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Summary

We report a floating chirality procedure to treat nonstereospecifically assigned methylene or isopropyl
groups in the calculation of protein structures from NMR data using restrained molecular dynamics and
simulated annealing. The protocol makes use of two strategies to induce the proper conformation of the
prochiral centres: explicit atom ‘swapping’ following an evaluation of the NOE energy term, and atom
‘floating’ by reducing the angle and improper force constants that enforce a defined chirality at the
prochiral centre. The individual contributions of both approaches have been investigated. In addition,
the effects of accuracy and precision of the interproton distance restraints were studied. The model
system employed is the 18 kDa single-stranded DNA binding protein encoded by Pseudomonas bacterio-
phage Pf3. Floating chirality was applied to all methylene and isopropyl groups that give rise to non-
degenerate NMR signals, and the results for 34 of these groups were compared to J-coupling data. We
conclude that floating stereospecific assignment is a reliable tool in protein structure calculation. Its use
is beneficial because it allows the distance restraints to be extracted directly from the measured peak
volumes without the need for averaging or adding pseudoatom corrections. As a result, the calculated
structures are of a quality almost comparable to that obtained with stereospecific assignments. As
floating chirality furthermore is the only approach treating prochiral centres that ensures a consistent
assignment of the two proton frequencies in a single structure, it seems to be preferable over using
pseudoatoms or (R™) averaging.

Introduction

Soon after the first NMR structures were reported
more than a decade ago, it was recognized that the avail-
ability of stereospecific assignments for methylene protons
and isopropyl groups improves both the accuracy and
precision of a calculated ensemble (Driscoll et al., 1989;
Gintert et al., 1989; Havel, 1991). If these assignments
are missing usually pseudoatoms are introduced, replacing
the methylene or methyl protons (Wiithrich et al., 1983).
Consequently, the corresponding experimental distance
constraints must be widened to correct for the position of
the pseudoatom relative to those of the protons for which
the NOE has been measured. These effects are significant
because the pseudoatom corrections that are generally

*To whom correspondence should be addressed.

0925-2738/$ 6.00 + 1.00 © 1997 ESCOM Science Publishers B.V.

used (1 A for methylene, 2.4 A for isopropyl) are based
on worst-case geometries. Recent improvements in the
pseudoatom concept allow somewhat smaller corrections
(Gilintert et al., 1991; Fletcher et al., 1996), but a loss of
information is inevitable when pseudoatoms are used to
compensate for the lack of stereospecific assignments.
Before the widespread use of multidimensional hetero-
nuclear NMR, stereo assignments were generally obtained
by a careful analysis of intraresidue and sequential NOE
patterns and 3Jﬁlﬁ-couplings (Zuiderweg et al., 1985; Hy-
berts et al., 1987). Automated procedures have been in-
troduced that analyse these NOEs and coupling constants
by grid searches (Glintert et al., 1989) or searches in X-
ray structure databases (Nilges et al., 1990). In contrast,
the program GLOMSA analyses calculated structures for



246

consistent positions of prochiral groups to obtain assign-
ments for a further refinement of the structures (Giintert
et al., 1991). The obvious aim of these procedures is to
gather as many stereospecific assignments as possible so
that in a final structure calculation run the number of
(inefficient) pseudoatoms can be reduced. An alternative
approach to achieve the same goal has been suggested by
Blaney (Weber et al., 1988), which is referred to as the
floating chirality method. Instead of using pseudoatoms
to constrain experimental distances, NOEs are measured
for both individual resonances of a methylene or isopro-
pyl group, which are arbitrarily assigned, i.e. simply de-
noted H*” and H® in the case of a B-methylene group.
During the structure calculation (distance geometry (DG)
or restrained molecular dynamics (RMD)) stereo-related
atoms or methyls are then allowed to float between the
pro-R and pro-S configurations. Of course, all energy
terms that enforce a defined chirality at the prochiral
centre have to be removed (Weber et al., 1988). In the
case of a simulated annealing refinement also the bond-
angle energy constants involving the two protons or meth-
yl groups are reduced (Holak et al., 1989). In this way,
the protons or methyl groups can choose (DG) or move
to find (RMD) the energetically most favourable confor-
mation. The advantage of such an approach is that no
correction factors have to be introduced and therefore no
information content of the NOE:s is lost.

Nevertheless, floating chirality strategies have never
gained much popularity in NMR structure calculations.
In fact, critical papers have appeared demonstrating that
wrong assignments may easily ensue which, if not recog-
nized, produce misleading results (Beckman et al., 1993).
Moreover, if wrong assignments obtained from a previous
structure refinement are really used in subsequent cycles,
they may result in a strong ‘bias’ away from the correct
structure (Havel, 1991). In his study, Havel used simu-
lated NMR data, obtained from the crystal structure of
BPTI, to study the accuracy of floating chirality as a
method to make prochiral assignments and to investigate
the effect on the precision of the calculated structures.
Beckman et al. (1993), on the other hand, used real
NOESY data from oxidized horse cytochrome ¢ to exam-
ine the floating chirality method, but in their study the
true stereo assignments (e.g. from J-coupling experiments)
are not available. Both these studies focus to a large
degree on floating chirality as a method to obtain stereo-
specific NMR assignments as such. In particular, Beck-
man et al. describe quite an extensive mathematical analy-
sis to statistically validate the obtained assignments.

Here, we use the floating chirality method in a simu-
lated annealing protocol to calculate the structure of a
mutant (Phe*® — His) of the 18 kDa dimeric single-stranded
DNA binding protein (ssDBP) encoded by Pseudomonas
bacteriophage Pf3 (Folmer et al., 1994,1995b). We will
present a description of the annealing protocol used,

which contains several modifications compared to previ-
ously reported ideas (Nilges et al., 1988,1991). J-coupling
experiments have revealed stereo assignments for 34 pro-
chiral centres in the 78 amino acid protein, which thus
can be used to verify the results obtained from the auto-
matic assignment. We have tested three protocols to ex-
amine the effect of ‘atom swapping’ strategies (William-
son and Madison, 1990) versus truly ‘floating’ prochiral
centres. Furthermore, using different sets of NOE re-
straints we studied in what respect the success of floating
chirality depends on the NOE input, notably the tightness
of upper and lower bounds. Nowadays, with the avail-
ability of isotopic labelling and heteronuclear NMR tech-
niques, in many cases stereo assignments can be obtained
directly from the NMR experiments. Clearly, this would
be the preferred approach, allowing the assignments to be
made prior to and independent of the structure calcula-
tion process. Nevertheless, isotope labelling is not always
possible and especially y- and &-methylene prochiral cen-
tres are difficult to assign in larger proteins using present-
day NMR techniques. However, the purpose of this paper
is not to demonstrate that floating chirality is a computa-
tional equal of the often elegant J-coupling experiments.
Instead, we want to show that it is a useful, reliable and
easy-to-use fool in protein structure determination, its
primary goal being to improve convergence and to in-
crease accuracy and precision, rather than to yield a table
of assigned chemical shifts.

Materials and Methods

NMR measurements

The "“N-labelled and “C/"’N doubly labelled F36H Pf3
ssDBPs were isolated as described previously (Folmer et
al., 1994,1995b). The concentration of the NMR samples
was 2 mM for the *N-labelled protein and about 1.4 mM
for the doubly labelled protein.

NMR experiments were performed at 500 and 600
MHz on a Varian Unity+ and Bruker AMX spectrometer,
respectively, and were carried out at 300 K. Unless other-
wise stated, States-TPPI was used for signal accumulation
in the indirectly detected dimensions and low-power
GARP (Shaka et al., 1985) was used to decouple ’N or
13C during acquisition. In experiments performed in D,0O
solution the solvent resonance was suppressed by pre-
saturation, which was not necessary in the experiments in
H,O as these involved coherence selection using gradients.

Quantitative distance constraints were obtained from
a 3D gradient-enhanced "N NOESY-HSQC spectrum,
recorded at 600 MHz with a mixing time of 40 ms and 12
transients per increment. Maximum evolution times were
20.2(t,) x 18.0(t,, " N) x 67.6(t;) ms. In addition, a 3D "*C
NOESY-HMQC (Ikura et al., 1990) was acquired at 600
MHz with a mixing time of 40 ms, 24 transients per in-
crement and evolution times of 24.3(t,) x 7.1(t,,"*C) x



69.6(t,) ms. Carbon decoupling during t, was achieved by
applying a 500 s hyperbolic secant (L =5, =200 Hz; see
Silver et al. (1984)) with an rf field strength of 13 kHz
and the carrier at 77 ppm (Folmer et al., 1995a).

The stereospecific assignments reported in this paper are
based on the following experiments, all performed at 500
MHz: 3D CT-HNHB (Archer et al., 1991), 3D HACAHB-
COSY (Grzesiek et al., 1995), 2D {'°N} spin-echo differ-
ence HSQC (Vuister et al., 1993) and 2D {"*CO} spin-
echo difference HSQC (Grzesiek et al., 1993). The HNHB
experiment was recorded with 32 scans per increment and
evolution times of 20.0(t,,"’N) x 19.1(t,) x 77.8(t;) ms. The
original sequence of Archer et al. was modified to enable
gradient coherence selection (Kay et al., 1992) and sensi-
tivity enhancement (Cavanagh et al., 1991; Palmer et al.,
1991). The HACAHB-COSY experiment was acquired on
a 0.9 mM sample with 40 transients per increment and
evolution times of 21.3(t,,"*C) x 11.6(t,) X 56.9(t,) ms. We
took the exact sequence of Grzesiek et al., using a separ-
ate channel for GARP decoupling of the carbonyl reson-
ances (0.3 kHz field). The {"*CO} spin-echo difference
HSQC was recorded with 64 transients per individual
increment and evolution times of 50.0(t,,"*C) x 77.6(t,,'H)
ms, whereas the {’N} analogue was recorded with 96
transients.

Annealing protocol

Structures were calculated using simulated annealing
starting from conformations with random backbone tor-
sion angles. The basic ideas have been published previous-
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ly (Nilges et al., 1988,1991). Several modifications were
introduced to make the protocol more efficient and to al-
low for the use of floating diastereospecific assignment. All
calculations were performed with the program X-PLOR,
v. 3.1 (Briinger, 1992), with an extension for floating chi-
rality and with a modified version of the ‘parallhdg’ geo-
metric force field which now more closely matches the
geometric parameters reported by Engh and Huber (1991).
The extension (commands for CPU-efficient atom swap-
ping) and the force field will be available in the next ver-
sion of X-PLOR.

The entire protocol is summarized in Table 1. In prin-
ciple, the stages denoted ‘0’ and ‘I’ can be merged into
one high-temperature phase, but here stage 0 served to
calculate a set of starting structures. These were accepted
subject to the criterion that the backbone root-mean-
square (rms) difference to a (the) correct structure, which
we knew from a previous refinement (Folmer et al., 1995b),
was within 6 A.

The annealing protocol consists of four stages: a high-
temperature search phase and three cooling phases. Dur-
ing the search phase a reduced representation for non-
bonded interactions was used as described previously
(Folmer et al., 1995b) to increase the convergence rate.
The temperature is reduced from 2000 to 1000 K in the
first cooling phase, and all weights on the different energy
terms are brought to their final values (see Table 1). The
second cooling phase comprises simple cooling from 1000
to 100 K. In principle, this yields well-converged, low-
energy structures, but these may be further relaxed by a

TABLE 1
DETAILS OF THE SIMULATED ANNEALING PROTOCOLS
Stage
0 I I 111 v
Temperature® 2000 2000 2000 - 1000 1000 - 100 1000 - 100
Number of steps® 5000 3000 3500 2000 3000
Parameters and force constants®
Ko ¢ (kecal mol™ A™) 3/6/12/25/50 12/25/50 50 50 50
K, gw© (kcal mol™ A™) 0.002K yo 0.002K yo 0.003 - 4.0 4.0 0.5 4.0
K inearar (kcal mol™ rad™) 10 10 20 - 200 200 200
Kpou " (kcal mol™ rad™) 25 25 25 5 500 500 500
repel® 1.2 1.2 0.9 - 0.78 0.78 0.78
cutnb® 12 12 4.5 4.5 4.5

 The temperature was controlled by the heat bath coupling method of Berendsen et al. (1984). The friction coefficient was set to 10 ps™'. The bath

was cooled stepwise using 50 K decrements.

® The time step was 5 fs throughout the whole protocol. Masses were uniformly set to 100 amu.

¢ Force constants for bonds, angles and impropers were uniformly set to 1000 kcal mol™ A and 500 kcal mol™ rad™. The improper constants
defining the chirality of the prochiral groups subjected to floating stereospecific assignment were obviously set to zero.

4 We used a harmonic ‘flat-bottom’ potential (or square-well with harmonic walls) with a linear behaviour for upper bound violations larger than
1 A (Nilges et al., 1988). The slope of the asymptote was set at 2. Koy Was increased as indicated every 1000 steps during stages 0 and I.

¢ The repulsive nonbonded potential has the form E, g =K 4 {max[0,(repel’RZ, —R))]}?, where R

is the sum of the two van der Waals radii,

min

repel is a scaling factor and Ky, is the energy constant (Konnert and Hendrickson, 1980). During stages 0 and I, a reduced atom representation
was used for the nonbonded interaction, evaluating only two atoms per amino acid (Folmer et al., 1995b). In stage II, the full nonbonded

representation was introduced.

" This force constant refers to the three-atom bond angles of the prochiral centres subjected to floating assignment.
¢ This parameter specifies the interaction cutoff for the nonbonded list generation.
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subsequent mild annealing phase consisting of cooling
from 1000 to 100 K, while increasing the force constant
of the nonbonded interactions from 1/8 of its standard
value to the final 4 kcal mol™ A™. In our experience this
does not significantly change the overall structure, but
local reorientations allow the various energy terms to
drop by about 10%. The protocol ends with a 500-step
conjugate gradient minimization.

For NOE-derived distances we used a harmonic flat-
bottom potential with a linear behaviour for upper bound
violations larger than 1 A (Nilges et al., 1988). This pre-
vents large forces in the beginning of the calculation when
restraints in the random starting conformations are viol-
ated by a large amount, and facilitates convergence es-
pecially for ambiguous distance restraints (Nilges, 1993).
Large energy barriers between the random initial confor-
mations and the correctly folded structures are reduced
by using soft atoms (Nilges et al., 1988), here in the form
of a quartic repulsive potential similar to that used in
various distance geometry programs.

Floating diastereospecific assignment

In the most elegant approach, floating chirality is
actually performed on the restraints themselves rather
than on the involved atoms (Habazettl et al., 1990). Un-
fortunately, this approach is not easily combined with the
use of ambiguous NOEs. In homodimeric proteins, NOE
contacts of residues close to the symmetry axis will have
both intra- and intermonomer contributions, and these
can only be treated correctly with an ambiguous NOE
approach (Nilges, 1993). Here, we have therefore chosen
the more standard method, where the restraints are un-
changed. We used floating chirality for all prochiral cen-
tres in Pf3 ssDBP for which the NMR frequencies are
resolved. These include all valine and leucine isopropyl
groups and a large fraction of the methylene groups. The
method consists of removing all energy terms that enforce
a defined chirality at the prochiral centre (improper tor-
sion angles) (Weber et al., 1988), and reducing all relevant
bond-angle energy constants (Holak et al., 1989). This
allows the protons or methyl groups to move and find the
energetically most favourable conformation. In our ex-
perience, the protocol as described by Holak et al. (1989)
converges well only if rather tight limits on the distances
are used, in particular on lower bounds, otherwise the
protons very often do not “flip’. In order to be able to use
floating chirality also with more qualitative upper bounds,
we have introduced systematic swapping of the prochiral
groups (Williamson and Madison, 1990). At various
stages in the refinement procedure, the atoms in a methy-
lene or isopropyl group are explicitly swapped. The result-
ing conformation is accepted if it gives rise to a lower
NOE energy, otherwise the original conformation is re-
stored. This is done for all prochiral groups every 1000
steps of dynamics during the search phase, and for a

small, randomly selected fraction each time the heat-bath
temperature is reduced during cooling (i.e. every 50 K).
No explicit swapping is performed during phase IV.

As can be deduced from Table 1, the prochiral groups
are kept floating throughout the high-temperature search
phase. During phase II the force constants of the non-
bonded interactions and of the three-atom bond angles are
slowly increased, which means that at the end of the first
cooling phase (1000 K) true floating is no longer possible.
As mentioned above, explicit swapping continues until the
system has been cooled to 100 K during phase III.

The main advantage of floating chirality as opposed to
the pseudoatom approach is that it allows using distance
restraints which are closest to the experimental data for
resolved but unassigned prochiral groups. Similarly, in the
case of NOE contacts to a group of equivalent spins two
approaches can be distinguished. Wiithrich et al. (1983)
proposed to have such NMR constraints refer to a single
pseudoatom at the mean position of the atoms in the
equivalent group. Again this involves adding pseudoatom
corrections to the measured distance, resulting in a less
accurate set of NOE constraints. In particular, introduc-
ing a pseudoatom which replaces the H® and H® protons
in tyrosine and phenylalanine residues results in a loss of
directionality for the aromatic ring. In contrast, in the so-
called R™ average method the interspin distances are
measured separately for each proton in the equivalent
group (r;) and are appropriately averaged into a single
‘effective’ distance R; R =(r;%)™"® (Briinger et al., 1986).
This calculated average distance can only be compared to
the experimental distance if the latter corresponds to an
‘average’ cross-peak volume, i.e. cross-peak integrals
involving equivalent spins should be divided by the num-
ber of overlapping resonances (Briinger et al., 1987).
Here, we used the method known in X-PLOR as ‘sum
averaging’, originally introduced to treat ambiguous
NOE:s in symmetrical multimers (Nilges, 1993). With this
method, the sum of the separate interactions is computed
(R = {31;°} ") instead of the average, which means that
the aforementioned divisions need not be performed.
Hence, in combination with the floating chirality ap-
proach all cross-peak volumes integrated from the 2D or
3D spectra can be converted into distances without any
kind of correction. Thus, after calibration we have con-
verted all peak integrals from the '*C- and "“N-edited
NOESY spectra directly into distances using a plain R™
relation. We used sum averaging for all experimental
distance restraints after separating unambiguous and
ambiguous NOEs (Nilges, 1993). This means we used an
R sum also for the methyl groups, for which an R~ sum
would be more appropriate (Tropp, 1980; Koning et al.,
1990). The difference, however, is not very large, the
former being slightly more conservative. All nondegener-
ate methylene protons and isopropyl groups have been
named according to their relative chemical shifts, e.g. H*



and H® simply correspond to the low-field and high-field
resonating lines, respectively.

In order to investigate the dependence of the floating
chirality procedure on the quality of the NOE input and
the efficiency of the molecular dynamics protocols, we
calculated six different sets of structures. The set denoted
A is the family of structures calculated from what is to be
considered the optimal NOE input. A total of 1145 inde-
pendent NOEs were used per protein monomer, 543 of
which are intraresidue, 210 are sequential, 74 are medium
range (two to five residues apart in the sequence) and 318
are long range (five residues or more apart in the se-
quence). Upper distance restraint limits were set by length-
ening all determined distances r in an empirical fashion
by r.max[0.15,(0.15+(r—2.6) 0.08)], and lower limits were
set at 0.85r.

The NOE input for set B differs from that of A in that
no lower limits are used, and that of set C uses the upper
and lower bounds of A but now lengthened by 0.5 A.
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Sets D and E were calculated from the same NOE input
as A but the floating chirality was treated differently in
the molecular dynamics protocols. While sets A—C were
calculated with the combined floating—swapping approach
described above, in set D only the floating aspect was
incorporated and no explicit swaps were performed. Set
E was calculated using only explicit swapping in the pro-
chiral groups, while floating was prevented by keeping the
three-bond angles close to their equilibrium values. Set F
is the ensemble of structures calculated from the 75 ms
"N- and "*C-edited NOESY spectra reported earlier (Fol-
mer et al., 1995b). Upper and lower restraint limits were
set as for A, and the combined floating—swapping pro-
cedure was used.

Generally, in large systems not every random confor-
mation will converge into a properly folded structure. In
our case only approximately 40-50% of the conforma-
tions calculated in stage 0 with the optimal NOE input
were sufficiently folded to converge into acceptable low-

b L38 Q39 C40 F42 F43
g
(68B3)
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- 1.5
B (12 p3)" @
B3 @ B L AP
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a g 17
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F
T T T T T (ppm)
8.54 8.87 8.77 9.00 9.10 F3

Fig. 1. (a) Strips from the 500 MHz 3D HACAHB-COSY spectrum of 0.9 mM doubly labelled Pf3 F36H ssDBP. The strips are taken at the *C”
and 'H* frequencies of residues 38-43, with the exception of GIn*' which has degenerate B-protons. (b) Strips from the 500 MHz 3D HNHB
spectrum of 2.0 mM ""N-labelled Pf3 F36H ssDBP. The strips are taken at the "N and '"H™ chemical shifts of the residues shown in (a).
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TABLE 2

STATISTICS OF THE FAMILY* OF STRUCTURES

Parameter (A) (B) (© (D) (B (F)

X-PLOR energies
E," 29135 13217 55+6 474 £49 376 + 67 350+ 20
Epona 14+2 7.0+1.2 1.9+0.5 2514 204 19+£2
S 10713 57%5 38+2 140+ 14 125+20 124+7
Einpr 18+3 8.7+0.9 4.8+0.2 21+3 21+6 2242
E.qw 27+7 13+4 49+22 49+8 40+ 10 27+4
Enor 124+ 18 47+9 4.5+£3.2 240+ 37 169 + 34 158+ 12

Atomic rms differences’
Backbone 0.69+0.20 0.81+£0.27 1.08 £0.31 0.76+£0.13 0.76 £0.16 0.65+0.18
All non-H 1.13+0.16 1.22+0.26 1.51+£0.29 1.22+0.11 1.23+0.15 1.10+0.14

* The different ways in which the six ensembles of structures were generated are explained in the Materials and Methods section. In short they
are: A: calculated from ‘optimal’ NOE input (see text), obtained from 40 ms NOESYs; B: as A, but no lower limits on NOE restraints; C: as
A, but lower and upper limits relaxed by 0.5 A; D: as A, but no explicit swaps in prochiral centres during dynamics, only floating; E: as A, but
only explicit swaps, no floating; F: as A, but distance constraints extracted from 75 ms spectra.

® The force constants of the various energy terms are listed in Table 1.

¢ Rms differences of (X) from (X) are listed for residues 1-11 and 25-78 (see text), where X denotes each of the six calculated families.

energy structures after annealing. This number will be
lower when less accurate or precise NOE data are used.
To remove these effects from our floating assignment
study, we generated 80 starting conformations for each
set (A-F), ensuring that each annealing calculation at
least results in properly folded molecules.

Although the Pf3 ssDBP is a homodimer in solution,
we did not enforce this symmetry in the calculations.
Normally, one would use an extra energy term minimiz-
ing the rms difference between the two monomers, as well
as a set of pseudo-NOEs ensuring twofold symmetry
(Nilges, 1993). However, in order to test floating chirality
in the most general application (i.e. nonsymmetric systems)
we discarded all symmetry terms from the calculations.
Effectively, this corresponds to calculating a 156-residue
monomer, but it offers the additional advantage that
better statistics are obtained as two equivalent prochiral
centres can be independently evaluated per structure.

Finally, the amino protons of asparagine and gluta-
mine residues, usually giving rise to well-resolved NMR
signals, were also treated with a floating assignment ap-
proach. For those, a somewhat different protocol had to
be used, aimed at keeping the H,N-C=O moiety flat
throughout the entire dynamics run. This was achieved by
leaving all angle and improper force constants unaffected.
The amino protons then can only change positions through
explicit swapping; at various stages in the MD protocol
(Table 1) the protons are swapped and the new conforma-
tion is accepted if its contribution to the NOE potential
is lower than that of the original. The main difference to
the methylene and isopropyl groups is that the improper
angle defining the stereogeometry (CP-C-N*-H*' in as-
paragine, C-C>-N*-H*! in glutamine) changes by 180°
every time a new conformation is accepted, while the
corresponding force constant remains unchanged (and
nonzero). In contrast, the force constants of the tetra-

hedral centres are always set to zero, so that the actual
values of their improper angles have become irrelevant.

Results

NMR analysis

Figure 1 shows strips taken from the 3D HACAHB-
COSY (Grzesiek et al., 1995) and 3D HNHB (Archer et
al., 1991) spectra of Pf3 ssDBP recorded at 500 MHz.
Both spectra are of relatively high quality with good
signal to noise ratios. The HNHB spectrum reveals nearly
all B-protons, also when the three-bond *N-HP coupling
corresponds to a gauche conformation. In the HACAHB-
COSY spectrum typically only one B-proton is visible, the
one trans to the H®. To rise above the noise level of this
spectrum, an H*-HP® cross peak should result from a 3JO(B-
coupling larger than about 4-5 Hz. The absence of such
a cross peak, therefore, is diagnostic of the smaller gauche
coupling. In total, the 78 amino acid Pf3 ssDBP contains
51 B-methylene groups, 43 of which give rise to resolved
NMR signals. The combined analysis of the aforemen-
tioned experiments yielded stereospecific assignments for
30 of these centres. The remaining 13 prochiral -pairs
could not be unambiguously assigned due to spectral
overlap (five residues) or because the J-couplings suggest
significant degrees of rotamer averaging (eight residues).

Analysing the *J.y and *Joy couplings in the {®°N}
and {CO} spin-echo HSQC spectra (Grzesiek et al.,
1993; Vuister et al., 1993), stereospecific assignments
could be made for four out of the five valine isopropyl
groups in Pf3 ssDBP. The various J-couplings measured
for Val'' indicate the presence of rotamer averaging. The
relative resonance positions of the 3-methylene and valine
isopropyl frequencies that could be assigned are presented
in Fig. 2. A complete list of all the chemical shifts will be
reported elsewhere.
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Fig. 2. Overview of the final prochiralities adopted by the B-methylene and valine isopropyl groups for which stereospecific assignments were
available from J-coupling experiments. If the residue is printed black-on-white (e.g. GIn*) H® is the low-field and H® the high-field shifted reson-
ance (as established experimentally). For these residues, the nomenclature used in the NOE input was (by 50% chance) already correct. Then, a
correct floating assignment would be obtained if the two B-protons (methyls in valine) do not change positions during the dynamics, because the
calculations started from molecules with the proper (IUPAC) prochirality. Conversely, if the residue is printed white-on-black H® should be the
high-field shifted proton, while it is the low-field shifted proton in the NOE list (e.g. Phe’). Therefore, the atoms in the prochiral centre should
swap positions during the dynamics to end up in the correct prochirality. The little pie charts show in white the number of centres that (effectively)
did not swap, and in black the centres that did swap. As an example, in Phe’ all 60 B-methylene protons switched positions in all six families. This
corresponds to a correctly adopted prochirality (the residue is printed white-on-black), and hence to a successful floating assignment for Phe’ in
all six calculations. Arg', on the other hand, is an example of a residue whose prochiral centres could not be uniquely assigned in any of the

calculations.
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DNA binding wing

Dyad loop

Complex loop 8

Fig. 3. Schematic drawing of (K),. The three major loops are denoted on the left-handed monomer. The seven B-strands are indicated with their
strand numbers (left-handed monomer) and first and last residue numbers (right-handed monomer). The molecule was drawn with MOLSCRIPT
(Kraulis, 1991).

Structures and floating chirality

Six ensembles of 80 structures were calculated using
simulated annealing from six sets of 80 approximately
correctly folded conformations (see the Materials and
Methods section). In each ensemble, the 30 structures
with the lowest total energy were selected, which will be
denoted (A) to (F). No distance restraint was violated
by more than 0.5 A in any of these final structures. The
30 structures in each family were superimposed for the
backbone atoms (N,C" C') of residues 1-11 and 25-78, i.e.
excluding the rather flexible DNA-binding wing (Folmer
et al., 1995b), and the coordinates were averaged to create
the respective average structures, (A) to (F). These were
energy minimized through 1500 steps of conjugate gradient
minimization to give (A), to (F),. Table 2 affords some
statistics for the six ensembles of 30 ssDBP structures,

and Fig. 3 shows a schematic representation of (A),.
(A) to (F) were analysed for the final prochirality

adopted by the centres subjected to floating chirality (all
isopropyl and nondegenerate methylene groups). As all
symmetry terms were excluded from the calculation, 60
conformations were evaluated per prochiral centre in
these ensembles. Figure 2 shows how the two possibilities
(pro-R and pro-S) are distributed over the 60 monomers
for all prochiral centres for which unambiguous stereo-
specific assignments could be obtained from the J-coup-
ling experiments.

Discussion

General features

The structures in family A were calculated from com-
pletely assigned 40 ms NOESY spectra, using rather tight
upper and lower distance bounds (£15% of the distance).
To current standards, this would be considered fairly
optimal experimental NOE input for biomolecules of the

—

Fig. 4. Stereoviews of substructures centred around a prochiral group. Structures with the correct and incorrect prochiral assignments are shown
in blue and red, respectively. Only non-hydrogen atoms are shown, except for the methylene protons of interest, which are coloured yellow and
green when assigned correctly and incorrectly, respectively. For clarity, only about 15 structures have been plotted, arbitrarily taken from the
ensembles. (a) Substructures taken from (A) centred around the B-CH, of Arg®. Note that the two assignments result in clearly different rotamer
states of X, in Arg® (except for one ‘red’ structure). (b) Substructures taken from (A) centred around the B-CH, of Met”™. Particularly the position
of the side chain of Tyr™ appears to be sensitive to the assignment of the Met” methylene group. This is basically the result of one (weak) NOE
between Tyr*-H® and Met”>-HP. A similar but less pronounced effect is observed for the ring of Phe™. (c) Comparison of (A), (blue and yellow)
and (C), (red and green) around Pro*'. (d) Substructures taken from (F) centred around the B-CH, of Tyr”.
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size of Pf3 ssDBP. Hence, to be accepted as a useful
method floating chirality should at least perform well in
the structure calculation of (A). The first column of Fig.
2 shows that for 24 out of the 34 studied prochiral centres
the preference for a particular prochiral geometry is higher
than 48/60 monomers. Without a single exception, these
turned out to be the correct configurations. This means
that if one accepts a preference of 280% for either con-
figuration to be the criterion for a prochiral assignment,
then all 24 assignments obtained for Pf3 ssDBP are cor-
rect. Interestingly, the majority of these 24 centres are of
buried residues. In particular, the aromatic rings of all
tyrosines and phenylalanines listed in Fig. 2 (except Phe*)
are very much buried in the protein, displaying a large
amount of long-range NOEs. Consequently, there is little
play in the X, angle of these residues, and exchanging
positions has become the only degree of freedom along
which the methylene protons can adapt to the NOE con-
straints. Therefore, flipping of (-protons in (buried) tyro-
sines and phenylalanines appears to be a true yes-or-no
situation which is likely to enhance the success rate. This
suggestion is supported by the fact that in (A) the cor-
rect configuration for each of these residues is found in
all 60 monomers.

To the same extent, this is true for the a-protons of
glycines, and we indeed found that their assignments are
highly decisive. Four out of the five glycines show a 60/0
preference, while a 58/2 distribution was found in Gly®'.
So far, we have not been able to check these assignments
experimentally, but intuitively one may feel that these are
likely to be correct, and that floating chirality is also very
much suited to treat glycine residues. Similar effects were
also observed for the y-methylenes of the four isoleucines
in Pf3 ssDBP. These are all located in the hydrophobic
core of the molecule, and their y- and &-methyl groups
display a vast number of long-range NOEs. These firmly
define both the X, and X, angles, again clasping the meth-
ylene protons in a yes-or-no situation.

If the side chain is shorter or pointing into solution, a
rotation around the X, angle may also move the B-pro-
tons into NOE-fulfilling positions. In fact, nine out of the
10 residues for which no preferred (i.e. <80%) configur-
ation is found have their side chains pointing more or less
into solution. These side chains are not sterically re-
strained and the structures generally reveal a wide range
of X, angles. Furthermore, their -protons often do not
display any intermediate or long-range NOEs, so it is not
surprising that a preferred stereo assignment is not always
induced. In the Pf3 protein, this appears to be the case
for Arg Lys', Asn®, Lys* Pro*, His*, Asn®, Arg®
and Lys™. This means that for each of these residues,
several structures have been calculated from NOE re-
straints referring to misassigned -protons. Because of the
lack of long-range and intermediate NOEs, these local
errors are not expected to cause noticeable problems

elsewhere in the molecule. To confirm this, for instance,
for the B-methylene group of Arg®, we divided the 60
monomers of (A) into two groups according to the pro-
chiral assignment (of Arg®). Then, the residues which
have at least one proton closer than 5 A to the C* of
Arg® were selected. These residues were superimposed for
their backbones to the first structure of the ensemble, and
their coordinates were averaged within each group to
yield two average structures. These correspond to the two
possible assignments of the prochiral centre (of Arg®),
one of which of course is the wrong one. These two aver-
aged local structures were compared without being super-
positioned, which should reveal any possible interresidue
effects originating from the incorrect prochiral assign-
ment. These were, however, not observed as can also be
deduced from Fig. 4a; the two groups of substructures are
highly similar. The rms difference for the backbone atoms
(N,C,C%) between these two averaged structures is as
small as 0.10 A. This number varies from 0.05 (His*) to
0.14 A (Lys') for the nine residues listed above, generally
well below significance in an ensemble of NMR struc-
tures. Only for Lys* a backbone rms difference of 0.27 A
was measured between the two average structures, which
might be explained by this residue being located at the tip
of a rather flexible and somewhat disordered loop (Fol-
mer et al.,, 1995b). One should, however, realize that
better results will not be obtained for these residues with
methods that use averaging to treat prochiral groups,
namely, pseudoatoms with appropriate corrections, and
R™® or ‘sum’ averaging. A comparison of these different
methods will be given below.

We conclude therefore that floating chirality can safely
be used for solvent-exposed residues, despite the fact that
incorrect assignments may easily be produced due to a
lack of interresidue NOE contacts. In these cases floating
chirality is indeed used only as a tool to calculate protein
structures, and not as a method to obtain stereospecific
assignments as such (see the Introduction section). In this
respect it is of interest to consider the hypothetical situ-
ation sketched in Fig. 5a. It represents a methylene group
that has only very few NOE contacts, e.g. the B-CH, of
a surface residue, and a nearby proton, which could be of
the next residue’s amide group. In a nonspectral overlap
situation both the MN and MN' contacts will become
distance restraints, and N and N' will most likely be as-
signed correctly. If due to overlap only the MN cross
peak can be found, floating chirality will probably still
yield a correct assignment as N wants to be relatively
close to M while N' is not restrained. However, if only
the MN' cross peak has been assigned and used, the result
is quite dependent on the presence of spin diffusion. If
spin diffusion is negligible, the MN' distance is measured
correctly and N' will be pushed away from M, while N is
not and a correct assignment will be produced. But in
case the MN' cross peak has a significant contribution
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Fig. 5. (a) Schematic representation of a methylene group on the
surface of a protein and a nearby proton M. Both the M-N and
M-N' distances are short enough to produce an NOE cross peak, that
of M-N of course being more intense. (b) Schematic picture of a
methylene group in the interior of the protein and two protons fixed
in the protein matrix. Both the P-N and Q-N distances are short
enough to produce NOEs.

from spin diffusion through proton N, the MN' distance
will be underestimated, which can easily result in proton
N' taking up the position of N. Thus, N and N' are swap-
ped during the MD simulation, yielding a wrong stereo-
specific assignment. We emphasize that the resulting
structure is nevertheless essentially the same as the correct
structure, with one proton close and the other more dis-
tant to M. In the end only the proton names are incor-
rect, which is of interest to chemical shift libraries but not
really to the protein structure itself. Of course, Fig. 5a
illustrates an oversimplified situation, but the effects
described here are likely to play a role in protein structure
determination through floating chirality. In Pf3 ssDBP
this was observed, for instance, for Gln'®, which is located
at the surface of the protein pointing away from the
molecule. In the structures calculated from the 75 ms
NOESYs, a 59/1 distribution was found for H” being the
low-field shifted proton, while the 40 ms NOESY's pro-
duce a 60/0 preference for H” being the high-field proton
(it is not known which of the two assignments is correct,
due to overlap in both the HNHB and HACAHB-COSY
spectra). Nevertheless, the local structure around Gln"
basically identical in the respective minimized average
structures (i.e. (A), and (F),). Moreover, the X, angle of
GIn" differs by only 4° in the two structures. So the
assignments obtained may not always be correct, but this
example clearly demonstrates that incorrect assignments
do not necessarily yield incorrect structures.

Leu® and Met” are the only two buried residues listed
in the first column of Fig. 2 which have a worse than
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58/2 preference for either of the prochiral assignments.
Leu®® is located very close to the dyad axis of the mol-
ecule and, as a consequence, all its NOEs had to be in-
corporated as ambiguous (Nilges, 1993). Considering
furthermore that its &-methyl groups are treated with
floating chirality as well, it is not too surprising that the
convergence rate for this particular residue is not optimal.
To check whether the misassignment gives rise to serious
structure errors, we performed a similar evaluation as
described above for Arg®. The rms difference between the
two averaged substructures (residues 57-59 and 67-70) is
0.24 A for the backbone and 0.72 A for all atoms (ex-
cluding the distorted side chain of Arg*®). These numbers
indicate that the misassignment does have some inter-
residue effects, albeit rather small. It is less clear what
causes the wrong prochiral assignments in Met”’; there are
many NOEs to this residue, in particular to the e-methyl
group and the H? proton. No long-range NOEs, how-
ever, were observed for H®, which may help to explain
why it ends up at the wrong side of H® in a number of
structures. Figure 4b shows how the local structure around
Met” is affected by the misassignment. In fact, it is the
only example in Pf3 ssDBP where a wrong assignment
caused noticeable long-range effects. Still, the overall
differences are relatively small, although Met” is one of
the most buried residues in the protein.

Finally, in Pf3 ssDBP many asparagines and glu-
tamines are solvent-exposed and their amino protons
frequently do not show very different NOE contacts.
Clear preferences nevertheless were obtained for Asn®,
GIn®, GIn*, Asn® (all 60/60) and Asn® (58/60), of
which only GIn® is a buried residue. The amino protons
of the remaining two asparagines and four glutamines
showed nondecisive distributions of the two possible
geometries.

Floating or swapping?

When floating chirality was first introduced in MD
calculations (Holak et al., 1989), the prochirality of a
methylene group could only be reversed if the two pro-
tons moved (floated) into each other’s positions. Alterna-
tively, atom swapping protocols can be used in which the
atoms are explicitly swapped if the opposite geometry
results in a lower NOE energy (Williamson and Madison,
1990). The structures of A were calculated with a com-
bined floating—swapping strategy, the floating part being
restricted to the high-temperature (>1000 K) stages. To
test the individual contributions of these two tools to the
outcome of the procedure, we calculated ensemble D
using only floating atoms, and E using only explicit atom
swapping.

Much to our surprise, it turned out that for most resi-
dues the swapping protocol yielded very similar results as
the combined approach (compare columns A and E in
Fig. 2). If only atom floating is employed (column D),
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much less correct assignments are made. In particular,
residues Pro”', Asp**, GIn®, Phe*, Glu*, GIn* and Val®
show clear preferences in (A) and (E) while random-like
pro-Ripro-S distributions are found in (D). The opposite
result occurs only once; Val* is correctly assigned in (A)
and (D), while without the floating atoms a random-like
distribution is found. Furthermore, sometimes only the
combined approach gives rise to clear assignments, where-
as both separate methods yield unsatisfactory results (e.g.
Gln*, Glu®, Asp™). These different observations infer that
both atom floating and swapping should be included in
floating chirality protocols. This is further supported by
the finding that there are no residues for which omitting
either floating or swapping yields significantly better
assignments (with the possible exception of Pro* and
Arg®). In other words, the results in (D) or (E) are
never better than those in (A).

Analysing the results for the ‘rigid’ methylenes (vide
supra), such as those of glycines, prolines and isoleucines,
we conclude that here explicit swapping is particularly
necessary to get proper assignments. In (D) many of
these show random distributions while 59/1 and 60/0
ratios are found in (E) (data not shown). This can be ex-
plained from the discussion above relating to the yes-or-
no situation for these methylene groups. Explicit swap-
ping is of course perfectly suited to handle these ‘rigid’
centres.

Sensitivity towards accuracy and precision of NOE re-
straints

So far, the results described were from structures calcu-
lated from a rather precise and accurate NOE data set
(for definitions of ‘precise’ and ‘accurate’, see Zhao and
Jardetzky (1994)). Upper and lower bounds were set at
+15% of the distance, and the NOE mixing time was as
short as 40 ms. Often one will use longer mixing times
and, to compensate for concomitant spin diffusion, less
precise bounds. To investigate whether floating chirality
still performs well with less optimal NOE input, we calcu-
lated three more families of structures.

First, to individually study the need for lower bounds,
family B was generated from NOE input in which all the
lower bounds were set to zero (i.e. not enforcing a mini-
mal distance). Interestingly, the distribution of assign-
ments in (B) is very similar to that in (A); only four out
of the prochiral centres listed in Fig. 2 show significantly
different pro-Rlpro-S ratios. Pro®' and Asp’' are more
successfully assigned in (A) while Lys'® and Pro* in fact
show better results when lower bounds are absent. These
results suggest that the presence of lower bounds is not
essential and hence that the upper bounds strongly domi-
nate the floating chirality process.

Still the upper bounds used are relatively tight. To test
whether such precise restraints are necessary, family C
was calculated from distances whose upper and lower

bounds had been relaxed by an additional 0.5 A. Despite
this considerable distance of 1.0 A added to the zero-
potential bottom of the NOE term, the success rate of the
automatic assignment did not drop dramatically. Com-
pared to (A), selectivity is only lost for Asp®, GIn* and
Asp”', and to a lesser extent also for the isopropyl group
of Val®. A few more residues (His*, Phe®, Val*, Glu*)
show slightly less conclusive pro-R/pro-S ratios, but the
differences are rather small taking into account the loose
NOE restraints. Like in (B), the distribution in (C) of
configurations for the B-CH, of Pro* is almost opposite
to that in (A), the latter corresponding to the correct
assignment. Apparently, there is a crucial lower bound
that, when tight enough, enforces the correct positioning
of the two [-protons. The overall effect of the other NOE
restraints, however, seems to be more compatible with the
opposite assignment. This may be explained by the fact
that spin diffusion is quite effective in proline residues,
even during 40 ms in an 18 kDa particle. Figure 4c com-
pares the local structures around Pro® of (A), and (C),
in which the proline B-protons have adopted opposite
positions. Although the two structures are difficult to
compare because they were derived from different NOE
data, the figure shows that the misassignment of Pro® in
(C), does not significantly affect the overall structure. As
Pro* is on the surface of the molecule, possibly a situ-
ation applies here similar to that sketched in Fig. 5a, for
which it was indeed argued that wrong assignments do
not necessarily cause structural errors.

Thirdly, to investigate the effect of a less accurate
NOE data set, family F was generated from the 75 ms
NOESY spectra. Cross peaks in these spectra will contain
a significant contribution from spin diffusion, but in most
cases the two protons in a methylene group still show
slightly different NOE intensities. The same setting of
upper and lower bounds was used as for A, to which F
therefore must be compared. From an inspection of Fig.
2 it is apparent that for many residues the assignment
procedure has yielded the proper results in (F); in par-
ticular, the aromatic residues (except Tyr’’) show 60/0
preferences for the correct assignment. Rather similar pro-
Rlpro-S distributions are found in (A) and (F), the
ratios in the latter being slightly smaller. Some residues,
however, could not be assigned from the 75 ms spectra,
while conclusive preferences were found in (A) (GIn®,
Val?, Tyr”"). Figure 4d shows the local structures of (F)
around Tyr” for both assignments of its methylenes.
Clearly, these structures are virtually indistinguishable,
indicating that the NOE input simply cannot differentiate
between the two assignments. Again, if wrong assignments
easily appear, these do not seem to have significant effects
on the overall structure. Other residues (Pro*, Pro¥,
Asn®, Met”) show in fact conclusive pro-R/pro-S ratios
in (F), while less so in (A). Of these, Pro?! and Asn®
are incorrectly assigned; Asn® is a surface residue whose



assignment has no consequences for nearby residues, and
problems with Pro*! have been described above (see Fig.
4¢).

An interesting observation during the structure elucida-
tion of Pf3 ssDBP (Folmer et al., 1995b), using floating
chirality and 75 ms NOESY spectra, was that for many
pairs of NOEs connected to methylene groups (particular-
ly of aromatic residues and glycines) often the longer
distance was consistently violated while the shorter was
not. This is very indicative of the presence of spin diffu-
sion, and in the early stages of the structure calculation
process these longer restraints were usually removed or
relaxed. These violations nicely illustrate that floating
chirality can be quite advantageous also when some
amount of spin diffusion is present. Apparently, relatively
small differences in intensities between the two NOEs of
a methylene group to a third atom are sufficient for the
prochiral protons to be distinguished. Because no pseudo-
atom corrections were applied, the closest proton did
properly end up close to this third atom. Spin diffusion
obviously caused the distant proton to experience a too
tight NOE restraint, resulting in a distance violation.

Table 2 shows that quite large differences occur in the
statistics of the six sets of structures. These can be ex-
plained directly from the differences in NOE input or
calculation protocol. The energies of (B) are lower than
those of (A) simply because the distance restraints are
less restrictive, which is even more so in {C). Concomi-
tantly, the atomic rms differences increase upon going
from (A) to {C). The fact that the energies in (D) and
(E) are higher than those of (A) is a more interesting
observation, indicating that the combined swapping—float-
ing protocol indeed yields the best structures. Apparently,
the higher energies in (D) and (E) are due to incorrectly
assigned prochiral centres, causing geometric stress. The
energies of (F) cannot be compared to the others be-
cause these structures were calculated from different NOE
spectra.

Relation to pseudoatom approach and R averaging

In cases where the floating chirality method does not
produce a unique result, some of the structures have
incorrect assignments at some prochiral centres. It is
illustrative to compare the behaviour of floating assign-
ment to that of methods that use averaging to treat pro-
chiral groups, namely, pseudoatoms with appropriate
corrections, and R™ or ‘sum’ averaging.

The distinctive difference between floating stereospe-
cific assignment and averaging methods is that only float-
ing assignment assures that the assignment of prochiral
groups is consistent in one structure (Habazettl et al.,
1990). This is illustrated by the hypothetical case sketched
in Fig. 5b, where two protons that are fixed in the protein
matrix (P and Q) have an NOE to the same proton of a
methylene group. With floating assignment, both NOEs
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would be assigned either to proton N or proton N'. R™-
type averaging, on the other hand, could assign the NOE
from proton P to proton N, and that from proton Q to
proton N'. Since this relaxes effectively the restraint by
1.8 A in the situation of Fig. 5b (i.e. the N-N' distance),
this might in fact be the more likely outcome. A pseudo-
atom between N and N' with the worst-case correction of
0.9 A would have a very similar effect, i.e. de facto one
might end up with structures with effectively inconsistent
and partially incorrect assignments. Both methods could
conceivably lead to a rotation of the methylene group or
local distortions of the structure. It seems therefore un-
likely that the convergence problems observed for the
residues discussed above when using floating chirality
could be alleviated by resorting to an averaging technique.

As discussed before, any of the methods should really
be seen as a way to sample the space of conformations and
possible assignments of the prochiral groups for low-energy
conformations. Since floating assignment restricts the sam-
pling to assignments that are internally consistent, it seems
the preferable method. Another important advantage is
the easy automation of floating chirality, as described in
the Materials and Methods section.

Conclusions

We have demonstrated that floating stereospecific
assignment is a reliable tool in protein structure calcula-
tion employing restrained MD, allowing one to stay as
close to the NOE data as possible. The calculated struc-
tures are of a quality almost comparable to that obtained
with experimental stereospecific assignments. Further-
more, floating chirality is a very easy method to use since
no data manipulations have to be performed before the
calculation (e.g. averaging of the intensities to use R™
averages or choice of the larger intensity). Also, in the
form described here it lends itself especially well to cases
where ambiguous NOEs are treated with sum averaging
(as is necessary in homodimeric proteins). Optimal results
were obtained only when explicit atom swapping was in-
cluded in the protocol, and the combined floating—swap-
ping approach appears to be the most successful. Floating
assignment has a very high probability to produce the
correct result for ‘rigid’” methylene and isopropyl groups
and for buried residues, also when less precise or accurate
NOE input is used. Solvent-exposed residues may not al-
ways be correctly assigned, even when using fairly good
NOE data. In Pf3 ssDBP, however, this never resulted in
noticeable interresidue effects, indicating that floating chi-
rality can safely be used for all prochiral groups in a pro-
tein.

An important observation in this study is that the
correct prochiral assignment is often found with a very
high preference when this is essential to the protein’s
structure (e.g. in core residues). Conversely, when both
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prochiralities are equally produced, these do not seem to
have significant interresidual consequences for the three-
dimensional structure.

Finally, as was already pointed out in the Introduction
section, we believe that floating chirality should be used
as a tool in protein structure calculation, rather than as
a method to produce stereospecific assignments. In other
words, one should refrain from converting the pro-R/pro-
S distributions found in an ensemble of structures into
true assignments. In particular, we would discourage
using such assignments in subsequent structure refinement
cycles. Floating chirality should be considered as an alter-
native to pseudoatom correction or R™ averaging, and
not to NMR experiments that directly yield stereospecific
assignments.
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