acceptor of 2.8 A and a minimum 
angle of 135”; the second one used a maximum dis- 
tance of 3.0 A and an minimum angle of 90”. For the 
solution data, hydrogen bonds were indicated only if 

TABLE V. Side Chain Dihedral Angles of Those 
Residues for Which Experimental Data Are 

Available for the Crambin Structures* 

Residue X EXD. NMR 
cys-3 
Asn-12 
Phe-13 
Asn-14 
Val-15 
CYS-26 
Tyr-29 
cys-32 
cys-40 
ASP-43 
Tyr-44 
Asn-46 

-53 
- 69 

-174 
- 70 
- 65 
-69 

-172 
- 59 
- 69 
+ 62 
-71 
- 59 

- 60 
- 60 

-180 
-60 
-60 
-60 
-60 
-60 
-60 

- 60 
- 60 

+ 60 

- 58 
- 64 

-171 
- 62 
-65 
-60 
- 62 
- 56 
- 68 
+ 63 
- 64 
- 62 

*X denotes the X-ray structure and exp. the experimental val- 
ues based on J-coupling data. NMR denote the averaged angles 
from the final 20 structures of the “ensemble” IRMA protocol. 

found in a relevant number of structures. Hydrogen 
bonds were found in both the X-ray and the NMR 
structures for the slow exchanging amide protons of 
the two helices (Ala-9 to Leu-18 and Leu-25 to Thr- 
30) and of the antiparallel p-sheet (Cys-3, Ile-33, 
and Ile-35). The slow or intermediate exchange of 
some amide protons can be explained by hydrogen 
bonds formed in turns. The intermediate exchange 
of the amides of Gly-20 and Thr-21 is due to hydro- 
gen bonds to the carbonyls of Cys-16 and Pro-19, 
respectively. A different pattern is found for these 
two residues in the X-ray structure, the amide of 
Thr-21 forming hydrogen bond to its own y-oxygen 
and a strong hydrogen bond being found between 
the amide of Gly-20 and the carbonyl of Arg-17. 
These observations point to somewhat different con- 
formations of this loop region between the solution 
and crystal structures. Hydrogen bonds to the car- 
bonyls of Thr-28 and Ala-27 explain the slow ex- 
change of Gly-31 and Cys-32, respectively. A type-I 
turn is found in this region confirmed by the NOES 
found between the amide HN of cys-32 and both the 
H“ and amide HN of Thr-30. Another Type-I turn is 
found at Pro-41 which explains the slow exchange of 
the amide of Tyr-44 by an hydrogen bond to the car- 
bony1 of Pro-41. Weak hydrogen bonds are found in 
the solution structures for the amide protons of 
Val-8 and Glu-23 explaining their intermediate ex- 
change. There are further some weak hydrogen 
bonds observed for the amide protons of Cys-4, Ala- 
45, and Asn-46 which are in contradiction with the 
fast exchange observed for these protons. The slow 
exchange of Ser-6 is not well accounted either in the 
solution or in the crystal structures. The same is 
true for the amide proton of Leu-25. A possible ex- 
planation in the latter case is offered by the obser- 
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TABLE VI. Comparison Between the Hydrogen Bonds Found in the Final NMR (N)* and X-Ray (X) 
Structures and the Amide Exchanget NMR Data” 

Amide Acceptor N X E Amide Acceptor N X E  
Thr-1 - f Leu-25 Pro-22 c--O -C 2 8 
Thr-2 Thr-2 f f CYS-26 Pro-22 c=O + + 8 
cys-3 Ile-33 + s Ala-27 Glu-23 c--O + + S 
cys-4 Tyr-44 c=o f f Thr-28 Ala-24 C==O + + S 
cys-4 Asn-46 0, 2 f Tyr-29 Leu-25 c--O + + S 

Pro-5 - Thr-30 Cys-26 c=O + + 8 
Ser-6 Ser-6 c--o 2 s Thr-30 Ala-27 c--O f + S 
He-7 Asn-46 0, i Gly-31 Ala-27 C=O f + S 

2 i Gly-31 Thr-28 C=O + S 
2 + s Cys-32 Ala-27 c--O + - + S 

Val-8 Ser-6 0, 
Ala-9 Ser-6 
Arg-10 Ser-6 20 + + s Cys-32 Thr-30 + S 

Ser- 1 1 Ile-7 c--O + + s Ile-33 cys-3 Lo + + S 
S Asn-12 Val-8 c--O + + s Ile-34 - 

Phe-13 Ala-9 c=o + + s Ile-35 Thr-1 c--O + + S 

Asn-14 Arg-10 C=O + + s Pro-36 - 
Val-15 Ser-11 c - - O +  + s Gly-37 - f 
Cys-16 Asn-12 C=O + + s Ala-38 - f 
Arg-17 Phe-13 C=O + + s Thr-39 - f 
Leu- 18 Val-15 c--O + + 8 cys-40 - f 
pro-19 - Pro41 - 
Gly-20 CYS-16 c--O f i Gly-42 - f 
Gly-20 Arg-17 c--O + i Asp-43 Asp43 0, f 2 f 
Thr-21 Pro-19 c--o f i Tyr-44 Pro41 c--o f + S 

2 i Tyr-44 Gly-42 c--O 2 S 

Ala-45 Gly-42 C=O - + f 
Thr-21 Thr-21 0, 

GLu-23 Thr-21 M f 1 Asn-46 Cys-4 c - - O f  + f 
Pro-22 

Ala-24 - f Asn-46 Tvr-44 c--O f f 
*The hydrogen bonds were calculated from the final set of 20 structures obtained with the “ensemble” IRMA protocol and indicated 
if found in a relevant number of structures. 
+ indicates a hydrogen bound found with a maximum distance of 2.8 A and a minimum angle of 135”. * indicates a hydrogen bound 

found with a maximum distance of 3.0 A and a minimum angle of 90”. f, 8, i indicate that the exchange is fast, slow, and at  an 
intermediate rate, respectively. 

- 

vation that crambin can form aggregates; since only 
hydrophobic side chains are found at this side of the 
molecule, we believe that this part of the surface 
may be favourable for dimerisation. 

A stereoview of the superimposed solution and 
crystal structures is given in Figure 9. Backbone 
and C@ atoms are presented with in addition the 
complete side chain of Tyr-29. No significant differ- 
ence between solution and crystal structures is 
found except for the side chain of Tyr-29 which is 
almost parallel to the axis of the second helix in the 
solution structure but perpendicular to this latter in 
the crystal structure. Its position is defined in the 
solution structure by both J-coupling data and 
NOES between the aromatic protons and the helix. 

DISCUSSION 
Relaxation matrix approaches have become a 

common tool in structure refinement with NMR 
data (for review see Borgias et al.? They have 
been essentially applied to DNA structure determi- 
nation in a quest for more accurate struc- 
t~es.12~29*4’-44 Contradictory views on their useful- 
ness for this purpose have been p~blished!~,~~ We 

have presented here an application to protein struc- 
ture determination, introducing a new “ensemble” 
IRMA, and compared the performance this proce- 
dure with standard methods. NOES are an ensemble 
property: several conformers can be present in solu- 
tion and therefore the ensemble relaxation matrix 
approach should better reproduce the experimental 
situation, distance constraints obtained in this way 
reflecting both spin diffusion effects and the confor- 
mational averaging in solution. It should be possible 
to combine the “ensemble” IRMA with the time av- 
eraged distance restrained Molecular Dynamics pro- 
posed by Torda et al.47 The applicability of this lat- 
ter in our protocol will depend upon computational 
resources since longer simulation times are re- 
quired, at least one order of magnitude longer than 
the period on which averaging is performed. We 
demonstrated with crambin that IRMA leads to bet- 
ter results than standard initial rates analysis: the 
more accurate distance constraints allow for a better 
structure determination and a better fit of the ex- 
perimental NOES. 

Relaxation matrix calculations require dynamical 
a d  structural models for the biomolecule under 
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Fig. 9. Stereoview of the backbones and CB atoms of the average “ensemble” IRMA structure 
(broad lines) and the X-ray structure of crambin. The complete side chain of Tyr-29 is also shown. 
The structures were fitted on backbone C, N, c” atoms. 

consideration. Some dynamic processes like methyl 
group rotation, aromatic ring flips, and fast local 
motions can be described in a simple way and their 
effects have already been d i s c u s ~ e d ? ~ ~ ~ ~  The de- 
scription of fast local motions in the NOE simula- 
tions via the order parameters has some limitations. 
The model of Lipari and S~abo~’*~ l  is valid only if 
internal motions occur at a much faster time scale 
than the overall rotation of the molecule. If no ex- 
perimental relaxation data are available, order pa- 
rameters can be obtained from simulations, but the 
parameters of such simulations should be carefully 
chosen, especially the relaxation time of the cou- 
pling with the temperature bath used in MD calcu- 

lations to maintain a constant temperature. A too 
strong coupling could perturb the dynamics and the 
correlation functions computed from such trajedo- 
ries will no more reflect the real dynamic be- 
havior.= The starting structure and the length of 
the MD trajectory can also affect the results. In our 
case, the simulation was started from the crystal 
structure and in principle this might introduce a 
bias in the solution structures toward the X-ray 
structure. For crambin, however, the solution struc- 
ture was already known to be very close to the crys- 
tal one and, moreover, the fluctuations in the free 
MD simulation were in the order of the difference 
observed between the solution and crystal struc- 
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tures (0.7 A rmsd on backbone atoms from the av- 
erage structure). Therefore, we do not think that 
any bias has been introduced in our results. In a 
more general refinement protocol, however, a struc- 
ture obtained after the first IRMA cycle(s) could be 
used as starting point for the free MD simulation. 
The length of the simulation is another critical point 
in this approach. First we have to make sure that 
the system has equilibrated before using the trajec- 
tory for computing correlation functions. The 50 
psec trajectory we used for this purpose may seem 
quite short, but, for crambin, the computed correla- 
tion functions reached a plateau within 5 to 10 psec 
and it has been shown from other work2' that longer 
trajectories may generate somewhat lower S2 values 
without affecting too much the ratios between order 
parameter values for different parts of the molecule. 
Our experience showed that order parameters ex- 
tracted from such short simulations already allow a 
better fit between the theoretical and experimental 
NOE intensities. Longer simulations may give bet- 
ter results, but, for larger systems, computational 
time can become a limiting factor. 

Regarding the second requirement for relaxation 
matrix calculations, we investigated the influence 
of the structural model in IRMA by comparing dis- 
tances obtained from a linear chain of crambin with 
whose obtained from the X-ray structure. The inter- 
residue R-factors for these two structures were 0.93 
and 0.41, respectively. The averaged deviation be- 
tween the two sets of constraints was smaller than 
0.15 A, the largest differences being observed for 
long range contacts with a maximum of 0.65 a for a 
p-sheet contact (Cys-4 Ha - Ile-33 HN), which is 
expected since short range interactions can already 
reasonably be satisfied in the extended structure as 
reflected by an intraresidue R-factor of 0.5. For 
crambin, all calculations were started from an ex- 
tended chain for testing purpose and converged in a 
few IRMA cycles. This shows that the method is not 
sensitive to the starting model used. In practice, re- 
finement could start from a better model, if avail- 
able. Of course the performance will depend on the 
quality of the experimental data set. 

Stereospecific assignment of prochiral groups is 
also an important problem in structure determina- 
tion of proteins and several methods have been de- 
scribed to obtain additional assignments when ex- 
perimental information fail~.~'-~O Ou r approach 
makes use of the theoretical NOE intensities com- 
puted in IRMA. No contradictions with the experi- 
mental results based on J-coupling and NOE data 
were observed and, in general, the concordance was 
good between assignments predicted for the X-ray 
and the NMR structures, except for Ile-35 as can be 
seen from Table 1. Predicted assignments should de- 
pend more strongly on the model used in the calcu- 
lations than the IRMA distances do. Therefore, the 
reliability of the method will increase with the qual- 

ity of the model structure(s) and stereospecific as- 
signments obtained from theoretical NOES corre- 
sponding to the lowest R-factors should be preferred. 

CONCLUSION 
The iterative relaxation matrix approach has 

proven a valuable method for structure determina- 
tion of proteins. The method is quite robust and has 
good and fast convergence properties. By taking into 
account all indirect magnetisation transfer more ac- 
curate distance constraints can be derived from the 
NOE build-ups. The inclusion of internal motions 
and local mobility effects allows an interpretation of 
the NOE data in terms of dynamic systems rather 
than static structures, which, together with the "en- 
semble" approach, leads to a better fit of the exper- 
imental data and thus better distance constraints. 
The present set of constraints for crambin in combi- 
nation with the GROMOS force field corresponds to 
one well-defined minimum, which is close to the 
crystal structure. Small differences are observed in 
the position of the side chain of Tyr-29 and in the 
loop between the two helices, the solution structure 
satisfying better the experimental exchange data for 
this region. Regions of higher mobility correspond- 
ing to turns in the structure are found in solution. 

For a given set of NOES, relaxation matrix ap- 
proaches are a valuable tool toward more precise 
structures. The method presented in this paper 
allows us to obtain more accurate distances by back- 
transformation of NOE matrices in which the miss- 
ing experimental information has been supple- 
mented with intensities calculated from a model. We 
also have to mention a new type of refinement where 
NOE intensities are directly used as constraints 
without back-transformation to distances. This di- 
rect NOE refinement approach, first proposed by 
Yip and has already seen several imple- 
m e n t a t i o n ~ ~ ~ - ' ~  and a first application to the refine- 
ment of a small p r ~ t e i n ' ~  has resulted in an in- 
creased precision of the NMR solution structures. 
These direct approaches are, however, extremely 
time-consuming and should be used in a final refine- 
ment stage. Direct NOE refinement of our crambin 
structures has already shown that R-factors can be 
further minimized and an article on this work is 
presently in preparation. 
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