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gram measurements during short-term memory
tasks are described by L. Kaufman, S. Curtis, J. Z.
Wang, and S. J. Wiliamson [Electroencephalogr.

Clin. Neurophysiol. 82, 266 (1992)] and M. Fahle, J.
Albrecht, H. Buelthoff, and D. Braun [Soc. Neurosci.
Abstr. 20, 319 (1994)].

22. K. Nakamura, A. Mikami, K. Kubota, Neuroreports 3,
117 (1992).

23. Pyramidal cells are modeled as identical integrate-
and-fire neurons. The membrane potential for each
pyramidal cell is given by
T dV(t)/dt = —V(t) + V==

+ VOR(t) + VAOP(H) + Vih(t)
and it is reset to Vst = —60 mV when it exceeds

vthresh = —50 mV, the threshold for spike genera-
tion. Because it does not change the qualitative fea-
tures of the model, we assume that =, is small com-
pared to any other time constant, so that

Vi(t) =V e+ Vo2 (1) + VAP (1) + V(1)

The inhibitory intemeuron is not explicitly modeled;
it is activated by each spike in a pyramidal cell and
it inhibits all pyramidal cells. This inhibition is as-
sumed to be a linear superposition of inhibitory
postsynaptic potentials, such that V inh(t ) = 3, at
—t,), where t  is the time of the nth spike in the
network and a is the alpha function, a(t) = A*(t/
7)*exp(1 — t/1), with Afh = —4mVand " =56
ms. VAPP increases from zero after each action
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Interhelical Angles in the Solution Structure of
the Oligomerization Domain of p53: Correction

We recently presented the solution struc-
ture of the oligomerization domain (resi-
dues 319-360) of the tumor suppressor
p53 using an multidimensional hetero-
nuclear-edited and -filtered nuclear mag-
netic resonance (NMR) spectroscopy (1).
The structure comprised a dimer of dimers,
each dimer being formed by two antipar-
allel helices and an antiparallel B sheet.
The two dimers were arranged approxi-
mately orthogonal to each other such that
the tetramer formed a four-helical bundle
with the antiparallel B sheets lying on
opposing faces of the molecule. After the
determination of the NMR structure, the
crystal structure of the oligomerization do-
- main was solved by Nikola Pavletich and
his colleagues and kindly provided to us
for comparison (2). While the overall to-
pology of the tetramer was the same in the
NMR and x-ray structures, a difference in
the orientation of the two dimers (that is
between the AC dimer and the BD dimer)
was observed. Specifically, the angle be-
tween. the long axes of helices A and B
was 114° in the solution structure versus
80° in the crystal structure. Thus, while
the structure of the dimer was similar, the
root-mean-square (rms) difference be-
tween our proposed NMR structure and
the x-ray structure for the complete tet-
ramer was large (3 A). This difference
involves a rigid body rotation of one dimer
relative to the other about the symmetry
axis of the tetramer and is readily appre-
ciated from the ribbon diagrams of the
original NMR structure and the x-ray
structure (Fig. 1, A and B, respectively). It
is important to determine whether a
genuine difference between solution and
crystal structures exists, or whether a mis-
interpretation of the NMR data could

be the cause of this discrepancy.

To this end, we reexamined our nuclear
Overhauser enhancement (NOE) data ob-
tained from both the four-dimensional (4D)

Fig. 1 (right). Ribbon di-
agrams of (A) the original
average NMR structure,
(B) the x-ray structure,
and (C) the new average
NMR structure (3). The
angle between helices A
and B, which describes
the orientation of the two
dimers, is 114°in (A), 80°
in (B), and 78° in (C). The
figure was generated
with the program MOL-
SCRIPT 17

ed(F,)/"?C-filtered(F

degenerate.
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Fig. 2 (below). Portion of the 3D '*C-edit-
) NOE spectrum (120 ms mixing time) of
the ohgomenzatlon domain of p53 comprising a 1:1 mixture of
unlabeled and '*C/"*N-labeled polypeptide, illustrating specif-
ically intersubunit NOEs involving the methyl protons of Leu®5°.
The '3C shift of the two C8 atoms of Leu®*? are degenerate
and the 'H shifts of the corresponding methyl protons are near

potential in cell i (17) with an alpha function of
amplitude A APP = 10 mV and a time constant of
TADP = 200 ms. The oscillatory input is V °s°(t ) =
B*sin(2wft), withf = 6 Hzand B = 5 mV. Amemory
is inserted through informational inputs at a single
negative peak of the cycle. The brief input is suffi-
cient to activate the cells and evoke an ADP.

24. H. S. Oberly, Am. J. Psychol. 40, 295 (1928).

25. Supported by the W. M. Keck Foundation and NIH
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13 September 1994; accepted 5 January 1995

1BC/13C-separated and three-dimensional
(3D) '3C-separated/!*C-filtered NOE spec-
tra. We found that, although the partition-
ing of the intersubunit NOEs was correct,
there were three errors in NOE assignments
involving contacts between the A and B
subunits (and by symmetry between the C
and D subunits). Specifically, the weak
NOEs between Lys**! CeH(A) and Met®®-
CyH(B), Lys®'C8H(A) and Met®-
CaH(B), and Lys**'CyH(A) and Met®®-
CaH(B), which were only identified in the
4D BC/3C-separated NOE spectrum, were a
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result of spectral artifacts. Also, key intersub-
unit NOEs between helices A and B involv-
ing the methyl groups of Leu®*°C8H had
been omitted from the NOE restraints list.
These included a strong NOE from Leu®*°-
C8H(A) to Lys>*'CaH(B), as well as
weak NOEs to Lys*>'CB1H(B) and GIn***-
CB2H(B) (Fig. 2). Even when the three
incorrect NOEs were omitted and the struc-
tures recalculated, the orientation of the two
dimers differed by 25° from that in the crys-
tal structure. Introduction of the new NOEs,
however, fully corrected this situation, as can
be seen from the ribbon diagram of the new
average NMR structure (Fig. 1C) (3).

As a result of these corrections, the dif-
ference between the average backbone co-
ordinates of the new ensemble of NMR
structures and the crystal structure for the
residues visible in the electron density map
is 1.2 A for the whole tetramer. The preci-
sion of the NMR backbone coordinates is
0.45 A which, assuming no errors in the
experimental restraints, translates into a
mean coordinate accuracy of 0.9 to 1.1 A
(4). Hence, the two structures are essential-
ly identical within the errors of the present
NMR coordinates.

It is instructive to examine the source of
the errors in our earlier study (1). Conven-
tionally, in a single chain protein, errors in
NOE assignments manifest themselves by
inconsistencies. In this particular case, this
was not evident, as excellent agreement be-
tween the calculated and input values of the
NOE, torsion and coupling constant re-
straints, good nonbonded contacts, and
small deviations from idealized covalent ge-
ometry, were obtained. Complete cross-val-
idation (5) was of little help, as it did not
result in a significant change in the structure
because the target function also incorporat-
ed symmetry restraints. Finally, the fourfold
degeneracy reduced the number of unique
NOEs by a factor of 4, thereby increasing
the difficulty in ascertaining errors.

Why were three key intersubunit NOEs,
Leu®°C8H(A) to Lys**'CaH(B), Lys*!-
CB1H(B) and GIn***CB2ZH(B), omitted
from the restraint list, and why did their
omission result in a large reorientation of
the two dimers? First, the problem with our
proposed structure reflected to some extent
the limitation of the NMR technique itself,
as the main structural parameter, and the
only one involved in determining long-
range order, involves short (<5 A) inter-
proton distances derived from the NOEs.
As the number of observed NOEs between
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the A and B dimers is limited to 24, propa-
gation of errors can easily occur. This may
have been further compounded by our rep-
resenting the nonbonded contacts by only a
repulsive term, which worked to reduce the
contact area between the two dimers. Sec-
ond, two of the crucial NOEs involve two
neighboring residues for which intrasubunit
NOEs would occur, although in the 3D 13C-
edited/!?C-filtered NOE spectrum carried
out on the unlabeled-labeled heterotetramer,
these should not be observable. We noticed,
however, experimental problems with this
spectrum. For example, strong cross peaks
were observed from the methyl protons of
Ala*? and Ala** to their respective CaH
protons despite the fact that the intersubunit
separation between these two proton pairs
was more than 14 A. Consequently, we at-
tributed these peaks to artifacts arising from
intrasubunit NOEs, possibly as a result of
incomplete 13C labeling. The Leu>*°C8H to
Lys*'CaH and Lys*'CBI1H peaks were
thought to reflect a similar situation. Third,
in a single-chain protein, the angle between
structural elements corresponding to the two
dimers would also be restricted by the limi-
tations imposed by covalent geometry. Last,
in a contiguous single polypeptide chain, the
three crucial NOEs would correspond to 12
unique NOEs.

The reason for the profound effect of
these additional restraints lies to some de-
gree in the orthogonal packing of the two
dimers. The large majority of NOE re-
straints are at the center of the helices,
whereas many of those involving Leu®>°-
C8H lie at the end of the helices, thereby
exerting more leverage on the overall inter-
helix orientation.

What are the consequences of the cor-
rection in angle between the two dimers?
First, the overall topology of the tetramer
remains the same, and the main thrust and
conclusions of our article (1) are unaffected.
From a structural viewpoint, however, the
packing of the two dimers is slightly better
in the new NMR structure and in the crys-
tal structure than in the one we proposed
originally (1).

After the submission of this comment,
Lee et al. (6) also published an NMR struc-
ture of the oligomerization domain. The
angle between helices A and B in this struc-
ture was 55° to 60° [figure 8D in (6)] com-
pared with 80° and 78° in the x-ray and
new NMR structures, respectively, and 114°
in the original NMR structure. This illus-
trates the high degree of technical difficulty
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in solving the structure of this symmetrical
homotetramer by NMR.
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