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Abstract-Proteins in solution need not exist in a single rigid structure but can exist in a dynamic 
equilibrium among structural forms. The problems that this poses for structure determination using 
nuclear Overhauser effect data from two-dimensional NMR experiments are discussed and illustrated 
with data on functionally equivalent proteins from two different species. One of these proteins, acyl 
carrier protein from Escherichia coli, shows a single set of resonances, easily interpreted on the basis 
of a single rigid structure. However, the related protein, acyl carrier protein from spinach, shows two 
sets of resonances, suggesting that two conformers in dynamic equilibrium would be a better structural 
model. 

Determination of protein structures on the basis 
of NMR-derived interproton distance constraints is 
now a well established science [l-6]. The structures 
derived to date, which are confined to relatively 
small proteins, show moderately high resolution and, 
in most cases, good agreement with X-ray structures 
[3,5,7,8]. Yet, there are cases of discrepancies 
which cannot be dismissed easily, and there are cases 
where NMR structures, or parts of NMR structures, 
remain poorly defined despite the availability of high 
quality data [4]. In these cases we believe that it is 
important to consider the possibility that the assump- 
tion of a static structure, implicit in most structure 
determination protocols, is inappropriate. NMR is, 
after all, unique in providing structural data in solu- 
tion where motional variations are less restricted 
than in crystals. The nuclear Overhauser effects 
(NOEs)§ used to evaluate interproton distance con- 
straints are also susceptible to large variations 
because of the unusual way that motional averaging 
can affect the measured parameters. 

In this paper, we illustrate the range of effects that 
motion can have on NMR data and NMR-derived 
structures by comparing results on a protein isolated 
from two different species. This protein is acyl carrier 
protein (ACP), an essential component of the fatty 
acid synthetase system in most organisms [9-121. 
Where it is a soluble component of the system, it is 
a highly acidic molecule of approximately 80 amino 
acids. In all cases the sequences show structural 
homologies which favor extensive regions of cx-helix, 
and in all cases a prosthetic group, which serves as 

$ Corresponding author. 
8 Abbreviations: NOE, nuclear Overhauser effect; 

ACP, acyl carrier protein; SDS-PAGE, sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis; NOESY, 
nuclear Overhauser effect spectroscopy; and ROESY, 
rotating frame Overhauser spectroscopy: 

II There are two distinct forms of ACP in spinach which 
have different amino acid sequences and different prop- 
erties. Here we refer to spinach ACP-I which is the main 
protein in spinach. 

the covalent link to a growing fatty acid chain, is 
attached to a serine near the mid-point of the 
sequence. 

The proteins to be examined here are from 
Escherichiu coli and from spinach.11 The structure of 
the E. coli protein has been determined by NMR 
methods but shows regions with inconsistencies in 
constraint data, suggesting a possible motional 
anomaly [13]. The spinach protein has not as yet 
yielded to a complete structure determination, but 
it has been cloned and put into an expression vector 
capable of providing an adequate quantity of protein 
to pursue a structure [14]. Preliminary data on this 
protein will be presented here which suggest a strong 
structural homology with the E. coli protein but a 
shift to slower time scales of conversion between 
alternate conformers. This allows a direct com- 
parison of effects on NMR data which exist for both 
fast and slowly exchanging systems. 

THEORY 

In comparison to techniques like X-ray diffraction, 
NMR has a very slow time scale of measurement. 
If conformers interconvert at a rate that is rapid 
compared to the frequency separation of resonances 
for a given proton in each conformer (typically tens 
to hundreds of Hz), a single, averaged resonance 
will be observed. Relaxation properties, measured 
as NOE transfers involving the proton, will also be 
averaged between the two states. The single res- 
onance and averaged relaxation properties make it 
difficult to detect the presence of conformational 
equilibria. Stability limits for many proteins also 
prevent use of temperature to slow motions to ranges 
where discrete resonances (or broadening of a single 
resonance) occur. 

Within the range where a single resonance for each 
proton is observed, a number of effects on relaxation 
properties can occur. In the limit of a rigid molecule, 
one assumes that there is only one motion modu- 
lating interproton interaction, namely Brownian dif- 
fusion of an approximately spherical object. The 
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cross-relaxation rate (olj) dominating the early por- 
tions of transfer between a pair of protons, after 
perturbing one proton, displays an inverse sixth 
power dependence on the interproton distance (ri,). 
This sixth power dependence arises because relax- 
ation rates are proportional to the square of the 
interaction leading to relaxation, and in the case of 
the dipole-dipole interaction applicable to protons, 
the interaction depends on the inverse cube of the 
distance. The pro ortionality constant relating relax- 
ation rates to (1 r)‘j is identical for each pair in the P 
rigid model, allowing use of a known calibration 
distance to eliminate the constant. Unknown 
distances, therefore, can be calculated from observed 
cross-relaxation effects as follows: 

As a contrast to this rigid model, let us consider 
effects that occur with very rapid internal motion, 
namely motion that is rapid compared to the isotropic 
tumbling time of the whole molecule. The dipole- 
dipole interaction dependent on rm3 is, in this case, 
averaged before it is modulated by isotropic 
tumbling. One might anticipate a distance depen- 
dence of cross-relaxation rate, in which short dis- 
tances of approach between two protons would be 
weighted heavily, (r-3>2 and cross-relaxation rates 
would be enhanced. An angular part of the dipole- 
dipole interaction, however, is also averaged, and 
enhancement due to the (r-3)2 part is nearly can- 
celled [ 151. Therefore, except in cases of highly cor- 
related motions, we can use a simple rm6 dependence 
of cross-relaxation and an isotropically tumbling rigid 
model to deduce reasonable structures for systems 
with only rapid internal motions. 

Let us next consider a type of departure from a 
rigid model which involves motions that are slow 
compared to those which are effective in modulating 
relaxation interactions (rc > low8 set) and yet fast 
compared to times which lead to resonance position 
averaging (rf < 10e3 set). Here reIaxation effects in 
each state are averaged as follows: 

ueff = 2 Pi”i 
I 

where pi is the probability of finding each state and 
Ui is the cross-relaxation rate in each state. This type 
of averaging has a tendency to weight short distances 
of approach very severely, since the distance depen- 
dence is (l/r6) and not (l/r3j2. Also, there is no 
compensation by angular factors since the angular 
modulations from the slow motions are insignificant 
compared to the angular modulation from the faster 
isotropic tumbling. 

Effects of interpreting data on the basis of a rigid 
model are more severe in this intermediate motion 
case. Consider the structural implication of inter- 
preting a measured, average cross-relaxation rate, in 
terms of a single rigid model for the three nuclei 
labeled A, B, and C in Fig. 1. Let B spend one-half 
its time 3 A from A and one-half its time 3 A from 
C. If A and C are constrained by other factors to be 
9 8, apart, the NOES between A and B, as well as B 
and C, would be 

(a) Hermonlc B~TOC~ function 

(b) Asymmetric error functfon 

A0 8. 6’0 Co AC Ba sb cc 
0 3 6 9i 0 3.3 5.7 9i 

Fig. 1. Comparison of a harmonic error function and an 
asymmetric error function in the presence of averaging. 

Each circle shows the position of the nuclei. 

t const (i)6 f it const fi)6 = ueffABueffBC 

Interpreting this as a distance in a single conformer, 
we would find 3.3 A, a value indicating B is very 
close to both A and C. This is clearly incompatible 
with the long AC distance constraint. This type of 
incompatibiiity can result in structures which appear 
to be poorly defined, or worse, which inaccurately 
represent the structure of the molecule. 

Structure determination protocols frequently 
impose constraints using square well or harmonic 
error functions such as those depicted for the data 
in Fig. la [3,16]. These error functions are summed 
over all constraints, and a structure is sought which 
minimizes the total function. It is clear from Fig. la 
that the protocol would find a compromise position 
4.5 A from A and C. While there would be a penalty 
assigned that should alert the investigator to the 
presence of a problem, the common practice of eval- 
uating the quality of a structure based on con- 
vergence to a single minimum would not necessarily 
indicate a problem. 

An alternative protocol uses an error function 
which more accurately represents NOE errors [17]. 

E pseudo 

Here W is a weighting factor (kcal/mol), r,ij is the 
distance in angstroms extracted from NOE data using 
a rigid model, and rij is the distance calculated from 
the coordinates of a trial structure. This asymmetric 
error function is soft on the long side as seen in Fig. 
lb, and when two such error functions are super- 
imposed they yield a double minimum as shown 
in Fig. lb. When structures are sought starting at 
different points, the solutions tend to fall into two 
classes: those with B at 3.3 A from A and those with 
B at 5.7 8, from A. The divergence in structures 
is easily seen in regions of molecules undergoing 
averaging. The individual families also serve as good 
starting points for structure determination protocols 
which explicitly recognize multiple conformers 1131. 
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MATERIALS AND METHODS 

Purification of spinach ACP 

Spinach ACP-I was purified from E. coli strain 
E103S as previously described [ 141. The preparation 
was judged homogeneous by electrophoresis on both 
native and SDS-PAGE. 

Preparation of spinach palmitoyl-ACP 

Spinach palmitoyl-ACP-I was prepared by acyl- 
ation of 2 mg of spinach ACP-I using E. coli acyl- 
ACP synthetase [18]. The palmitoyl-ACP-I was iso- 
lated from the reaction mixture by chromatography 
on DEAE cellulose and from untreated ACP-SH 
by gel filtration on a Superose 12 FPLC column 
(Pharmacia) at pH 9.5. 

NMR sample preparation 

For non-acylated samples spinach ACP was 
reduced with dithiothreitol (DTT) to the free sulfhy- 
dry1 form by adding 1.0 mg DTT to a 0.4-mL sample 
of 7 mM ACP-I at each pH and allowing it to react 
overnight. To change the pH of the sample, spinach 
ACP was passed through a Sephadex G-25 column 
with 1.2mM phosphate buffer at the appropriate 
pH. Approximately 18 mL of eluent was collected, 
and this volume was reduced to 0.4 mL to give a final 
pH which is 0.5 lower than the original pH and a 
final buffer concentration of 50-55 mM. Palmitoyl- 
ACP samples were prepared in a similar manner 
except that DTT was omitted. Two equivalents of 
MgCl* were added to some samples to determine the 
effect of divalent ion content. Because of solubility 
problems in the presence of Mg*+, 35 mM phosphate 
buffer was used instead of 50 mM in the presence of 
Mg*+. 

Samples for NMR measurement were lyophilized 
and dissolved in DrO or 90% H20/10% DrO, 50 mM 
phosphate buffers at the appropriate pH. Con- 
centrations of protein were approximately 7mM, 
for 2D experiments and 1 mM for 1D experiments. 
Sample volumes were approximately 0.4 mL. 

NMR spectroscopy 

NMR spectra were recorded on a Bruker AM 500 
spectrometer or a 490 MHz home-built spectro- 
meter. NOESY spectra [19] in water were recorded 
in the phase-sensitive mode using the method of 
States et al. [20], and NOESY spectra in D20 were 
recorded in the pure-phase absorption mode using 
the time proportional phase incrementation method 
[21,22]. In all cases a mixing time of 180 msec was 
used. Relay experiments were recorded as absolute 
magnitude spectra with mixing times of 18 msec [23]. 
All two-dimensional (2D) spectra were collected as 
400-500 t, experiments, each with 2 K complex data 
points over a spectrum sweep width of 6024 Hz 
(sample in water) or 5000 Hz (sample in DrO). Data 
were processed in a Vax 3200 computer with the 
FINMR software program.* Data sets were multi- 
plied in both dimensions by sine-bell functions or 
shifted sine-bell functions. 

* FTNMR is a program licensed from Hare Research 
Inc., Woodinville, WA. 

CD spectroscopy 

A sample of spinach ACP was prepared for CD 
spectra at a concentration of 135 PM. Spectra were 
acquired with an AVIV model 60DS spectro- 
polarimeter using a 1 mm cell. The base line was 
corrected with the same concentrations of phosphate 
buffer and DTT as in the spinach ACP solution. 
Spectra in the UV wavelength range from 200 to 
260 nm showed molar elipticities -1.23 x lo6 
deg M-’ cm-’ at 220 nm. These were analyzed using 
the program PROSEC (protein secondary structure 
estimator) tailored to work directly with data rec- 
orded by the AVIV 60DS CD spectrometer [24] to 
yield 43% of a-helix. 

RESULTS AND DISCUSSION 

E. coli ACP 

The structure of E. coli ACP has been determined 
using a molecular mechanisms pseudoenergy 
approach that employs asymmetric NMR potentials 
[4] and using a simulated annealing approach that 
employs harmonic potentials [25,26]. Those struc- 
tures were calculated on the basis of a single rigid 
model. The results, particularly using the asymmetric 
potential, show a large divergence among structures 
[4]. For example, Phe 50 is observed to have strong 
NOES involving Ile 3, Leu 46 and Ile 72. All struc- 
tures violate one or more of these NOES by having 
an interproton distance which is too long to give rise 
to the observed NOE. Observation of effective cross- 
relaxation among protons at distant sites is precisely 
the type of artifact expected from averaging of NOES 
over two or more discrete structures. Use of a two- 
state averaging model results in a dramatic improve- 
ment in fit to cross-relaxation-derived distance con- 
straints and a substantial lowering of molecular 
mechanics energies for individual conformers of E. 
coli ACP [13]. 

Despite the improvement with a two-state model 
interpretation, evidence for conformational aver- 
aging is open to argument, because it is difficult to 
separate errors that result from mistakes in assign- 
ment, and the presence of other relaxation con- 
tributions, from errors that are associated with using 
the wrong motional model. It would be very desirable 
to have independent verification of the existence of 
multiple conformational states. 

Spinach A CP 

Structural variation among functionally identical 
proteins, isolated from different species, certainly 
occurs. But if one considers that a 1.4 kcal variation 
in residue-residue interaction frequently results in 
indiscernible movements of protein segments 
(<O. 1 A), but a 1.4 kcal variation in an activation 
barrier will result in an order of magnitude variation 
in rate, it is far more likely that we will detect 
variations in motional processes than variations in 
structural details. We believe this to be the case in 
comparing spinach ACP to E. coli ACP. 

Structurally these two proteins are expected to be 
quite similar [9,27]. Of 77 residues that overlap 
between E. coli and spinach ACP-I, 30 match 
exactly. Allowing conservative substitutions such as 
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Fig. 2. Regions of a 490 MHz ‘H NOE spectrum of spinach ACP, pH 5.9 in water, containing amide- 
amide proton connectivities. This spectrum was acquired with a mixing time of 180 msec. The sequential 

assignments are shown with lines. 

Glu/Asp, Ile/Val/Leu, and Thr/Ser gives an 
additional 10 matches or 51% homology. Allowing 
minor shifts in sequence such as required in cor- 
relating the highly conserved Phe residue at position 
31 of spinach with the Phe residue at position 28 in E. 
coli, homology is improved further. Chou-Fasman 
predictions [28-301 of secondary structure are quite 
similar for the two proteins except at the C-terminus 
[31], and CD results show a similar level of cy-helices. 
In spinach ACP there appears to be 43% of o-helical 
structure, while in E. coli ACP there appears to be 
33-42% of a-helical structure [32,33]. It has also 
been observed that E. coli ACP is an effective cofac- 
tor for the spinach fatty acid synthetase system [ 111, 
and antibodies raised against spinach ACP cross- 
react with E. coli ACP [27]. 

Structural homology is confirmed by NMR inves- 
tigation. The amide-amide segments of a 2D 
NOESY spectrum is shown in Fig. 2. The off-diag- 
onal connectivity peaks in this region are very charac- 
teristic of cY-helices. The intensity of a crosspeak is 
directly related to u for short mixing times and, 
therefore, the appearance reflects short amide- 
amide distances. In an a-helix, sequential amides are 
at 2.8 8, compared to -3.5 8, in an extended sheet 
]341. 

Complete sequential assignment now under way 
should localize helical regions within the sequence 
and further strengthen the structural homology 
model. However, even at the present level of assign- 
ment there are some anomalies. There are, for 

example, too many NOE connectivity peaks in some 
regions and some major peaks lack expected inten- 
sity. This is most easily seen in the aromatic spectral 
region of a sample in D20 where only nonex- 
changeable protons remain. At the bottom of Fig. 
3, there is a one-dimensional spectrum of spinach 
ACP at pH 6.0, 303°K. Spinach ACP has only res- 
onances from two phenylalanines showing in the 6.6 
7.6 ppm region. There should be 10 protons in this 
region. Peaks labeled Cl, C2 and D clearly cor- 
respond to peaks expected for the A,B2X five spin 
system of one phenylalanine. But the integral of 
these peaks, if referenced to what must be the 
remaining 5 protons in peaks A and B, is low by 
more than 10%. 

The assignments of the major peaks in Fig. 3 can 
be confirmed on the basis of a RELAY experiment 
shown in Fig. 4. The connectivities shown in solid 
lines are based solely on through bond couplings. 
Peaks Cl, C2 and D must belong to ortho, meta and 
para protons on one phenylalanine. Based on NOE 
connectivities to other amino acids, this is Phe 31. 
Peaks A and B must, therefore, belong to ortho, 
and meta plus para protons on Phe52. The peaks 
indicated with arrows are the crosspeaks from the 
amide peaks of side chains of glutamine and aspara- 
gine which were not exchanged in the H,O sample 
used for this experiment. 

Going back to Fig. 3, the NOE spectrum, we 
should expect connectivities between the spatially 
proximate ortho and meta protons, and para and 
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A B Cl c2 D 

Fig. 3. The 5OOMHz 2D NOESY spectrum and the 1D 
spectrum of the aromatic region of spinach ACP at pH 6.0 
in DrO. The solid lines show the expected intraresidue 
connectivities and dotted lines show extra connectivities. 
The solid-dotted lines correlate crosspeak positions with 

the positions of each peak in a 1D spectrum. 

7:6 7:2 6:8 
PPm 

Fig. 4. RELAY spectrum of the aromatic region of spinach 
ACP at pH 6.3 in water. The solid lines show the through 

bond couplings of Phe 52 and Phe 31. 

meta protons. Even some weak secondary transfers 
between para and ortho protons on the same ring 
are expected. Crosspeaks from expected transfers 
are shown with solid lines in the figure. Clearly there 
are additional crosspeaks. The dotted lines in Fig. 3 
appear to show NOE connectivities from Phe 52 to 
Phe 31. While a remote interresidue connectivity is 
not impossible, it would, require substantial dis- 

tortion of the spinach structure from the E. coli ACP 
structure. Closer examination also shows that the 
positions of the extra crosspeaks do not correlate 
exactly with positions of major assigned resonances. 

Changing environmental conditions can help 
resolve ambiguities in the observed connectivities by 
shifting and changing the intensity of peaks which 
may be present. For example, adding a palmitoyl 
chain to the prosthetic group serves to resolve the 
peak A, assigned to Phe 52, into two peaks, as shown 
in Fig. 5. This is also true for peak D, assigned to 
Phe 31. As a first explanation, it would be logical to 
assume that the extra peaks resulted from incomplete 
acylation, but HPLC shows >90% purity of the acyl 
form. Also in Fig. 5 we show the effects of varying 
pH, temperature and divalent ion content. Shifts in 
peak positions are not large in the range investigated, 
but peak areas do change. When the area of the 
upfield part of peak A increases, the downfield part 
decreases. Likewise, when the downfield part of 
peak D decreases, the upfield part increases. These 
changes are entirely reversible. This is characteristic 
of seeing discrete resonances for two conformers 
with the equilibrium population between them shift- 
ing back and forth with changes in environmental 
conditions, i.e. there are two conformers in slow 
exchange. 

The extra peaks in the NOE spectra and the low 
intensity for Phe 31 in the 1D spectrum in Fig. 3 can 
now be explained. Although individual lines in the 
non-acylated species are not easily resolved, we sus- 
pect these are peaks from a minor second species 
underlying the primary resonances. NOE spectra 
measure transfer of magnetization from one res- 
onance to another but do so independent of mech- 
anism. Magnetization can show up as a crosspeak 
both when resonances physically exchange as in a 
conformational equilibrium, and when transfer is by 
dipolar relaxation mechanisms. 

Consider the connectivities to the para proton of 
the Phe 31 peak D. Relaxation transfers intensity to 
a peak from the two meta protons, peak C2, and a 
small amount (probably secondary NOE) to a peak 
from the ortho proton, peak Cl. But there is a strong 
transfer to a peak just downfield of peak B. This 
peak is not a part of either major spin system as 
established by scalar coupling and is certainly a 
second species connected to the main peaks by 
exchange. Similar extra peaks for the ortho and meta 
resonances of Phe31 lie under peak B and show 
transfers to Cl and C2. There are experiments such 
as the ROESY experiment [35-371 that can separate 
exchange from true NOE transfers to confirm this 
explanation. 

Figure 6 shows the effects of varying temperature 
and the addition of divalent ion on one-dimensional 
spectra of spinach-SH ACP. With the region just 
downfield of peak B assigned to resonances from a 
minor species, we can now clearly see resonance 
intensity shift from peaks Cl, C2 and D to this 
region. 

CONCLUSION 

We believe we have presented adequate evidence 
to state that spinach ACP exists in at least two 



12 Y. KIM, J, B. OHLROGGE and J. H. PRESTEGARU 

spinach scyl ACP at pH=6.7 

spinach acyf ACP at pH=7.8 _ &A 

f 
7.2 6.8 

PPM 
Fig. 5. Effects of varying pH, temperature and divalent ion content on palmitoyl-spinach ACP. 
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Fig. 6. Effects of varying temperature and divalent ion content on spinach-SH ACP. 

spinach-SH ACP at 303K 

at 313K 

at 303K , + Mg+t 

conformationally discrete forms that exchange slowly 
enough to give discrete resonances, yet fast enough 
to transfer magnetization on the time scale of Tr 
relaxation (l-2 set). The observation of discrete con- 
formational states in one species adds credence to 
the use of a conformational averaging model in the 
structure of E. coli ACP. The observations also 
caution against the indisc~minate use of a rigid 
model to analyze NMR data which gives a single 
resonance for each distinct proton site. 
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