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Abstract

A method of identifying the best structural model for a protein of unknown structure from a list of
structural candidates using unassigned °N-1H residual dipolar coupling (RDC) data and probability
density profile analysis (PDPA) is described. Ten candidate structures have been obtained for the
structural genomics target protein PF2048.1 using ROBETTA. 1°N-1H residual dipolar couplings
have been measured from NMR spectra of the protein in two alignment media and these data have
been analyzed using PDPA to rank the models in terms of their ability to represent the actual structure.

A number of advantages in using this method to characterize a protein structure become apparent.
RDCs can easily and rapidly be acquired, and without the need for assignment, the cost and duration
of data acquisition is greatly reduced. The approach is quite robust with respect to imprecise and
missing data. In the case of PF2048.1, a 79 residue protein, only 58 and 55 of the total RDC data
were observed. The method can accelerate structure determination at higher resolution using
traditional NMR spectroscopy by providing a starting point for the addition of NOEs and other NMR
structural data.
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1. Introduction

One of the objectives of the protein structure initiative has been the production of a sufficient
number of experimental structures to allow computational modeling of the proteins coded by
the thousands of new gene sequences deposited in sequence data bases each month. While
there have been tremendous advances in computational modeling tools in terms of reliability
and ease of use [1-3], confidence in modeled structures still lies well short of confidence in
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experimental structures. In fact, during computational protein folding, it has become the
practice to present a number of ranked models for a new protein to assure that a model matching
experimental data will fall within the top 5 to 10 models [4]. Methods that rely on a minimum
set of experimental data to confirm or reject computationally hypothesized structures, could
boost confidence and potentially reduce the cost (time and money) of protein structure
determination. Recent studies have, in fact, shown significant improvements in the quality of
computationally modeled protein structures when a small amount of experimental data is
incorporated [5,6]. Among the more useful sources of data has been NMR data, such as residual
dipolar couplings (RDCs) and long range paramagnetic constraints [7]. However, use of these
data usually requires assignment of resonances, one of the most time consuming steps in the
study of macromolecules by NMR spectroscopy. A method for using NMR data (RDCs in
particular) for the selection among computational models without the necessity of assigning
resonances is presented here. The method employs a statistical evaluation of distributions of
RDCs (powder patterns) referred to as probability density profile analysis (PDPA).

Previously, PDPA was introduced as a method for the rapid classification of an unknown
protein to a fold family [8] using unassigned RDC data. The approach used just a single set
of IH-1°N RDC data and was evaluated only by simulation, assuming all RDCs would be
observed and measured with high precision. The present work puts PDPA to an experimental
test in which data are subject to experimental uncertainties and subsets of data are missing due
to peak overlap and dynamic broadening of certain crosspeaks. Analysis has been extended to
multiple sets of 1H-1°N RDC data (acquired on the same protein in different media) and data
sets have been combined to partially take advantage of correlation among data sets. Rather
than attempt to classify folds in this more difficult situation, we have chosen to use the analysis
to select the best model from among a set of models posed by the program ROBETTA[9].

A target protein of unknown function, PF2048.1, selected initially for structure determination
by Southeast Structural Genomics Collaboratory (SECSG) and subsequently adopted by the
Northeast Structural Genomics Consortium (NESG - target ID PfG2) has been subjected to
RDC data collection and analysis by PDPA. PF2048.1 is found in the genome of the
hyperthermophilic archaeon, Pyrococcus furiosus. It encodes a 8.2 kDa acidic protein (pl =
5.0) rich in glutamate (12 of 71 residues). In the P. furiosus genome PF2048.1 is one of four
closely linked genes (<15 bp apart). Three of the genes encode proteins (PF2050, PF2049, and
PF2048.1), all of which are annotated as conserved hypothetical [10]. The fourth gene is small
(55 nts) and lies between PF2049 and PF2050 and encodes an RNA (snoRNA-45) [11]. This
4-gene arrangement is also found in the genomes of the closely related species, P. horikoshii,
P. abyssi, and Thermococcus kodakaraensis, all of which have at least one similar snoRNA
sequence overlapping with the ORF homologous to PF2048.1. As of yet, there is no indication
of the function of these three putative proteins. They may be involved in processing the
snoRNAs, although their role is not fully understood [11,12].

2.1 Orientation Dependence of RDC

Residual dipolar Couplings (RDCs) originate from a through-space dipolar interaction, which
is dependent on the angle between an internuclear vector and the magnetic field. These
normally average to zero in solution NMR samples, but if a molecule is dissolved in a dilute
liquid crystalline medium it becomes partially aligned. As a result, the dipolar couplings are
not completely averaged to zero and lead to a small contribution to splittings of NMR signals.
The angular dependence of these couplings can provide valuable structural information. In
partially ordered systems, residual dipolar couplings are given by Eq. [1] where Sy contains
the orientation information and directional cosines relate various vectors to an arbitrarily
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chosen molecular frame. D,y is defined in Eq. [2] where yjj are the gyro magnetic ratios of
nuclei i and j and rjj is the internuclear distance between the two nuclei.

Dij:DlnaXZS k/cos(};;,jcos();j
k.l (1)

Ho ) Yivih

Dimax= -
max 4]_( 2”2"3}

(2)

It can be shown that the distribution of dipolar couplings for a large number of uniformly
distributed vectors within a sphere will converge to the relatively featureless powder pattern
shown in (Figure 1). The theoretical basis of this behavior is well documented and an analytical
form for this phenomenon can be derived [13-18]. While no particularly useful structural
information can be obtained from this powder pattern, the three principal order parameters can
be obtained by examining the extreme points of this distribution. Within the context of our
work these three parameters in the principal alignment frame are designated as S', S'yy, and
S'yx based on the following relationship: [S'z;| > [S'yy| > [S'xx.

2.2 PDP Analysis

Probability Density Profile Analysis (PDPA) is founded on the simple observation that proteins
appropriate in size for NMR spectroscopy neither contain a large number of vectors (of a
specific type such as backbone C,-H, or N-H) nor sample the entire space uniformly. Figure
1 illustrates a powder pattern of theoretically generated RDC data for a large number of
uniformly distributed N-H vectors with an arbitrarily selected principal order parameters of
0.001, 0.002 and —0.003 (—71.1, 47.4 and 23.7 respectively in units of Hz for backbone N-H
vectors). The blue line in this figure represents the distribution of the backbone N-H RDC data
of a 20 kDa protein (the ADP ribosylating factor, PDB code 1HUR) using the same principal
order parameters and an assumed orientation of the principal order frame. This line deviates
significantly from the ideal powder pattern. We define probability-density-profile (PDP) as
the distribution of an observed set of RDC data which can also be viewed as a structural finger
print. PDPs are sensitive to structural variation and can possibly reflect the number and type
of secondary structures given in a protein.

Here we first introduce the concepts of “query” and “subject” proteins in order to facilitate
further discussions. A query protein is the protein for which experimental data have been
acquired and structural information is sought. A subject protein is the protein for which a
detailed atomistic description of structure already exists, as a candidate structure from
modeling or as a representative of a fold family. The PDP of a query protein can be obtained
using experimental data (denoted as ePDP). The PDP of a subject protein can be obtained
using RDCs computed from the structure of the protein and a given order matrix (denoted as
cPDP). A comparison of ePDP and cPDP can provide a measure of structural similarity
between the query and subject proteins. The process of utilizing PDPs to obtain structural
similarity between two proteins is referred to as Probability Density Profile Analysis
(PDPA). The flowchart in (Figure 2) illustrates the proposed process of choosing a structure
based on the similarity between the experimental and calculated PDPs. The program can be
downloaded from the following website, http://ifestos.cse.edu.

A number of impediments rooted in innate properties of RDC data stand in the way of simply
comparing two PDPs in order to ascertain structural homology. First, PDPs depend on
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preferred orientation of protein structures, that is, a given structure can produce completely
different PDPs when aligned differently with respect to the external magnetic field By. Second,
itis possible that two completely different structures produce identical PDPs if elements in the
two structures are related by certain symmetry operations (such as 180° rotations). The first
impediment can be resolved by an exhaustive exploration of all possible orientations of the
subject protein. Therefore, any structure similar to the true structure should produce at least
one instance of a PDP similar to the experimental one at some orientation of the subject protein.
The second impediment is simply rooted in symmetric properties of RDC data and has been
previously addressed [19]. Collection of RDC data from a second independent alignment
medium, which is simple to obtain, should discriminate between two structures that may appear
similar from the perspective of the first alignment medium. While it is possible that a structure
in a second alignment medium could share the structural degeneracies of the first alignment
medium, occurrence of this phenomenon in two alignment media should be unlikely if the
RDCs in the two media differ by more than a simple scaling factor.

In general, a PDP of any given structure depends on three components: its tertiary structure,
its principal order parameters and the orientational alignment of the protein. Therefore, a
thorough approach to ascertaining structural homology is the construction of an algorithm that
conducts a search over all structures, order parameters, and possible orientations of each
structure. However, the search over the entire space of principal order parameters can be
confined by estimation of order parameters from the experimentally observed PDP (or the
ePDP). The attainment of the principal order parameters from an unassigned list of RDC data
has been previously demonstrated [13,14,20]. In this report, the minimum and maximum values
of the observed RDC data have been used to estimate Sy, Syy and S;,. The search over all
protein structures is limited to a finite list of structures obtained from structure modeling tools
within the context of our proposed approach. The current implementation of PDPA utilizes a
grid search over all possible alignments parameterized by three Euler rotations. The resolution
of the grid search can be selected based on the available computational resources and the exact
objective of the search. Under the objective of validating a single structure, a grid search with
a resolution of 1° can be implemented.

Selection of an appropriate metric in quantifying the similarity of two PDP maps is very critical.
We have considered a large number of different metrics, such as correlation coefficient, root-
mean-squared-deviation (rmsd), Manhattan, and Euclidian distance, which have been used
successfully in other fields [21,22]. Based on this consideration, we have selected a modified
x2 scoring scheme for our studies. The conventional y2 score is not appropriate, because it does
not produce a symmetric report of the distance between two patterns; that is, for patterns A
and B, ¥2(A,B) # x2(B,A). The main goal of our modification is to eliminate this lack of
symmetry while reducing the harsh penalty of missing data. Eq. [3] and Eq. [4] define the
scoring mechanism used in this research. The term S(cPDP, ePDP) in Eq. [3] denotes the final
comparison score between cPDP and ePDP. The summation index M denotes the number of
points that are sampled in comparing the two PDPs. Entities ¢j and ¢ indicate the values of
computed and experimentally determined PDPs at the location i, respectively. The distance at
any given position of two PDPs is determined by »2(c,e) as defined in Eq. [4] where T is a
small threshold value.

M
I
S(cPDP,ePDP)=3 ) | ¥*(ci-e+x’(eisc]
i=1 ()
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2.3 Integration of RDC data from different alignment media

Collection of RDC data from more than one alignment medium is often times recommended
[19,23-25]. This practice has been established to address some limitations of RDC data such
as inherent insensitivity to 180° rotations and varying sensitivity as a function of position within
the principal alignment frame (PAF) [15,26-29]. It is for these reasons that we insist on utilizing
RDC data from two alignment media even though data from a single alignment medium may
be adequate in some instances. Alteration of alignment can take place by selecting a second
medium that aligns based on differing principles such as steric interactions versus electrostatic
interactions with a protein, or simply by addition of salts or charged amphiphiles to perturb the
electrostatic component of a medium having a mixed origin of interaction [19,30]. Although
data collected from different alignment media can be used independently to carry out PDP
analysis and classify structures, there is actually value in recognizing that the data are
correlated. Positions of the cross-peaks in HSQC spectra, from which RDCs are measured,
change very little on alignment in different media. Hence, one can be reasonably certain that
RDCs measured from a given cross-peak in two different media pertain to the same H-N vector.
The frequencies of observation for any pair of RDC measurements could then be represented
on a 2D plot instead of a 1D histogram. The generation of modeled 2D plots for comparison
to experiment is, however, computationally demanding since the orientation of a model must
be searched independently for the two media (an N cubed problem). This would not be the case
if two vectors (H-N and Ca-Ha) in the same medium were measured, but this requires a more
complex protein labeling scheme and a more complex data acquisition. Protein sample which
is only 15N labeled is more cost effective. What we do here is to partially recognize the
correlation by noting that the pair wise sum of RDCs from two media can be used as a third
data set and the three sets independently compared to 1D histograms calculated for a model (a
3N problem).

Inclusion of even unpaired data should be useful since it will in principle eliminate any
accidental similarity between two structures by 180° rotation about any axes of the principal
alignment frame. Moreover, it is likely that vectors that had accidentally oriented in the
direction of lower sensitivity in one medium are found to be oriented in a more advantageous
orientation in the second alignment medium. The correct or homolog structure should exhibit
the same degree of similarity of the PDPs in any frame under any independent alignment
condition, as well as the PDP for the paired sum of RDCs. The final score can simply be
calculated as the weighed sum of all three PDPA scores where the appropriate weights are
determined based on completeness and quality of data. An appropriate scoring mechanism
(discussed in the Result section) will take into account all of these factors.

The improvised approach to take advantage of the pairing information with a minimal addition
of the computation time is shown in Eq. [5] below. This represents the paired knowledge of
RDC data for one vector from 3 alignment media (note that in these equations a constant
multiplier is omitted for brevity). Here RDC}" denotes the RDC value observed for the ith vector
(no relation to the location in the sequence) from the mt" alignment medium and S} denotes
the ijt" element of the order tensor describing the alignment within the mt" alignment medium.
The entities x, y and z corresponds to the Cartesian coordinates of the normalized interacting
vector. Assuming the structure of the unknown protein remains unchanged across different
alignment media, Eq [6] can be created by simply averaging equations from Eq [5] (given for
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a simple pair of media). In this equation, RDC; denotes the average value of RDCs observed
across three different alignment media and S;; denotes the ijih element of the average order
tensor describing the average alignment of the unknown protein. Note that the resulting average
order tensor will have the necessary traceless and symmetric properties of a valid order tensor.
Hence, there will also be a set of unique orientations for a correct model that can reproduce
the properly paired averages of RDCs. The PDPA analysis of this approach can proceed by
averaging the RDC data. This procedure has been applied to PF2048.1 and the results are shown
in the subsequent section.

RDC!=x*S |, +y*S | +2°S L +xyS | +xz8 ;,+yzS
RDC?=xS2 +y*S2 +228 2 +xyS2 +xzS 2 +yzS 2,

RDC;}=x283 +y2S 3 +228 2. 4+xyS 3 +x28 3. +yzS 3. ®

RDC ;:ngu +y2§y_\.+12§;:+xy§\.>\.+xz§:_\-+ yzs‘.: (®)

3. Materials and Methods

3.1 Protein expression

PCR primers were designed based on the Pyrococcus furiosus genome sequence obtained from
NCBI GBank. The gene sequence was annotated from PF2048.1 as described by Poole et al
[31] and is hence denoted as PF2048.1. The PCR product was cloned using standard techniques
into the expression vector pET-14b (with His-tag MAHHHHHHGS- at the N-terminus) and it
has been modified to include a Hind 111 restriction site. The amplified PCR product was cloned
into a modified version of the expression vector pET24d (EMD Biosciences, Madison, WI)
called pET24dBam as described [32,33], which creates an amino terminal affinity tag (M)
AHHHHHHGS-, where the N-terminal methionine residue is cleaved in the expression strain.

The vector carrying PF2048.1 was transformed into E. coli BL21 (DE3) cells and the cells
were grown using M9 minimal media [34]. The media used 0.3 % w/v glucose as the carbon
source and 0.1 % (w/v) ammonium-1°N chloride (Isotec, Miamisberg, OH) as the nitrogen
source. The sample for the present study was 13C labeled as well as 1°N labeled for other
reasons. However, a C1/C2-13C glucose strategy was used that resulted in just 16% 13C
labeling. This allowed spectroscopic acquisitions similar to a sample labeled only with 15N,
Kanamycin and chloramphenicol were added to final concentrations of 100 pg/mL and 25 pg/
mL, respectively. A 100mL flask was grown overnight while shaking at 37° C. The following
day 25mL of the 100mL culture was used to inoculate 1L of M9 media, which was further
grown at 37° C while shaking for about 5 hours. The culture was then monitored for ODggg
until the ODggg = ~0.7; it was then induced with IPTG (0.5-1.0 mM). The 1L flask was moved
to a 22° C incubator/shaker, where it was allowed to grow overnight. The cells were harvested
on the following day and ready for protein preparation or storage at —80° C.

3.2 Purification of recombinant protein

After harvesting the cells, the cells were re-suspended in 50 mL of 50mM Tris-MOPs, 500mM
KCI, 0.2% Sodium Cholate pH 8.0, and then 0.1mM PMSF (protease inhibitor) was added.
The re-suspended cells were then lysed by sonication. This was then centrifuged at 44,000 rpm
for 30 minutes at 4° C. The supernatant was added to a Ni2* affinity column. The column was
first washed with 25mL of the lysis buffer, and then the protein was eluted with 5 mL of 50mM
Tris-MOPs, 500mM KCI, 0.2% Sodium Cholate, 300mM imidazole at pH 8.0. This protein
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was further dialyzed overnight at 4°C into 20mM Tris, 100mM KCI, pH 8.0, and after dialysis
itwas concentrated down to ImL (~2mM). Concentration of the protein sample was determined
by UV spectroscopy.

3.3 NMR sample preparation, including alignhment

For measurements under isotropic conditions a sample of PF2048.1 was prepared at a
concentration of 1.6 mM in 20 mM Tris and 70 mM NaCl at pH 7. All samples also contained
2mM DTT, 0.02% azide, 1 mM DSS and 10% D,0. An anisotropic sample is required for the
measurement of RDCs. After isotropic data collection, the PF2048.1 sample was used to
prepare two partially aligned samples to satisfy this requirement. A sample with pfl phage as
the alignment medium [35] was prepared which contained 0.88 mM PF2048.1 and 48 mg/mL
phage in Tris buffer. After equilibration at room temperature for 10mins at 25 °C the sample
showed a deuterium splitting of 8.8 Hz when placed in the magnet. A second aligned sample
was prepared in a 5Smm Shigemi tube using positively charged poly-acrlylamide compressed
gels [36]. This sample contained approximately 0.77 mM PF2048.1. After equilibration at 4°
C for 7-8 hrs the sample showed uniform swelling of the gel which is compressed vertically.

3.4 NMR data collection

NMR data were collected on a Varian Unity Inova 600 MHz spectrometer at 298K using a
conventional z-gradient triple resonance probe or a z-gradient triple resonance cryogenic probe
(Varian Inc., Palo Alto, CA). The experiments were run using the conventional probe for
measurement of residual dipolar couplings: °N IPAP-HSQC [37]. Data were acquired for the
isotropic and the two aligned samples to provide a complete set of 1°N-IHN, residual dipolar
couplings. Data collection for the 1°N IPAP-HSQC included 256 t1 points, and 2048 t2 points
collected over 12 h. Residual dipolar couplings were calculated as the difference of the coupling
measured in the aligned and isotropic conditions.

3.5 NMR data processing and analysis

All data were processed using NMRPipe and visualized using NMRDraw [38]. Peaks were
picked using the automatic picking procedure in NMRDraw. Arbitrary assignments were
automatically transferred in from the HSQC and the splittings (J or J+D) calculated using a
series of Tcl scripts modified from NMRDraw. A table of RDCs was generated from the
difference between splittings in aligned and isotropic datasets.

3.6 Modeling of the structure of PF2048.1

PF2048.1isa9.16 kDa, 79 residue, (including His-tag) monomeric protein with less than 20%
sequence identity to any structurally characterized protein. To obtain starting structural models
of PF2048.1, the protein threading program ROBETTA [9] was used to find structural
homologs. The input to ROBETTA is just the amino acid sequence of PF2048.1. The program
was run on a server available through the web (http://robetta.bakerlab.org). An ensemble of
ten structures has been obtained and is shown in (Figure 3). In ROBETTA, structural models
are generated by either comparative modeling or de novo structure prediction methods. In the
presence of a decent match (using BLAST, PSI-BLAST etc) to a protein of known structure,
the matching structure is used as a template for comparative modeling. In the absence of any
match, structures are predicted using the de novo Rosetta fragment insertion method.

3.7 PDPA of PfG2 (PF2048.1)

Three principal order parameters Syy, Syy and S, are estimated based on the extrema of the
distribution of experimental data. The conversion from units of Hz to unitless values of the
order parameters was performed based on the following equation:
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_RDC x (1.01%)
© 24350 )

In this equation 24350 corresponds to the maximum observable value possible for the N-H
interaction and 1.01 A corresponds to a typical N-H bond length reported by the Amber 97
force-field. Backbone N-H RDC data have been acquired from two separate alignment media
(phage and compressed gel). In total 58 and 55 individual RDCs were observed from the two
alignment media respectively. Note that these quantities of data correspond to 73% and 69%
of the complete set of data and should serve as a demonstration of the tolerance of PDPA to
missing data. In general the collected RDCs spanned an approximate range of —20 to 20 Hz.
During the PDPA analysis an experimental error near 5% of the range of RDC data has been
assumed (+2 Hz) even though the true experimental error might have been much smaller. This
expansion of the experimental error is necessary in order to accommaodate structural noise such
as an imperfect N-H bond length. PDPA was applied to the set of 10 structures and the
corresponding best match PDPs are shown in (Figure 4).

4. Results and discussion

An ensemble of ten structures For PF2048.1 has been obtained using the modeling program
ROBETTA [9]. The resulting models are shown in (Figure 3). These structures exhibit pair-
wise backbone rmsds ranging from 3.3 to 9.39 A over the entire length of the protein and 1.77
t0 5.67 A over residues 10-60. It is clear that there is higher consistency among the models for
the central core of the protein. The models are ranked according to the probability of their
correctly representing an experimental structure. However, examination of modeling
competitions such as CASP would suggest that the best model may be anyone of the top 5.

4.1 Probability Density Profile Analysis of PF2048.1 Structures

PDPA as described before [8], was applied to the ten modeled structures of PF2048.1 using
the order parameters obtained as described in the previous section. The search for the
orientation component of the alignment tensor was conducted in a grid fashion between 0°—
80° in steps of 3°. cPDPs of the ten modeled structures were constructed and a comparison
was made with that of experimental PDP of PF2048.1. The best scores for each alignment
medium corresponding to each structure are shown in Table I. Results of PDPA from the first
alignment medium clearly suggest that Structures 5 and 8 are the closest modeled structures
to that of the real structure. Note that the ePDP (red pattern) and cPDPs (green pattern) in
(Figure 4) obtained from these structures exhibit an obvious similarity. The results from
medium 2 are also listed in table | where the top two structures are Structure 1, and 5. Table |
also shows the results from the third virtual medium which is obtained by averaging the
individual pairs of RDC observables from two media as discussed in section 3.3. The
information content of this third medium is relatively low as the number of data points is less
i.e. 49 data points. This is attributed to the fact that only those “pairs” that include RDC data
from both media 1 and 2 can be utilized for this approach. Despite this reduction in the total
number of data points, there is still useful information in the ePDP for the third virtual medium.
Although at first glance, analysis of the this medium may appear to be redundant, it does provide
independent information that is not available through independent analysis of data from each
medium. The RDC data from different alignment media can be assigned to the same interacting
pair of nuclei (based on chemical shifts) without any knowledge of the location of the
interacting vector within the sequence. This correlation of data can therefore be utilized as
additional restraints in order to improve the results of our proposed analysis. Currently, our
proposed method of analyzing the sum of RDC data is the most computationally efficient way
of incorporating the correlation information between two (or many) sets of data.
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The top two structures resulted from this virtual data are 8 and 9. To account for the different
information content of the various media a final score has been calculated using a weighted
average in which the weights are given by the relative number of data points. Based on the
average scores shown intable I, the top two structures are structure 5 and 8. This result coincides
with the PDPA scores from independent media as well where structure 5 is the top structure
from Medium 1 and has the second best scores in Medium 2. Also Structure 8 is one of the top
two structures from Medium 3. Considering the difference in the average PDPA scores between
structures 5 and 8 from all three media, structure 5 is identified as the model best representing
the true structure of PF2048.1 Validation of this prediction awaits deposition of further
experimental data on PF2048.1.

5. Conclusions

The results reported here have demonstrated the potential of PDPA in identifying the most
homologous structure from a set of computational models using a minimum set of unassigned
RDC data. PDPA combined with currently existing protein structure modeling tools represents
a new hybrid approach to protein structure determination that successfully combines the cost-
effective advantage of the computational methods with some of the reliability of experimental
methods. H-N RDC data are among the most easily acquired sets of NMR data and can quickly
produce validation of a computational model.

The method as described validates only the backbone structure of a protein. However, it can
also provide an efficient and faster route to a more complete structure determination by
providing a reliable starting point for the interpretation of more conventional NMR data. NMR
based structure determination frequently uses a crude initial experimental structure to resolve
ambiguities in assignment of NOE peaks before going on to produce high resolution structures.
A correct computational model could serve a similar purpose [39-41]. Backbone folds also
can be used in combination with paramagnetic perturbations and RDCs to produce assignment
of backbone resonances in the absence of a complete set of triple resonance experiments [7].
The application of PDPA can easily be extended to larger proteins (~15-20kD). In fact the
larger proteins will increase the likelihood of properly sampling the RDC space and provide
better estimates of the critical values of Syy and S;;.

There are obvious extensions of the approach described. Perhaps the most useful would be a
full implementation of correlation among data sets. We have introduced the concept of a
‘virtual” medium to create a third 1D data set that incorporates some correlation information.
However, a full comparison of a 2D histogram would be much more powerful. This can be
done in a straightforward way if two sets of RDCs can be collected in a single medium, for
example, H-N and C,-H,, couplings, or H-N couplings and C=0 chemical shift anisotropy
offsets in a protein where HNCA or HNCO experiments correlate the appropriate pairs of cross-
peaks. It may also be possible to implement a more powerful search algorithm for multiple sets
of H-N RDCs. We continue our exploration of these alternatives.
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Figure 1.

A calculated powder pattern in pink is for a large number of uniformly distributed NH and the
PDP for ARF (PDB code 1HUR) using principal order parameters of —71.1, 47.4 and 23.7 in
units of Hz, while the pattern in blue is the powder pattern based on the calculated order
parameters using the same RDC value.
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collected data
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alignment for chosen structure; Construct the
corresponding cPDP
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Report the best match and the
corresponding orientation for
chosen structure

Figure 2.
General flowchart operation of PDPA
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Figure 3.

The top 10 structures reported by ROBETTA for PF2048.1. Itis seen that structure 5 has lowest

PDPA scores.
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Figure 4.

PDPA results of the best structure (Structureb), worst structure (Structure 6) using data from
all three alignment media. Red pattern corresponds to the ePDP and green patterns correspond
to the best cPDPs
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