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The NMR-generated foc proton density affords a template to which
the molecule has to be fitted to derive the structure. Here we
present a computational protocol that achieves this goal. HN atoms
are readily recognizable from 'H/2H exchange or 'H/'>N hetero-
nuclear single quantum correlation (HSQC) experiments. The pri-
mary structure is threaded through the unassigned foc by leap-
frogging along peptidyl amide HNs and the connected Hs. Via a
Bayesian approach, the probabilities of the sequential connectivity
hypotheses are inferred from likelihoods of HN/HN, HN/H¢, and
He/H« interatomic distances as well as "H NMR chemical shifts,
both derived from public databases. Once the polypeptide se-
quence is identified, directionality becomes established, and the
foc N and C termini are recognized. After a similar procedure, side
chain H atoms are found, including discriminated cis/trans proline
loci. The folded structure then is derived via a direct molecular
dynamics embedding into mirror image-related representations of
the foc and selected according to a lowest energy criterion. The
method was applied to foc densities calculated for two protein
domains, col 2 and kringle 2. The obtained structures are within
1.0-1.5 A (backbone heavy atoms) and 1.5-2.0 A (all heavy atoms)
rms deviations from reported x-ray and/or NMR structures.

NMR direct method | NMR Bayesian analysis | NOE-only molecular
structure | proteomics | structural genomics

N otwithstanding continuous advances in NMR instrumenta-
tion, experimental design, and data analysis, in most appli-
cations the derivation of macromolecular structures via NMR
experiments remains slow, mainly because of the requirement to
assign signals to individual spins. Consequently, much effort is
being devoted to the automation of resonance and nuclear
Overhauser effect (NOE) assignments of proteins (1). For the
resonance assignment strategies to be successful, an arsenal of
triple resonance (‘H/'*C/15N) experiments exploring both in-
tra- and interresidue J connectivities is required (2). Although
such approaches have obvious merits for expediting protein-
structure derivation, the question remains as to whether an
assignment-independent protocol such as CLOUDS (3) cannot
accelerate the procedure further.

As described in the accompanying paper (3), the CLOUDS
protocol leads to a family of clouds (foc) or effective “proton
density” which conveys a fuzzy image of the underlying macro-
molecular fold. Here we address the problem of determining the
molecular structure from the foc. Unlike electron density maps
such as those obtained via x-ray crystallography, the foc is
composed of individual atomic densities, which facilitates its
analysis. Furthermore, HN atoms, among the best-localized in
the foc, are readily recognized from, e.g., NOE correlated
spectroscopy experiments in "H,O/?H,0 or, preferably, from
'H />N HSQC experiments. In the protocol presented in this
paper, the atomic HN focs serve as starting points to identify, via
a Bayesian probabilistic approach, sequential polypeptide back-
bone atomic sites along the amino acid sequence as well as the
attached side chains. The molecule then is embedded into the
global proton density through a restrained molecular dynamics
(MD) optimization procedure. The results show that the
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CLOUDS-generated structures are of comparable quality to
those obtained via standard NMR protocols.

Methods

CLOUDS starts from unassigned NOEs. Consequently, the foc
proton density is also unassigned. As presented below, the foc H
atoms can be identified via backbone finder (BAF)/sidechain
finder (SIF) protocols based on straightforward Bayesian prob-
abilistic assessments followed by fitting the polypeptide confor-
mation via EMBEDS, a foc-constrained MD procedure. The
complete CLOUDS protocol is summarized in Fig. 1. The
analysis was applied to col 2 (4) and kringle 2 (5), two globular
protein modules of 60 and 83 amino acids, respectively, starting
from focs derived in ref. 3. Computational resources are de-
scribed (3). MOLMOL 2.5.1 (6) and SPOCK 1.0 (7) were used for
molecular graphics.

Bayesian Identification of foc Atoms. The interactive NMR assign-
ment procedure amounts to evaluation of the identities of signals
obtained from a complete set of mutually exclusive identity
“hypotheses” (H',. .., H™), by testing the conjecture against a
set of available data (Dy,... , D,), typically extracted from
multidimensional NOE- and J-correlated spectra. Such analysis
is biased by prior knowledge that could include, e.g., crosspeak
line shapes, chemical shift patterns, or data (if available) from
homologous structures. The hypotheses that best fit both the
data and prior knowledge then are chosen as final assignments.
Such assessments can be formulated in terms of Bayesian
inference. In the standard jargon, P(H'0Dy,. . . ,D,), the “pos-
terior” probability of hypothesis H’ conditional on the data, is
estimated from the “prior” probabilities P(#/) as well as the
“likelihoods” P(DOH/) of satisfying Dy conditional on /. For
statistically independent Dy values, Bayes’ theorem (8) states
that

() [ ] P(D| )

k=1
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where P(Dy, ..., D,) = Z/L; P(H)IIE_ P(De| H).

Here our concern is the identification of all atomic compo-
nents in the foc. Moreover, because the foc atomic densities are
frequency-labeled, the obtained identities automatically lead to
assignment of the spectrum. The data set pertinent to our
assignment hypotheses # for foc atom H,, includes its chemical
shift 8, and/or its spatial position relative to other foc atoms.
The latter is defined through a number M of interproton

P(H| Dy, ..., D) = (1]
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Abbreviations: NOE, nuclear Overhauser effect; CLOUDS, computed location of unassigned
spins; foc, family of clouds; MD, molecular dynamics; BAF, backbone finder; SIF, sidechain
finder; EMBEDS, energy minimization buildup of encysted structure; PD, probability dis-
tribution; rmsd, rms deviation.
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Fig. 1. Flowchart of CLOUDS protocol. NOESY, nuclear Overhauser effect
spectroscopy; MIDGE, model-independent distance generation; ADC, anti-
distance constraint; ANNEAL, anfractuous nesting at atomic loci; FILTER, foc
identification via lowest error.

distances extracted from each cloud by reference to the set of
atoms of currently established, i.e., updated, identity (H;),
where 1 = j = M. Within this context, Bayes’ ansatz (Eq. 1)
becomes:

M
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where x; ,, denotes the distance between foc atoms He and H,.
In practice, our priors are uniform selection probabilities; e.g.,
if there are 83 HN atoms, for # = H, P(H) = 1/83, and the
various likelihoods P(8,[1') and P(x, ,[1H) are evaluated from
empirical databases. The empirical distance probability distri-
butions (PDs) between various H atoms were generated from a
set of eight reported high-quality protein structures solved via
NMR spectroscopy and x-ray crystallography (9-16), and binned
to 0.2 A. The chemical shift PDs were built from the BioMagRes-
Bank database (Madison, WI), approximated by Gaussian func-
tions. All distance likelihoods in Eq. 2 were computed as

(P(Xé,n|%) = f dX (Pfoc(x)'q)db(x| %)7 [3]
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where the PDs Proc(X¢, ,) and Pas(xe,,[JH') are over the set of
individual clouds and the structure database, respectively. Only
hypotheses yielding posteriors that fall within <2 orders of
magnitude from their highest calculated values were kept for
further analysis.

BAF. The protocol traces the string of backbone atoms within
the foc. For each H; atom, BAF finds the most probable
intraresidue H;' and sequential HY, and HY,, atoms. Initially,
HN , are inferred from their distances to HY, whereas the H* and
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HY | are deduced from both distances to HY and their chemical
shifts §,,.

By reference to a given amide HY, any other H} was consid-
ered to be either sequential, HN,, or nonsequential, HY-. The
posteriors for the sequential hypotheses were calculated as in Eq.
2, by using likelihoods of foc HY-HY distances, xi¢ = x;,

(P(HiN:r 1)'(1)(Xi|Hth 1)
PHN. ) Px{HY. ;) + PHN) Px{HN)

i+ 1

PHY. %) = [4]1

which corresponds to M = 1, P(§,[0H) = 1.0, Hg, = H}' and H,
= H}\. For the nonsequential hypothesis, an expression analo-
gous to Eq. 4 applies. In a similar fashion, to identify the H®
atoms, every nonamide atom m in the foc was considered,
relative to HYY, to be either non-a, H%, or one of four types of
intraresidue H{', sequential downstream or upstream H%,, or
nonsequential, Hg. The posteriors for these five hypotheses
were calculated by using likelihoods of H}Y — HZ, intracloud
distances, Xjm, and of the &y, i.e., according to Eq. 2, setting M =
I, Hg = HY, and n = m.

The sequential amide links were considered unambiguous if
two or less high-probability links remained. The individual H},
H{, ,, and H;* ; links were assumed unique if only one was left for
the particular type. Whenever a given amide showed unique H}. |
links but nonunique Hf;., links, the probabilities for the latter
were refined by using Eq. 2 with M = 3, Hg, = HY, Hg, = HY,,
and Hg, = H}Y . The choice between Hg, and Hg, was made by
optimally matching the previously selected most likely H* atoms.
Whenever either of the uniquely determined H\. ; links exhibited
unambiguous Hj* links, the posteriors included an additional
term Heg, = H.; and M = 4. Similarll\?/, whenever the Hj* sites
became unil%uely identified but the H;. ; links remained ambig-
uous, the H;% posteriors in Eq. 4 were recast in line with Eq. 2
with M = 2, P(8,[7H") = 1.0, He, = HYY, and Hg, = HY. With these
extra conditions, the probabilities for the HY, and HY, hypoth-
eses became distinct.

The whole BAF cycle was repeated until convergence. At this
point, glycines, which potentially yield two high-scoring H®
matches separated by distances <2.5 A, were identified. Like-
wise unique, Pro H* atoms could be recognized from both their
upstream and downstream sequential amide connections. Be-
cause BAF determines the directionality of the amide linkages,
the polypeptide C and N termini could be identified and the
sequential assignment established.

SIF. Once the polypeptide backbone atoms become assigned
via BAF, the problem reduces to best-fitting the established side
chain covalent structures, as dictated by the sequence, to the
remainder proton density. SIF localizes side chain foc H atoms
linked to given HY /H¢ pairs or, in the case of prolines, HY only.
The protocol proceeds in a series of cycles, identifying H atoms
progressively along the side chain, with probabilities updated
from the gained knowledge. The posteriors result from the
distance-dependent and chemical shift-dependent likelihoods.
Initially, the posteriors for the assignment hxpotheses are written
according to Eq. 2, with M = 3, H;, = H;}, (except after Pro
residue), H;, = H' (except Pro), and Hg, = H{. The better
defined HP sites are identified first. In principle, H? stereo-
specific assignments are possible, because the empirical PDs for
distances between H?* and H?® to both HY and H? are distinct.
In a second round, the probabilities for the remaining assign-
ments are modified by adding H;, = H, H = B terms
making M = 5, or a H;, = H} with M = 4, depending on the
number of identified HP atoms. The H” assignments then are
derived, and the probabilities of the remaining assignments
recalculated, along the lines described above. The process is
continued until no further assignments result. The strategy for
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Fig. 2. EMBEDS trajectories for col 2: discrimination between foc and its
mirror image. Pairs of MD runs in vacuo are shown for fitting to the correct
chirality foc and its mirror image. The energy cost function is defined by Eq. 6.
Abrupt changes in the cost function stem from stepwise decreases in the
values of the Gaussian o parameter during the protocol (Eq. 5).

the aromatic rings is similar to that applied to aliphatic side
chains.

After the atomic foc identification, SIF evaluates cis/trans
isomerism of prolyl imino bonds. The expressions for the prob-
abilities are Bayesian as well, with database-estimated priors of
0.15 and 0.85 for cis and trans forms, respectlvely The hkeh—
hoods are products of likelihoods for the H;_—H, and H,_ I—H
distances, where the p index identifies the Pro remdue

Structure Computation: EMBEDS. The protein conformation was
fitted directly to the foc density; for this, the BAF /SIF-assigned

individual atomic focs pi(r) were digitized on a 0.5-A cubic grid,
normalized to unity, and convolved with a Gaussian function of
adjustable width o, to yield a “continuous” density pi(r)

. ) (r—r')?
pL(r) = d3r’p‘(r’)exp<f 7) [5]

A pseudoenergy global cost function, E(r), then was formulated
by assuming Boltzmann statistics

'
E(r) = —kgT 2, In pl(r). [6]

i=1
with a corresponding force

)
BTE pex (7]

F(r) = —VE(r) = ;
pu(r)

Here, Nyis the number of foc atoms identified by BAF/SIF and
incorporated to the structure computation. F(r) was combined
with the PARALLHDG.PRO 4.05 force field, and the geometry was
optimized via MD using CNS (17). The empirical force field
included bonds, angles, dihedral angles and repulsive-only non-
bonded terms.

Smoothing the distribution via application of Eq. 5 facilitates
sampling of conformational space as it decreases ruggedness of
the pseudoenergy landscape and entrapment in local minima.
MD simulations from randomized geometries were carried out
for 400 ps at 300 K in vacuo, with o gradually decreased from 2
to 0.5 A. Thus, by the end of the simulation the target density
pc(r) approaches the input foc density p(r). During simulation,
the radius and force constant of the repulsive nonbonded energy
term were increased by an order of magnitude according to a

(A) col2 (B) kringle 2

Fig.3. Gaussian-convolved col 2 (A) and kringle 2 (B) atomic focs: backbone proton density with outline of fitted, energy-minimized structure. The plots were
generated by using the program spock (7). Only HN and He focs are shown on a 0.5-A grid: HNs are shown in blue, Hes in green, and Gly Hes in yellow. The atomic
focs were convolved with a o = 0.5 A Gaussian function. The illustrated contour levels enclose 68.5% of each atomic proton density. The col 2 Gly-33 H* density
exhibits two equally populated conformations. The structures shown are those closest to the average.
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Fig. 4.
5). (A) col 2. (B) kringle 2. Ensembles of 10 structures are shown in stereo.

16-step exponential schedule of the type y, = yo(1 — a™"), where
yn is the value of the y parameter in nth iteration, y, is the target
value, and « is chosen for suitable convergence. This schedule
was selected on the basis of Ramachandran maps and overall
energies of the resulting structures.

Structure Refinement. The in vacuo simulation was followed by a
35-ps dynamics in water (=~1,000 molecules) with pseudoenergy
asinEq.6,0=10.5 A, switched electrostatic interactions merged
at 8.5 A, and repulsive/attractive nonbonded potential. In the
protocol, the protein was surrounded by an 18.5-A layer of water
molecules as described in ref. 18, heated to 500 K, and annealed
to 300 K. To obtain the final structure, the entire system was
subjected to 300 cycles of Powell energy minimization with foc
force field (Eq. 7) switched off.

Results and Discussion

Identification of Atomic foc Densities. In the Bayesian identification
of the sequential amide links (Eq. 4), the likelihoods strongly
favor the sequential hypothesis for x;0 <5 A. With regards to H*
atoms, the likelihoods favor both intraresidue and sequential
hypotheses whenever x;, < 7 A and 8, ~ 4 ppm. Characteristi-
cally, the distances tend to outweigh the chemical shifts in terms
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Comparison of backbone conformation of final EMBEDS-computed CLOUDS structures (red) and previously reported NMR structures (blue; refs. 4 and

of their information content; P(x;,[H;") raises the probability of
the corresponding hypothesis by a factor of ~50, whereas
P(8,[H*) by a factor of only ~3. However, when only distances-
based probabilities were used, some H¢ sites were misidentified,
a reflection of the high number of non-HN atoms that tend to
derall the selection. Additionally, the inclusion of sequential
HN-H., and H~H,, distances in deriving the assignment
probablhtles enabled for a better discrimination between H;
and H" ;.

Sorting of HN/H* pairs via BAF generated 100% correct
assignments for both col 2 and kringle 2 focs. The three Pro H*
atoms in col 2 were identified from the immediate upstream and
downstream HN/H¢ pairs. For kringle 2, five Pro H* atoms were
detected from both ends, and the remaining two were detected
from one end. It is gratifying that for both col 2 and kringle 2,
cis and trans isomers of the X-Pro peptide bonds all were
recognized correctly: two cis and eight trans.

The analysis of 199 side chain hydrogens in col 2 and 298
protons in kringle 2 via SIF converged in five iterations. In the
case of col 2, 10 differed from the reported manual assignments
(4). The differences involved HF? <> HF3 switches in Phe-4,
Pro-14, Phe-17, Pro-18, Cys-29, Arg-34, Arg-39, Asp-48, Lys-51,
and Lys-52. Furthermore, in col 2, the Tyr-26 H?? and the Pro-57

Grishaev and Llinas



H” were not identified and remained unassigned. In the case of
kringle 2, eight side chain assignments differed from the re-
ported assignments (5) because of pairwise switches: HF? <> HF?
in Phe-44, Lys-50, Tyr-53, Arg-55, Asp-69, and Asn-71; HY <
HPA? in Glu-4; H*2! <> H*?2 in GIn-32; and H%?! <> H%2 in Asn-42.
By reference to previous analyses (4, 5), our success rate for the
stereo-specific assignments was 67-86%. Incorporation of ad-
ditional criteria to discriminate the HP? and HP? protons such as
3In-np couplings (19), as used in ref. 5, should be expected to
improve the SIF outcome. Similar to the BAF results, the
incorporation of the chemical shift-dependent terms in the
expressions for the posteriors avoided numerous side chain atom
misassignments, which further validates the chemical shift as a
powerful criterion for the final selection.

Bayes theorem as formulated by Eq. 1 is valid assum-
ing statistical independence among the various input data (D,

. Dy). In our case, although chemical shifts to a large extent
can be assumed independent from the interproton distances, the
distances can be expected to be correlated weakly among
themselves because of the network of constraints imposed by the
molecular structure. Despite Eq. 2 ignoring such potential
correlations, in practice they did not appear to affect the
assignments. A plausible explanation is that the distance PDs
derived from the clouds are neither precise nor accurate enough
to reflect the interdependencies. Moreover, both clouds-based
and database-derived distance PDs were binned to 0.2 A, which
ought to weaken potential correlations further.

Identification of foc Chirality. A priori, it is not possible to distin-
guish a foc proton density from its mirror image, as both are
compatible with the NOE-derived distance restraints. The dif-
ferentiation cannot be obtained during BAF /SIF stages either
since these protocols are distance-based as well. Hence, to
discriminate between the correct foc and its reflected version, we
ran pairs of EMBEDS trajectories in vacuo on each of the two
proton densities. The EMBEDS cost functions (Eq. 6) for col 2
trajectories are shown in Fig. 2. The results for kringle 2 (not
shown) were similar. It is revealing that although the cost
function initially drops for the mirror image, it starts to increase
as the o parameter becomes <2 A (at 100 ps simulation time),
indicating a buildup of stress as the L-amino acids fail to
accommodate to the reflected proton density. For the nonre-
flected foc, the fitting score steadily improves as the simulation
progresses. Moreover, at any time point in the trajectories, the
pseudoenergies are higher for the mirror image. Another pa-
rameter that indicates preference for the correct foc chirality is
the cNs force field energy, which is 30% lower for the structures
fitted to the unreflected foc relative to those fitted to the
reflected foc.

When checked against their Ramachandran plots, the foc-
fitted structures showed the following statistics (col 2 /kringle 2):
53/35% core, 34/42% allowed, 10/15% additional, and 4/7%
disallowed. By comparison, the mirror images yielded 14/12%
core, 31/38% allowed, 32/31% additional, and 22/19% disal-
lowed. Thus, the quality of both the fits and resulting structures
enables for unambiguous discrimination between the two foc
chiralities.

Quality of the Fitted Structures. Once the correct foc enantiomer
became identified, ensembles of 10 structures were fitted to col
2 and kringle 2 proton densities via a full EMBEDS protocol.
The in vacuo refinements required 4 h per structure and the
water refinement 8 h per structure. Energy minimization in
water with the foc potential (Eq. 6) switched off decreased
energies by factors of ~2 for bonds and ~1.3 for nonbonded
interactions. It should be noted that the procedure generated
only minor conformational change (all-atom rmsd ~ 0.3 A
before /after minimization) or differences in Ramachandran
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Fig.5. Fragment of col 2 backbone fitted to the proton density via EMIBEDS.
HN atoms are shown in blue, non-Gly H* in green, and Gly H* in yellow.

map statistics (1-2%). The polypeptide backbones of energy-
minimized structures fitted in water are depicted in Fig. 3,
against the backbone H*/HN density.

Fig. 4 shows families of 10 different CLOUDS-derived struc-
tures, superimposed onto the previously reported NMR struc-
tures (4, 5). In the case of col 2, except for the less determined
C-terminal region (residues Pro-57-Ala-60), the differences in
backbone conformations are <2.0 A rmsd (heavy atoms). The
differences in the C terminus likely arise from a low number of
NOE constraints, which apparently results from enhanced dy-
namics (backbone order parameters S? = 0.2-0.6; ref 4). The col
2 secondary structure elements (two double-stranded antipar-
allel B sheets, Phe-19-Phe-21/Thr-24-Tyr-26, and Trp-40-Gly-
42 /Tyr-53-Phe-55 and an a-helical turn, Tyr-47-Asp-50) are
present also in the CLOUDS structures. Fig. 5 shows a zoomed
view of the Arg-39-Gly-42/Lys-52-Phe-55 B-paired strands.
The backbone array is outlined clearly by the atomic foc proton
densities, and the secondary structure of the globally fitted
conformations closely replicate those shown by the reported
NMR (4) or x-ray (20) models. For these segments, the backbone
rmsd between the EMBEDS and x-ray geometries is 0.78 A.

In the case of kringle 2, the differences between CLOUDS and
reported structures (5) are mainly in the orientation of the
C-terminal region, Cys-77-Thr-83, and in the conformation of
the flexible Phe-44-Asn-48 loop. Again, both regions exhibit
relatively low numbers of NOEs as well as increased backbone
mobilities (5). In contrast, it is gratifying that the left-handed
3;-helix delineated by segment 74-79 is also obtained by
CLOUDS. Furthermore, notwithstanding that some atomic focs
of Trp rings are irregular (3), the geometries of the hydrophobic
cluster neighboring the lysine-binding site (side chains of Trp-25,
Leu-46, Trp-62, and Trp-72) are remarkably close to those
exhibited by the reported structure (ref. 5; Fig. 6).

Although the above results demonstrate that an NOE-only
strategy for deriving macromolecular structures is feasible,

Weé2

Fig. 6. Hydrophobic cluster neighboring the kringle 2 lysine-binding site:
final CLOUDS/EMBEDS (red) versus reported (blue; ref. 5) structures.
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Table 1. Structure statistics

rmsd, A Ramachandran map occupancy, %*
Backbone heavy atoms  All heavy atoms  Most favored  Additional allowed  Generously allowed Disallowed
Col 2
CLOUDS* 0.6 = 0.1 1.0 £ 0.1 68.7 29.8 1.3 0.2
Reported NMR (7)* 0.8 0.2 1.3+0.2 73.7 21.6 2.9 1.7
CLOUDS vs. NMR (7)* 1.0+0.3 1.5+04
CLOUDS vs. x-ray (23)* 1.3 0.2 2.1+0.2
Kringle 2
CLOUDS* 0.6 = 0.1 1.0 £0.2 55.4 35.1 4.5 5.1
Reported NMR (8)* 0.5+ 0.1 1.0 £ 0.1 61.3 35.9 2.8 0.0
CLOUDS vs. NMR (8)* 1.4+04 20+ 0.6

*Ramachandran map statistics were generated with procHEck 3.4.4 (21).
*Rmsds are shown relative to the means.
*Rmsds are mean to mean.

recent developments have argued convincingly for the use of
residual dipolar couplings (22), chemical shifts indices (23), J
coupling-derived dihedral angles (24), and pseudocontact para-
magnetic shifts (25) to refine NMR structures. Such constraints
can be incorporated readily to the CLOUDS protocol to enhance
the quality of the EMBEDS-derived structures without compro-
mising the method’s main appeal, namely, the avoidance of
spectral assignment. Furthermore, when dealing with larger
molecules for which spectral resolution can be problematic, the
pool of unambiguous distance constraints potentially can be
enlarged, e.g., by identifying NOEs through dynamic sampling
schemes (26, 27). For this purpose, a Bayesian protocol that
hinges on self-consistency of NOE identities may be applicable
also.

Summary. Analogous to fitting the protein conformation to the
electron density obtained from x-ray diffraction experiments, the
global fitting to the complete foc largely compensates for locally
irregular or underdefined geometries, particularly crucial in the
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proteomics research.
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