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Improved strategies for the determination of protein structures 
from NMR data: the solution structure of acyl carrier protein 
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The hybrid method that combines the early stages of a distance geometry program with simulated annealing in the pres- 
ence of NMR constraints was optimized to obtain structures fully consistent with the observed NMR data. This was 
achieved by using more restrictive bounds of the NOE constraints than those usually used in the literature and by group- 
ing the NOES into classes dependent on the quality of the experimental NOE data. The ‘floating’ stereospecific assignment 
introduced at the simulated annealing stage of the calculations further improved the definition of the local conformation. 
An improved sampling and convergence property of the hybrid method was obtained by means of fitting the substructure 
obtained from the distance geometry program to different conformations. Compared to the standard hybrid methods, 

this procedure gave superior structures for a 77 amino acid protein, acyl carrier protein from Escherichiu coli. 

NMR; Protein structure; Molecular dynamics; Distance geometry 

1. INTRODUCTION 

The methods based on molecular mechanics 
[l-4], molecular dynamics [2,5-lo] and least- 
squares minimization of torsion angle space 
[ 1,l l- 131 have been used successfully in the deter- 
mination of three-dimensional structures of pro- 
teins by NMR. We have recently shown that a 
substantial saving in computing time may be 
achieved with a hybrid approach that combines 
early stages of a distance geometry program with 
energy minimization [4]. The substructures obtain- 
ed from phase 2 of the distance geometry method 
(DISGEO) [14,15], which contain only about a 
third of the atoms and have approximately the cor- 
rect polypeptide fold, were used as starting struc- 
tures for a two-stage energy minimization. Further 
exploration of conformational space was pursued 
using a similar hybrid method with the exception 
that the energy minimization was replaced by 
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simulated annealing (SA) calculations [ 161. The 
solution structure of acyl carrier protein (ACP) 
from Escherichiu coli was determined using these 
two approaches. Compared to the SA hybrid 
method, the structures produced by the two stage 
minimization hybrid method were better defined in 
terms of local structural elements and cor- 
respondence to the observed set of NOE con- 
straints. None of the structures, however, could 
fully reproduce secondary structure elements ex- 
pected from the analysis of 2D NMR [ 171. In prin- 
ciple, the hybrid method of distance geometry and 
simulated annealing should be better suited to 
locating the global minimum of the potential 
energy of the protein. In this paper therefore this 
hybrid method is further developed. A more 
sophisticated treatment of the NOE input data is 
achieved by classifying the distance constraints in- 
to groups with different NOE force constants 
depending on the quality of the experimental NOE 
data and by use of more restrictive bounds of NOE 
constraints than those usually employed in the 
literature. Further, the ‘floating’ chirality assign- 
ment is introduced in the SA stage of the calcula- 
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tions to deal with the problem of stereospecific 
assignments at prochiral centers. This procedure 
allows &protons of methylene groups and methyls 
of valines and leucines to flip at the prochiral 
centers so as to fit the NOE data. The increased 
sampling property of the hybrid method is obtain- 
ed by starting calculations from a more expanded 
set of starting structures. In addition, the calcula- 
tions are based on 666 NOES (compared to 450 
NOES used previously), which corresponds to an 
almost complete assignment of the NOESY spec- 
trum of the ACP. The current structures of ACP 
have general folding and helix topography fully 
consistent with the observed NOESY spectrum. 

2. METHODOLOGY 

2.1. Determination of distances from 2D NOE spectra 
The intensities of the NOE cross peaks were determined from 

volume integrals [18]. Previously, all distances were calibrated 
using a single proportionality constant [4]. Using this calibra- 
tion, the distance constraints for weaker NOES between 
NH(i + 1) - CLYH(r), NH(i + 3) - CLYH(r), and NH(i + 4) - 
GrH(i) in cr-helices were systematically underestimated by 
-0.3-0.5 A compared to the respective distances in a perfect (Y- 
helix [19]. To offset these deviations, the distances were now 
classified into three groups. For the intensity of an NOE peak 
of 20-160 (in arbitrary units) the distance constraints were 
calculated using the single proportionality constant as before 
with the estimated bounds to the distance constraints d 
-0.3 A/ +0.3 A. For 15-19 units the distance constraint was 
set to 3.4 A, d -0.4 A/+0.3 A, and for 4-15 units to 4.2 A, 
d - 0.6 A/ + 0.8 A. Note that the lower bounds are used ex- 
plicitly. In our experience, this is essential so that the calculated 
structures are consistent with the intensities of the cross peaks 
observed in the NOESY spectrum. We have carried out a few 
SA calculations with the same set of NOE constraints with the 
exception that the lower limit for all the constraints was set to 
the uniform value of 1.8 A. The structures calculated were com- 
pletely consistent with the distance constraints used in the input 
but these structures were not consistent with the measured 
NMR data. For example, a few NH-NH distances were 
calculated to be 1.44 A, the violations being less than 0.5 A 
from the lower limit of 1.8 A, but in stark disagreement with 
the NOESY data. 

2.2. Input for the DISGEO and SA calculations 
Refinement of the ACP structures with simulated annealing 

involved calculations with two sets of input distance constraints 
(set S and set N). In set S the ‘floating’ stereo-specific assign- 
ment was used for &methylene protons and for the methyls on 
valines and leucines, whereas for set N a slightly modified 
pseudoatom approach was employed. 

Although all protons were explicitly defined in the SA 
calculations, additional terms were added to the upper bounds. 
For any experimental distance constraints involving methyl 
groups, aromatic protons, and methylene protons for which on- 

ly one signal is observed, an appropriate correction was added 
to the upper distance bounds and the distance is referred to the 
average positions of these protons [20]. These corrections were 
used in both sets S and N of the input constraints data. When 
the difference in chemical shifts between the 2 methylene pro- 
tons or 2 methyl groups on valine or leucine was large enough 
that NOES involving each group could be resolved, they were 
assigned arbitrarily to I-I,& and I-I,&, or Mel and Mel. For set 
S then, specific distance constraints to the I-I& and I-I& proton 
or Met and Me2 group were used in the calculations. In the case 
when only an NOE to one of the partners from the resolved pair 
was observed, the distance constraint to the other partner was 
set to 4.5 A, with the lower bound -0.6 A, and the upper 
bound + 1.8 A and 3.0 A for methylene protons and methyls, 
respectively. The upper terms are simply the maximum 
distances between the protons in the methylene group and be- 
tween the centers of the two methyls in the isopropyl group, 
respectively [21]. In the non-stereospecific calculations (set N), 
the designation I-I,& I-I,&, Met, and Me2 was also retained. 
However, the same lower bound was used for the two protons 
or the two methyls in the pair. This was set to the lowest of the 
two possible bounds. Similarly for the upper bounds, the bound 
which had the highest value was used for both distances to the 
two partners in the pair. 

The input distance constraints for DISGEO consisted of two 
tables. The principal table contained the upper bounds only. A 
second table with the upper and lower limits was used for the 
non-observed NOES (see below). The pseudoatom representa- 
tion of Wtithrich et al. [20] was used. Appropriate corrections 
were added to the upper bounds with the exception that no 
pseudoatom correction of 1 A was used for ,&methylene and 
methyls on valine and leucine with two separate signals. Instead 
the highest possible upper bound to Hp or Me (see above) was 
used as a distance to the pseudoatom center. This restriction on 
the upper bound follows from a simple geometrical considera- 
tion that the distance from a proton to the pseudoatom center 
cannot be longer than the maximum distance between this pro- 
ton and a proton of a methylene group or the protons of the 
methyl on valines or leucines. 

The absence of NOES between assigned protons also contains 
useful information as it means that the distance between the 
protons is larger than -4-5 A. We have estimated that the 
cutoff distance in our spectra is 4.5 A. Two classes of non-NOE 
information were used. In the first class all unobservable 
NH(i + 1) - NH(r) and NH(i + 1) - &H(J) constraints were set 
to the maximum allowed value for these distances, 4.6 A, d 
-0.7 A/+0.4 A, and 3.7 A, d -0.4 A/+0.4 ii, respectively. 
In the second class of non-NOE distance constraints, they were 
set to 4.2 A with the lower bound d - 0.4 A and upper bound 
+50 A. These constraints were introduced after a few initial 
calculations. The structures were then checked for short 
distances between protons that contradict the lack of an obser- 
vable NOE. 18 such distances were added to the input NOE 
data and used in the DISGEO and SA input distance constraint 
tables. Both tables were supplemented by 46 constraints for the 
23 intrahelical NH(i + 4) - O(i) hydrogen bonds identified on 
the basis of slowly exchanging amide protons. For each 
hydrogen bond the N-O and NH-O distances were constrained 
to 1.9 A, d -0.6 A/+0.4 A, and 2.8 A, d -0.6 A/+0.4 A, 
respectively. Well defined a-helical segments were further con- 
strained by restricting the # and & backbone torsion angles to 
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the allowed region of the $,I map: & -60.0” f 30.0”, and $ 
- 35.0” f 20.0” [22]. 78 such constraints were present in the 
DISGEO and SA calculations. A constraint on the torsion angle 
in the fragment Be-54-Pro-55 was also added with & between 
60” and 180’ [23]. 

2.3. Structure calculations 
The basic protocol used for the calculations has been 

presented [16]. Briefly, it consists of 5 stages. In stage 1, the 
substructure coordinates are obtained from the distance 
geometry program DISGEO [24]. In the second stage all of the 
atoms are added to a subset of atoms already present in 
substructures. Steps three and four consist of simulated anneal- 
ing. The fifth stage involves 200 cycles of constrained Powell 
minimization. These last four stages are carried out with the 
program XPLOR ([9] and Brtlnger, A.T., unpublished). 

Simulated annealing involves raising the temperature of the 
system (step 3) followed by slow cooling (step 4) in order to 
overcome local minima and locate the region of the global 
minimum of the target function [7]. The total target function 
Ftot comprises the following terms: 

Ftot = &v,,~ent + Frrpe~ + FNOE + FM 

Fcovdent is the target function for maintaining correct bond 
lengths, angles, planes and chirality, and is given by: 

F covalent = &ondskb@ - ro)* + ~a~&@’ - 80)~ + 

Cimpmpenk~(S - GO)* + Cuku(l + COWI 

The force constants of the energy terms for bonds, angles, 
impropers and dihedral angle w at the peptide bond were set to 
the uniform value of 500 kcal/mol during the simulated anneal- 
ing stage. The dihedral angle w term is added in the present 
calculations. 

The non-bonded interactions, Fmpcl are represented by a sim- 
ple van der Waals repulsion term with variable force constant, 
k repel. The initial value of kRpel is very low 
(0.001 kcal*mol-‘.A-*), and is increased slowly to its final 
value of 4 kcal*mol-’ .A-* [16]. The NOE distance constraints, 
FNOE, are represented by a square-well potential with a variable 
force constant kN0E [S]. Initially kN0E was set to 1 in the present 
calculations. In addition, F+,,+ is added to the total target func- 
tion in the present calculations. Ftid is a square-well dihedral 
potential term with force constant of 40 kcal . mol-’ *A-*. Step 
1 of SA was carried out with 50 cycles of 75 fs dynamics at 
1000 K. Step 2 consisted of 1.5 ps dynamics at 300 K. In stage 
5 the structures are improved by -200 cycles of energy 
minimization. 

In stage 2 of the protocol, the amino acids in extended con- 
formation (structures E) and a-helical conformation (structures 
A) were best fitted to the substructures residue by residue. 200 
cycles of unconstrained energy minimization with a very low 
force constant on the van der Waals repulsion term were then 
carried out to remove any close constants between atoms. These 
E and A structures were used as starting structures for 
simulated annealing. The SA calculations were carried out in 
two variants: (a) variant S with ‘floating’ chirality assignment, 
and (b) variant N with the usual pseudoatom approach. For 
each substructure therefore four sets of structures were 
calculated and these are designated as AS, AN, ES, EN. 

Both sets of the input distance constraints (set S and set N) 
were classified into 4 groups with different force constants kNoE 
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depending on the quality of the NOE data. In the first group of 
constraints most of the backbone and long range constraints 
were included. The force constant kNoE was allowed to rise 
fastest, compared to those of the other groups, to its maximum 
value of 50 kcal*mol-‘.A-*. In the second group all the 
sidechain constraints were included. The final kNoE was set to 
40 kcal .mol-’ .A-’ in this group. The third group contained all 
the constraints for which the measured intensities were less ac- 
curate due to the partial overlap of the cross peaks and because 
of other spectroscopic uncertainties. For these constraints, the 
kNoE was set to 30 kcal.mol-‘. A-*. Finally, in the fourth 
group all the unobservable distance constraints were collected 
together with those distance constraints for which the uncer- 
tainty in the assignment or in the estimated intensities was the 
greatest. The kNoe was 15 kcal.mol-‘.A-* in this group. This 
type of grouping of the NOES proved to be quite important as 
it allowed a large number of ‘ambiguous’ NOES to be included 
in the fourth group for the initial calculations, with the 
calculated structures dominated by the distance constraints 
from the first three groups. After a few initial calculations, a 
number of distance constraints in group 4 which were repeated- 
ly not satisfied by the calculated distances were rechecked and 
either kept or removed from the distance constraints table. 

Several protocols were tested for the ‘floating’ chirality 
calculations (sets AS and ES). The most effective protocol in- 
volved lowering the force field constants during the two SA 
stages for angles HA-CT-HA, CT-CT-CT, and HA-CT-CT, 
where HA is a proton and CT is a tetrahedral carbon with four 
explicit substituents, to 5.0, 5.0, and 30.0 kcal*mol-‘.rad-*, 
respectively. Also, the l-4 nonbonded interaction for the pro- 
tons and the carbon of the methyl groups of valines and leucines 
was selectively switched off. This procedure is sufficient to 
allow fl protons of methylene groups and methyls of valines and 
leucines to flip at the prochiral center. For the final fifth stage 
of the energy minimization all angle terms were set to 
200 kcal.mol-’ *A-* and the l-4 non-bonded interaction was 
reintroduced. The bond force constant was kept at 
500 kcal*mol-‘.A-*. These maintain near perfect covalent 
geometry of the structures and ensure that no close contacts 
occur. 

3. RESULTS AND DISCUSSION 

The results of the calculations are summarized in 
tables l-3. The global folding of the current struc- 
tures is similar to that of the previously calculated 
structures (fig. 1). The secondary conformation of 
the present structures is fully consistent with the 
prediction derived from the NOESY spectra. The 
structures are dominated by four cY-helices: 
residues 3-15, residues 37-50, residues 56-62, and 
residues 65-75. These are quite regular helices as 
there is no violation of the # and r$ torsion angles 
within the bounds specified in the dihedral con- 
straint input. The region from residues 16-36 is 
less well defined (table 3 and fig. 1). The quality of 
the structures as regards deviations from ideal 
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Table 1 

Average deviations from ideality and energies of the structures 

Structure Deviations from ideality 

Bonds Angles Impropers FNOE EL-J 

c-4 (") ("1 (kcal/mol) (kcal/mol) 

(AS) 0.011 f 0.001 2.03 f 0.04 0.291 + 0.040 66 f 20 -322 f 20 
(ES) 0.011 * 0.001 2.04 + 0.04 0.312 f 0.045 61 it 20 -335 * 35 
(AN) 0.010 f 0.001 1.99 f 0.04 0.282 f 0.040 70 f 25 -318 f 20 
(EN) 0.010 + 0.001 2.00 * 0.04 0.273 + 0.045 70* 1s -313 f 30 

The notations of the structures are as follows: (AS), (ES), (AN), and (EN) 
comprise of all the structures in the given group of the structures. The force constants 
used to calculate FNOE are 50 kcaJ.mol-' +A-*. The Lennard-Jones Van der Waals 

energy EL-J is calculated using the CHARMM empirical energy function [25] 

Table 2 

RMS differences between experimental and calculated distance constraints 

Structure No. of NOE Average no. RMS differences between calculated and 
structures input of distance experimental distance constraintsa 

violations 
>0.4 Ab All Backbone Sidechain Long 

(666) (289) (303) (74) 
Ii-jl < 5 Ii-jl 8 5 Ii-jl > 5 

(AS) 14 S 0.5 0.06 0.05 0.07 0.05 
(ES) 10 S 0.5 0.06 0.05 0.07 0.05 
(AN) 13 N 1.0 0.06 0.05 0.07 0.04 
(EN) 7 N 1.1 0.06 0.05 0.07 0.04 
(AN) and (EN) 20 S 18.2 0.17 0.05 0.18 0.33 
(AS) and (ES) 24 N 0.2 0.05 0.05 0.06 0.05 

a The RMS deviations (in A) from the interproton distance constraints are calculated with respect to the upper 
and lower limits of the distance constraints [la]. Number of distance constraints is given in parentheses. The 
error limits for RMS are rt 0.005 A except for RMS - 0.17 f 0.07 A and 0.33 f 0.12 A 

b There are no violations of distance constraints 20.5 A 

stereochemistry, van der Waals contacts, and NOE 
RMS differences is also noticeably better than 
those previously published using the SA hybrid 
method. In particular, in terms of nonbonded in- 
teractions the current structures have much lower 
Lennard-Jones energies. Both sets S and N display 
comparable results for the backbone atoms (table 
2). The sidechain and long range distances, 
however, are better defined in the S structures. 
When the N structures are checked for distance 
constraint violations against the NOE input data S 
the RMS difference is 0.17 A (table 2). Table 3 
shows the spread of the structures within the allow- 
ed conformational space. It can be seen from table 
3 that the spread of the structures which originated 
from the same substructure by fitting to a different 

conformation of the polypeptide chain is 
equivalent to those between the starting substruc- 
tures. In the poorly defined region, residues 
16-36, these differences are also preserved. The 
fitting procedure therefore contributes also to the 
sampling properties of the hybrid method. In con- 
clusion, fitting the starting structures to different 
conformations, which is substantially faster than 
producing a new substructure, gives similar results 
to those obtained when different starting substruc- 
tures are used. This was rather surprising as the 
RMS differences between starting A and E struc- 
tures derived from the same substructure are 
smaller than those between the starting structures 
derived from different substructures (table 3). The 
A starting structures and the S ‘floating’ chirality 
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Table 3 

Atomic RMS differences between all pairs of individual structures 

Atomic RMS differences (A, 

(AS,ES) vs (A&ES) 
((AS)) vs ((ES)) 
(AN,EN) vs (AN,EN) 
((AN)) vs ((EN)) 
(AS,ES) vs (AN,EN) 
((AS)) vs ((AN>) 
((ES>) vs ((EN)) 
(ASB,ESB) vs (ASBESB) 
((ASB)) vs ((ESB)) 

Residues 2-75 Residues 16-36 

Backbone All 
atoms atoms 

1.4 f 0.2 2.2 + 0.4 
1.4 f 0.3 2.2 + 0.3 
1.7 f 0.3 2.5 + 0.4 
1.5 f 0.4 2.4 f 0.4 
1.5 f 0.4 2.5 f 0.5 
1.5 f 0.3 2.4 + 0.4 
1.5 f 0.3 2.4 + 0.4 
1.6 f 0.4 2.4 + 0.4 
0.8 + 0.4 1.4 + 0.5 

Backbone All 
atoms atoms 

2.1 * 0.4 3.1 f 0.5 
2.0 f 0.4 3.0 + 0.5 
2.3 f 0.4 3.5 f 0.5 
2.2 f 0.4 3.4 * 0.4 
2.2 f 0.4 3.4 f 0.4 
2.1 f 0.3 3.1 f 0.4 
2.2 f 0.3 3.2 f 0.4 
1.9 f 0.3 2.8 f 0.4 
1.0 f 0.4 1.3 + 0.4 

The notations of the structures are the same as those in table 1; (AS,ES) vs 
(AS,ES) etc. corresponds to any 3 possible combinations of the structures shown 
in parentheses, i.e. (AS) vs (AS), (AS) vs (ES), (ES) vs (ES). ((AS)) vs 
((AN)) etc. comprise only those pairs of the structures which originated from the 
same substructure. (ASB) and (ESB) are the starting structures after the second 

stage of the calculations 

Fig. 1. Stereoview of the backbone (N, CD, C) atoms of the final S structures superimposed on the constrained minimized average 
structure SA.. 

calculations have better convergence properties 
than those of the E structures or the N calculations 
(table 2). We have refined as many substructures as 
was necessary to obtain 10 final ES structures. The 
increased convergence property of the calculations 

starting from the A starting structures may be 
peculiar to ACP which contains a high percentage 
(70%) of a-helical secondary elements. 

The procedure of ‘floating’ chirality assignment 
was originally proposed for the distance geometry 
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. 

a b 
Fig.2. A view of the fragment of residues 24-27 obtained by best fit superpositions of the backbone atoms of residues 23-28. The 

&protons and P-carbons for residues 24 and 27 and the backbone atoms are shown. (a) S structures, (b) N structures. 

calculations by Rardi et al. [21]. In their case, this 
was achieved by relaxing the chirality constrains on 
the prochiral centers. It was found in those calcula- 
tions that when the ‘floating’ stereospecific assign- 
ment was not used, many structures had distance 
constraints larger than 5 A, larger than the longest 
distance for which NOES could be observed in the 
NMR spectra (64.5 A). Our calculations allow a 
more critical comparison between the 
‘stereospecific’ and ‘non-stereospecific’ types of 
the calculations. As in the ‘non-stereospecific’ 
calculations no additional terms were added to the 
upper bounds for ,8-methylene protons and the 
methyls on valines and leucines with two separate 
signals, none of the distance constraints in the set 
N calculations had upper bounds larger than those 
for which NOES could be observed in an NMR 
spectrum (d < 4.5 A). Still, it is evident from table 
2 and fig.2 that there is an improvement on the 
restriction of the allowed conformations for the S 
set over the N set. The improvement occurs when 
the difference in the two sidechain NOES is quite 
large (-15-20 units). One positive aspect of the S 
calculations is that when there are several NOES 
connected to a single proton (say II,81 vs II&), it 
is easier to check whether the pattern of the 
distance constraints to this proton is preserved in 
the calculated structures. Any inconsistency in the 
pattern may indicate regions of increased flexibili- 

ty of the protein. In conclusion, the ‘floating’ 
chirality assignment calculations yield better 
results than the all-pseudoatom approach. Since 
the method does not require any additional com- 
puting time or input data it should find a 
widespread use in the calculations of 3D structures 
using NMR data. 
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