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ABSTRACT: The determination of solution structures of proteins using two-dimensional N M R  data is 
commonly based on the assumption that the structure can be represented by a single rigid conformer. We  
present here a procedure whereby this assumption can be relaxed and illustrate its application to acyl carrier 
protein from Escherichia coli, a small negatively charged protein with no internal disulfide bonds. The 
methodology rests on a model having two distinct conformers in dynamic equilibrium. Use of this two-state 
model results in a dramatic improvement in fit to cross-relaxation-derived distance constraints and a substantial 
lowering of molecular mechanics energies for individual conformers of acyl carrier protein. The two-state 
model retains the three-helix motif previously identified on the basis of a one-state structure, but substantial 
motion of loop regions and the C-terminal peptide, as well as partial disruption of the second helix, is suggested 
to occur. Support for the existence of these motions can be found in amide exchange rate and spin relaxation 
time data. 

R e c e n t  advances in NMR instrumentation and methodology 
have made it possible to acquire sufficient distance constraints 
from proton-proton nuclear Overhauser effects (NOES) to 
attempt determination of the structures of small proteins in 
solution (Braun et al., 1983; Have1 & Wuthrich, 1985; Clore 
et al., 1987a; Holak et al., 1988a; Moore et al., 1988). A 
number of examples of successful application now exist in- 
cluding ones showing excellent agreement of X-ray and NMR 
structures (Clore et al., 1986, 1987a; Wagner et al., 1987; 
Kline et al., 1988). 

The protocols developed for converting NOE measurements 
into structures vary widely (Braun & Go, 1985; Clore et al., 
1985, 1987b; Wagner et al., 1987; Holak et al., 1988a; Kline 
et al., 1988). However, most employ a 1/r6 interproton dis- 
tance dependence of NOES-a relationship that stems from 
an assumption that protons are rigidly fixed in a well-defined 
protein structure and that proton-proton dipolar interactions 
are modulated by a single isotropic molecular tumbling motion. 
Violation of this assumption by the presence of some types of 
motion, for example, the presence of rapid, uncorrelated in- 
ternal motions, will have small effects on derived structures 
(LeMaster et al., 1988). However, one would expect more 
severe effects due to the presence of slower internal motions. 
Recognition of possible violations of assumptions underlying 
a straightforward conversion of NOE intensities to distances 
is, in part, reflected in the reluctance of many authors to do 
more than set, upper and lower bounds, for NOE-based dis- 
tances (Braun & Go, 1985; Clore et al., 1987b; Wagner et al., 
1987). It is possible, however, to employ a more precise 

distance specification if one explicitly allows for the presence 
of slow internal motions in deriving a structure. We hope to 
illustrate this point, with an application to acyl carrier protein 
from Escherichia coli (ACP). 

ACP is typical of many proteins studied by NMR in terms 
of its size, 8847 daltons, and in terms of the quality of NMR 
data obtained. ACP differs, however, from many proteins 
studied in that it has no intramolecular disulfide bonds to 
stabilize a single well-defined structure (Wagner et al., 1987) 
and in that it may be further destabilized by a high net neg- 
ative charge (-16 at pH 5.9). It is a protein in which one 
might expect effects of motion to be pronounced. 

The structure of ACP has been determined without explicit 
treatment of motion, using both a simulated annealing ap- 
proach, which employs upper and lower bounds for distances 
(Holak et al., 1988b), and a molecular mechanics pseudoen- 
ergy approach, which employs a single best estimate of in- 
terproton distances (Holak et al., 1988a). The quality of these 
structures is often assessed on the basis of convergence of 
solutions from multiple starting points to a single structure, 
and on the basis of divergence of interproton distances in the 
final structures from experimental constraints. The structure 
produced by simulated annealing looks good on both of these 
counts. The average RMS deviation of backbone atoms from 
their mean position is 2 A, and the number of distance vio- 
lations greater than 0.5 A for the average structure is very 
small. A refinement published during preparation of this 
paper, in fact, finds a much smaller RMS deviation of back- 
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bone atoms and no distance deviations larger than 0.5 8, 
(Holak et al., 1989). The structure produced from the 
pseudoenergy structure does not, on the surface, appear to be 
as good. RMS deviations of backbone atoms from the average 
structure range from 2.0 to 3.0 A, and RMS deviations of 
distances between protons found in the structures and the 
corresponding experimental distances range from 0.5 to 0.86 
8, for distances determined from NOES with no ambiguity in 
their assignment or volume integration. It is, however, difficult 
to compare these numbers. Deviations in distances in the first 
case are from the upper and lower bound limits and not the 
best estimate of the distance. For direct comparison, some- 
thing on the order of half a typical difference between upper 
and lower bounds should be added to the distance violations 
in the simulated annealing calculation. Also, the constraint 
function in the simulated annealing calculation, which is a 
modified square well, will not allow large deviations among 
structures. The pseudoenergy function employed in the mo- 
lecular mechanics approach imposes only a small finite penalty 
for deviations to the large side and allows much greater di- 
vergence among structures. 

In some cases, the large divergences which result in the 
pseudoenergy-molecular mechanics approach are useful in 
highlighting areas of the molecule which have conflicting 
distance constraints as derived on the basis of a single rigid 
model for the molecule. Phe-50, for example, is observed to 
have short distance constraints involving Ile-3, Leu-46, and 
Ile-72. All structures violate one or more of these constraints 
by having a distance which is too long. While it is possible 
that violation results from the failure of the structure deter- 
mination algorithm to find an appropriate structure, the ob- 
servation of abnormally short constraints to distant sites is 
precisely the type of artifact expected from averaging of NO% 
over two or more discrete structures. In this paper, we present 
support for the existence of motional averaging in ACP by 
fitting NOE data to a simple two-state model. 

MATERIALS AND METHODS 
If we assume that multiple conformations interchange on 

time scales shorter than the cross-relaxation time, but longer 
than the time which characterizes molecular tumbling, the 
measured cross-relaxation rate leading to an observed NOE 
intensity is a simple average of rates which exist for each 
conformer. Therefore, the average relaxation rate for a pair 
of protons, a and b, exchanging between two conformational 
states can be expressed as 

(1) 
where xI  is the mole fraction of the first conformation and 
6 l a b  and 62ab are the cross-relaxation rates in conformations 
1 and 2, respectively. dlab and 6 h b  can be calculated from the 
atomic coordinates of any two conformers and combined by 
using expression 1 for comparison to the experimentally ob- 
served cross-relaxation rate 6,b. Ideally, one would manipulate 
conformations to minimize deviations between gab  and 6,b. 
In doing this, one must, however, have regard for molecular 
bonding and nonbonding constraints as well as NMR-derived 
constraints. To ensure that we treat each adequately, we define 
a function which combines molecular constraints and NMR 
distance constraints in the form of a total energy function 
which can be minimized. The total energy, E, is the sum of 
the molecular energies of the two conformations, El and E,, 
and a pseudoenergy, ENOE,  for each observed NOE: 

(2) 

Cab = X l g l a b  + (1 - Xl)'J2ab 

E = El + E 2  + C E N O E ( 6 a b )  
a>b 

The pseudoenergy term is given by 
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ENOE = w(fi - &I2 (3) 

where W is a weighting factor* chosen to allow reasonable 
interplay of molecular and NMR energies. The molecular 
energies are calculated by using the program AMBER3 with 
the united atom force field, and the combined energies are 
minimized within the framework of AMBER following a 
protocol described in previous works (Holak et al., 1988a). 

The mole fraction of each conformer, xi, could, in principle, 
be calculated by using a Boltzmann factor and the molecular 
energy of each conformer, E, and E2 (Scarsdale et al., 1988). 
Use of such factors, however, demands extreme accuracy in 
calculated energies. While we regard energies calculated by 
AMBER as a good basis for rejecting structures which have 
unreasonably high molecular energies, they are not sufficiently 
accurate to dictate fractional populations. 

An alternative to the use of Boltzmann factors involves 
adjusting xi to optimize fit to experimental data for a fixed 
pair of conformations. This procedure would assume the 
conformations chosen to be reasonably close to the actual 
conformations involved in averaging. Our most reasonable 
source of conformers is the set of seven solutions generated 
by using a single conformer assumption (Holak et al., 1988a). 
It is not obvious that members of this set would approximate 
individual contributors to an average. Most protocols used 
in the literature would not, in fact, yield a good approximation 
of individual conformers, because superposition of conflicting 
constraints represented by square or harmonic pseudoenergy 
functions frequently leads to a single compromise minimum 
in the potential energy surface. The highly asymmetric 
pseudoenergy function used with the molecular mechanics 
approach to generate the single conformer set for ACP, how- 
ever, has the unusual property of generating multiple minima 
when conflicting constraints are superimposed. Structures 
determined tend to fall in one minimum or another and are 
in many cases reasonable approximations of individual aver- 
aging structures. For example, in the limit that the two 
structures are equally populated, the distance error introduced 
in assuming an NOE to come from one structure is on the 
order of 2lI6, or a factor of 1.1 2. A structure satisfying even 
this incorrectly interpreted data will, therefore, be very close 
to the actual structure. 

Hence, we will use pairs of one state solutions to calculate 
mole fractions which give an optimum fit to NOE data and 
then optimize structural coordinates at  a fixed values of x,. 
This procedure could be applied iteratively, but this is a 
computationally intensive process. To further improve the fit 
to data, energy minimization was carried out by using AM- 
BER and a three-step protocol described in our earlier paper 
(Holak et al., 1988a). The last two steps in the minimization, 
which represent the major time investment, were carried out 
on a Multiflow Trace 7 computer and require about 35 h per 
structure. Given this time requirement, only one iteration was 
employed. 

RESULTS AND DISCUSSION 
Table I shows data pertaining to the four best one-state 

solutions for the ACP structure determined previously with 
the pseudoenergy-molecular mechanics approach (Holak et 

Wis chosen so that a violation of a 3-A constraint to the long-dis- 
tance limit results in a penalty of approximately 10 kcal. 

AMBER 3.0 (U. C. Singh, P. K.  Weiner, D. A. Case, J. Caldwell, 
and P. A. Kollman, 1986) is a program obtained through a licensing 
agreement with the Reagents of the University of California at San 
Francisco. 



8194 Biochemistry, Vol. 28, No. 22, 1989 Kim and Prestegard 

Table I :  Distance Deviations and Energies for ACP Structures' 
RMSb distance no. of distance distance violations 

structure total E constant E deviation violationsC involving F50, F28d 
A -1.56 E04 -1 3 0  E04 0.795 40 F50 CZ-L46 HG 4.35 

F50 HZ-L46 HA 2.48 
F28 CZ-T63 HA 2.1 1 

B -1.82 E04 -1.85 E04 0.503 30 F50 HZ-I03 HD 2.33 
F50 CZ-103 HD 2.39 
F28 CZ-T63 HA 2.83 

E -1.67 E04 -1.80 E04 0.531 31 F50 CZ-IO3 HD 1.38 
F -1.65 E04 -1.79 E04 0.860 40 F50 CZ-IO3 HG 3.25 

F50 HZ-103 HG 3.60 
F50 CG-I72 HG 2.93 
F50 CZ-I72 HG 2.81 
F50 HZ-I72 HG 3.48 
F50 HZ-I72 HD 4.70 
F50 CG-I72 HD 6.10 
F50 CZ-I72 HD 5.08 
F28 HZ-L42 HD2 2.21 
F28 CG-T63 HA 4.11 
F28 CZ-T63 HA 4.43 

' Energies are given in kilocalories. Distance deviations are given in angstroms. Pseudoenergies were assigned a weighting factor of 30 kcal/mol 
except for cases involving overlap or use of pseudoatoms. experimental distances of sufficient precision to justify weights of more than 10 kcal 
in the minimization were included. distance deviations which are larger than 1 A and have weights more than 10 kcal were included. dThis 
connectivity information is given in terms of a one-letter code for the amino acid type followed by a sequence number and atom type. Deviations over 
2 A are reported for A, B, and F; deviations over 1.3 8, are reported for E. 

Table 11: Optimized Mixtures of Conformers in a Two-State Model Table 111: Distance Deviations after Minimization 
no. of distance 

combination RMS deviation violations >1 8, 
AB (40:60) 0.398 17 
AE (40:60) 0.4 19 18 
AF (50:50) 0.480 17 
BE (50:50) 0.380 13 
BF (50:SO) 0.419 14 
EF (50:50) 0.390 14 

al., 1988a). All show moderately low deviations from distance 
constraints and similar constraint energies, but note that each 
has a list of distance violations well over expected experimental 
precision. Those involving Phe-50 and Phe-28 are listed to 
illustrate the fact that each conformer violates a different set 
of constraints. 

Optimum mole fractions for different pairwise combinations 
of one-state solutions conformations were determined on the 
basis of minimization of RMS deviations from distance con- 
straints and minimization of the total number of distance 
violations over 1 A. Table I1 shows data for the combinations 
AB, AE, AF, BE, BF, and E F  determined by this method. 
Note that both RMS distance deviations and the number of 
constraint violations are reduced from the one-state models 
just by assuming that NOES measured are the result of av- 
eraging. Because the two-state models AB, BE, and EF have 
the best RMS deviation from distance constraints and BE, BF, 
and EF have the smallest number of distance violations over 
1 A, the four combinations AB, BE, BF, and EF were chosen 
for minimization. The results are shown in Table 111. 
Comparison between the RMS distance deviations of starting 
structures (Table I) and those of final structures (Table 111) 
shows that minimization of the averaging model leads to 
significantly better fits of distance constraints. In the best 
cases, R M S  distance deviations have dropped by nearly a 
factor of 2, and the number of distance violations over 1 A 
has dropped by a factor of 3 or more. In the cases of BE and 
BF, no distance deviations over 2 A are found after mini- 
mization. Also, for these combinations, molecular energies 
are approximately 100 kcal/mol lower than those for individual 
conformations, showing that energetically the two-state models 
are much more acceptable than the one-state models. 

combina- distance violations 
tion over 2 A 

AB (40:60) F50 CG-L46 HA 
2.154 

2.102 

2.064 

E13HN-I10 HA 

Y71 CG-T52 HG 

BE (50:SO) 
BF (50:50) 
EF (50:50) F50 CZ-I72 HD 

3.137 

no. of 
distance RMS 

violations distance 
over 1 8, deviations 

12 0.398 

5 0.284 
7 0.307 
9 0.363 

RMS 
atomic 
devia- 
tions' 
2.27 

2.19 
1.96 
2.51 

' RMS distance deviations between atoms in the two-conformation 
model before minimization and corresponding atoms after minimiza- 
tion. 

The RMS deviations between starting structures and final 
structures are also listed in Table 111. It is clear that significant 
changes in conformation have occurred. A good number of 
the changes would appear to be associated with relief of strain 
which had been introduced in the one-state solutions in an 
effort to satisfy distance constraints based on improperly in- 
terpreted NOES. This can be seen from Ramachandran plots 
for the B structure backbone torsion angles as they exist in 
the one-state solution and in the BE combination (Figure 1A 
and Figure lB, respectively). One 4, @ point exists for each 
residue, and its symbol is chosen to represent the energy 
contribution for that residue (filled triangles and squares are 
the lowest energies). One notes that the B structure, as it exists 
in the two-state model (B'), has a decidedly larger number of 
low-energy residues (more filled symbols) and there is a 
tendency for 9, \k combinations to converge toward areas 
typical of a-helical and linear peptide backbone configurations. 

While the changes are substantial in terms of RMS 
movement of backbone atoms (2-2.5 A), it is important to 
realize that this is within the range of differences among initial 
one-state pseudoenergy structures (Holak et al., 1988a). 
Except for some distortion of helical segments and displace- 
ment of a loop from residue 16 to residue 36, all structures 
also maintain a qualitative similarity to the average of simu- 
lated annealing structures. All have a three-helix bundle and 
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Table IV: RMS Deviations of Atomic Positions in Structural 
Elements of One- and Two-State Models (A) 

8795 

first second third first second 
helix helix helix loop loop 

I o; 1 , o ,  *; ; A;A; 1 a A  
0 7 2  1 4 4  216 288 360 

2 a a  

716 1 

(P 

216 t 
i A  Y 

144  

M 
mA 

0 m A *  

72 

0 72 1 4 4  216 288 360 

0 
FIGURE 1: Ramachandran plots for the backbone structure of B in 
the one-state model (A) and the two-state model (B). Residue energies 
are indicated as follows: (A) energy < -5 kcal/mol; (a) -5 I energy 
< -2.5 kcal/mol; (0) -2.5 I energy < 0 kcal/mol; (A) 0 5 energy 
< 10 kcal/mol; (0) 10 5 energy < 2 0  kcal/mol; (0) energy 2 2 0  
kcal/ mol. 

a recognizable segment of a fourth helix (residues 56-63). The 
B’ structure is closest to the average simulated annealing 
structure with a RMS deviation of backbone atoms of 3.4 A. 

Figure 2A compares the backbone structure of the two states 
represented in the BE model. The poorly formed helix from 
residues 3 to 14 is designated as helix I, a helix from residues 
37 to 51 is designated helix 11, and a helix from residues 65 
to 75 is designated helix 111. This figure and Table IV give 
a picture of the motional averaging that would have to occur 
if this two-state model proved correct. Significant displace- 
ment of both helical and loop regions would occur, with the 
largest variations being in the loop regions. The motion of 
some side chains is shown in Figure 2B,C. Figure 2B focuses 
on the residues involved in the violations cited as motivation 
for pursuing a two-state model, namely, Phe-50, Leu-46, Ile-3, 
and Ile-72. Phe-50 in the B’ conformer (solid line) has close 
contacts with Ile-3, Leu-46, and Ile-72. Phe-50 in the E’ 
conformer (dashed lines) has close contacts with only Ile-3 and 
Leu-46. Figure 2C shows the contacts of Phe-28 with Thr-63 
and Leu-42, another region with substantial side chain motion. 
Figure 3A shows the motional averaging for the two-state 
model BF. In Figure 3B, the B” structure satisfies all Phe-50 
and Phe-28 distance constraints (solid lines) while the F’ 
structure has close contacts of Phe-50 with only Leu-46 and 
Ile-3 and close contacts of Phe-28 with only Leu-42 (dashed 
lines). In both models, the first loop, where Phe-28 is located, 
moves a great deal. 

B‘ in BE 
E’ in BE 2.59 2.20 2.93 4.43 2.79 
one-state B 1.29 0.34 0.56 1.96 0.59 

B” in BF 
F’ in BF 4.02 2.81 0.99 4.01 2.31 
one-state B 1.25 0.34 0.69 1.50 0.71 

E’ in BE 
one-state E 2.94 1.51 3.02 1.36 1.07 

F‘ in BF 
one-state F 1.13 1.53 0.61 1.44 0.98 

While the detailed conformations are different in the BE 
and BF models, there are similarities in the types of motion 
seen. In most cases, helices move in a concerted fashion rather 
than being disrupted. As shown in Table IV, in BE the third 
helix moves significantly, and in BF the first helix moves 
significantly, but both remain in similar conformations. One 
instance of helix disruption does occur in the second helix. The 
second helix of both E and F structures in one-state and 
two-state models is disrupted while it is a near-perfect helix 
in the B structure. 

Despite the improvement in fit to experimental data, one 
must be cautious about interpreting the conformations seen 
in the two-state averaging models too literally. They are 
produced by adding an additional degree of freedom to the 
problem, and the assumption of two, as opposed to multiple, 
conformations is quite arbitrary. We can, however, cite some 
additional evidence in support of the types of motion we en- 
vision occurring. The disruption of the second helix, for ex- 
ample, should be reflected in parameters not used directly in 
the structure determination, such as amide proton exchange 
rates, along the peptide backbone. The amide protons of 
residues 41 and 42 do in fact exchange faster than the other 
amide protons in a-helices, an indication of structural insta- 
bility (Englander & Kallenbach, 1983; Wagner et al., 1984). 
Figure 4 shows time courses of exchange of protons for deu- 
terium at amide sites in helix 11. All time courses are long 
compared to typical amides in loop regions, but note that 
amides at 41 and 42 exchange faster than amides to either side 
of these positions. The sites of disruption in structure E’ and 
F’ are not exactly at residues 41 and 42. They are closer to 
the center of the helix. Some evidence for disruption does, 
however, support the general type of motion postulated. 

It is also possible to cite experimental data supporting 
suggested motion in other parts of the ACP molecule. Our 
earlier work on spin relaxation phenomena that reflect internal 
motion in ACP shows a higher degree of internal motion at 
the C terminus (Kay et al., 1988). Among all seven alanines 
in ACP, only Ala-77 shows evidence of internal motion other 
than methyl rotation. While some localized motion of the 
terminal residue may be expected in any case, it may also be 
a reflection of the more extensive motion of the C terminus 
seen in comparing B‘ to E’ and B” to F’ in our two-state 
averaging models. 

Thus, we believe that the above models give reasonable 
pictures of a dynamic equilibrium which exists for ACP in 
solution. Such dynamic structures are obviously going to be 
important as we begin to examine the solution structure of 
proteins which lack intrachain linkages which stabilize a single 
structure. The methods for structure determination presented 
here, hopefully, take a step toward recognition of this im- 
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FIGURE 2: Motional averaging of the two-state model BE. Figure 2A compares the backbone structures of B’ in the BE model (solid lines) 
and E’ (dashed lines). Figure 2B shows details of the structures involving contacts of Phe-50 with Leu-46, Ile-3, and Ile-72. Figure 2C shows 
details of the structures involving contacts of Phe-28 with Leu-42 and Thr-63. 
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II 

FSO 

F28 ‘\r i C 

FIGURE 3: Motional averaging of the two-state model BF. Figure 3A compares the backbone structures of B” (solid lines) and F’ (dashed 
lines) in the BF  model. Figure 3B shows details of the structures involving contacts of Phe-50, and Figure 3C  shows details of the structures 
involving contacts of Phe-28. 
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FIGURE 4: Time courses of exchange of protons for deuterium a t  amide 
sites in a-helix 11. Data were acquired on an 8 mM sample of ACP 
prepared as described previously (Rock & Cronon, 1981)) and dis- 
solved just before measurement in deuterated buffer a t  pH 5.9 in 55 
mM KH2P04 .  D 2 0  was added to an ACP sample, and data were 
acquired every 60 min for 14 h in order to see the fast exchange of 
amide protons with deuterium. Figure 4A shows the time courses 
for exchange a t  residues 41 and 42. Figure 4B shows the time course 
for exchange a t  residues 39,44, and 46. Assignments and spectrometer 
acquisition conditions follow those of our previous study (Holak & 
Prestegard, 1986). 
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