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7.1 Summary

This chapter introduces a computer program named Meth&r Relaxation
Matrix, or YARM for short. The purpose of YARM is to simplify the analysis of
NOESY crosspeak intensity data by creating a common framework around which data
analysis programs can be built. Two general uses of YARM will be presented in this
chapter; NMR model verification and NMR model refinement.

NMR model verification: Using the relaxation matrix approach, YARM can
calculate a set of simulated NOESY crosspeak intensities for a proposed model. These
simulated volumes can then be compared to experimentally measured volumes in a
quantitative manner. This gives a statistical measure of the “correctness” of the proposed
model by directly comparing it to the NMR derived data.

NMR model refinement: YARM provides a mechanism refining a proposed
model. Using a least-squares approach, the NMR derived model can be adjusted until the
the simulated NOE volumes from a given model match the experimentally measured

volumes.

7.2 Introduction and Background

Determination of NMR derived structures relies heavily on the interpretation of
the NOE to determine distances between protons. These interproton distance constraints
are then used to to calculate a molecular coordinate set that best meets the requirements
of the constraints. Of fundamental importance in the process of structure determination is
the method by which one calculates the distance constraint from the measured NOE, a

number of approaches have been utilized.
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Historically, interpretation of experimentally measured NOE intensities has
naturally progressed from very simple methods to more complex. One of the earliest
studies employing the NOE in a biomolecular structure determination was by Wagner
and Wathrich in the assignment of bovine pancreatic trypsin inhibitor (1982) in which the
NOE connectivities were used only to determine sequence information. Kumar et al.
(1981) introduced the concept of using the NOE crosspeak intensity as a method of
qguantifying distances. They proposed the initial concepts of what would be called the
“Isolated Spin Pair Approximation” (Reid, 1987; Patel, et al., 1987; Clore and
Gronenborn, 1985; Clore and Gronenborn, 1989), which assumes that any two nuclei are
relatively isolated from all other nuclei in NOESY experiments at short mixing times.
This allows for a simple method of distance determination by “relative intensity
comparison” of the NOE between a spin pair of known distance to that of a spin pair of

unknown distance.
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For nucleic acids this is often accomplished by measuring the cross-relaxation
rate of the H5-H6 crosspeak in cytosine or (for RNA only) uridine, with a fixed distance
interproton distance of 2.46A. Often the semi-quantitative method of the ISPA is
simplified by defining NOE intensities as strong, medium or weak and giving large
bounds to the restraint distances.

Spin isolation is rarely observed in biological systems and the ISPA method of
distance determination can give incorrect distance values, with errors of up to 1.3 A
(Wemmer, 1991; Reid, 1989; Nerdal, 1989; Schmitz & James, 1995). To account for

“spin-diffusion” effects, Keepers and James (1984) realized that dipolar relaxation
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between nuclei must be accounted for simultaneously for all spin pairs. They use the rate
(or relaxation) matrix method for analyzing NOE data in the same manner that chemical
exchange processes had been done previously.

The concept of using the relaxation matrix in the analysis of NOE intensities has
given rise a number of computer programs that exploit this approach for NMR structure
determination: IRMA (Boelengt al, 1988), MARDIGRAS (Borgias & James, 1990)
and MORASS (Poskgt al, 1990). All of these methods, however, have made the
assumption that the rotational diffusion of the molecule in question can be adequately
described using an isotropic rotation model. The isotropic definition of the spectral
density function and originally proposed by Bloembergen, Purcell and Pound (1948) is
utilized (see Chapter 5, section 5.3.1).

The problem in this assumption has been pointed out a number of times in the
literature (Birchall & Lane, 1990; Schmitz & James, 1995). Nucleic acids may be
especially affected by this, as was noted by Witttkal. (1990) in which they state “The
asymmetry of the duplex DNA complicates the straightforward analysis of NOE data in
term of conformational analysis.” That is, the rotational diffusion of DNA is asymmetric.
The consequence of this is that an internuclear spin-pair vector, parallel to the long axis
of a DNA, experiences different fluctuating magnetic fields than a vector perpendicular
to the long axis. This will cause differential relaxation effects that would affect the NOE
intensity differently.

The computer program YARM was initially created to incorporate the anisotropic

rotation definition of the spectral density function into the relaxation matrix calculations.
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7.3 YARM

The theoretical basis for these calculations is presented in chapter 5 of this thesis
and should be consulted, however, a quick overview of the relaxation matrix method will
be given. An example will be shown for evaluating the model of a DNA using a few of
the more commonly used structural analysis YARM scripts, along with a description of
how each script works. A quick overview will also be given for the structural refinement
component of YARM.

Finally, for the programmers (and other interested in how the calculations are
performed) the two C++ object definition files and the structural refinement program are
included for your perusal. The object definition files are the heart and soul of the
mathematical calculations, with all the fodder striped away and should be consulted for a
complete understanding of the YARM calculations. It should be noted that the entire
source code for YARM is too large to include in this thesis. If interested, see the web

page atlfttp://bass.chem.yale.edu/~lapham/ygrwiiere the full code can be

downloaded.

7.3.1 Overview of simulating NOE initensities

As mentioned earlier, the full theoretical treatment of using the relaxation matrix
to perform NOE intensity simulations is presented in chapter 5. This section is simply a
broad overview of the process.

The NOE crosspeak volume matnik(tmi), is related to the relaxation matri,
by the following equation,

V(tmix) = V(O) exp[Rtmix] 73
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Thus, if the relaxation matrix can be accurately constructed, the NOE volumes
will be accurately calculated. This is, however, the difficult part of the process. The
elements in the relaxation matrix are composed of functions that relate the properties of
molecular structure, rotational motion and intramolecular motion to the cross-relaxation
rates. The first of these properties is the "molecular structure” of the molecule, or the X,
Y and Z Cartesian coordinates of the time-averaged position of each atom. The second is
the "rotational motion" of the molecule, also commonly referred to as the correlation
time. The third is the "intramolecular motion” of the molecule, a description of the
.dynamical movements between atoms on the same molecule.

In YARM, we call these three properties the “model” of the molecule. Thus, a
“model” of a biomolecule is not just a description of the coordinate structure, it would
also require a description of the tumbling rate and the intramolecular dynamics. Figure
7.1 below demonstrates the overall process of calculating NOE volumes from this
“model” and where in the calculations each part of the model is used. For instance, the
two motional components of the model are used in converting the relaxation Rngdrix

the distance matrix.
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Figure 7. 1 YARM data flowchart

Theoretically, if the three components of the model were perfectly well known,
the conversion from coordinate space to NOE volume space would be exactly correct and
reversible. This, of course, rarely occurs with experimentally derived data. Often, only a
subset of the possible NOE crosspeak volumes are assigned, or are resolved enough for
accurate quantitation. Because of this, divining the structure of a molecule based on the
NOE intensities is not as straightforward as performing the reverse calculation, shown
above.

Often in the world of biomolecular structure determination, assumptions must be
made about one or more of the model components. For instance, the rotational
correlation time of a molecule is a difficult quantity to measure experimentally, and often
it must be estimated. A firm understanding of intramolecular dynamics can be just as
elusive; it is often difficult to distinguish between a rigid structure and a two

conformation state structure in fast exchange on the NMR time scale. While it may be
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difficult to exactly determine these quantities, they cannot be ignored without
compromising the integrity of the analysis.

It is my opinion that the biomolecular NMR spectroscopist who proposes a
molecular "structure” that "best fits their NMR data" must back the statement up with a
statistical analysis. The motional components of the model must be proposed, as they are
just as important calculations as the atomic coordinates. This can be as simple as stating
"we assume an isotropic rotation model with correlation time of 5 ns and a rigid
structure”. Even if there is no conclusive data to support this, it must be stated to allow
for discussion of the structural model. Finally, a statistical analysis of the actual NOE
data measured for the molecule can then be presented. Thus, rather than a qualitative
“this structural model fits the data" there can be a quantitative report owdilbiivfits

the data.

7.3.2 Statistical analysis of volume sets

A number of statistical methods for comparing NOE volumes have been
developed. The YARM subroutine "Stats" returns a list of each of these functions in the

order shown below:
($rms, $r, $q, $96) = &Stats( \%vol1, \%vol2);

Where the definitions of the statistical functions are:
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7.3.3 Model Validation

An example of how the structural analysis works is presented. The Dickerson
dodecomer DNA, 5-CGCGAATTCGCG-3' is a symmetric self-complementary dimer
which has been studied extensively by NMR and X-ray crystallography techniques.
NMR NOESY data were collected on the DNA (see chapter 6) and the resolved NOE
crosspeak volumes were measured quantitatively, a total of 225 volumes in all.

We begin the analysis by arbitrarily proposing the following two models for the
DNA (of course, the structural biologists would want to use the structures derived from

their XPLOR calculations, and the like).

Property MODEL #1 MODEL #2

Atom coordinate positions: A-form DNA B-form DNA

Molecular tumbling: isotropic, 5ns anisotropic, 2 and 6 ns
Intramolecular dynamics: rigid 0.9

The “correctness” of the two models can be examined quantitatively by
comparison of the back-calculated NOE intensities to the actual experimental data using

the YARM scripts, modell.pl and model2.pl (see section 7.3.3). The script modell.pl
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simulates the NOE intensities using the first proposed model, and model2.pl uses the

second proposed model. The following is the output from these programs:

bass (lapham): [~/yarm_thesis]> ./modell.pl dick_a.pdb
YARM v0.9 February 22, 1998
Simulating NOE volumes using isotropic-rigid...
Pairwise statistical analysis:
RMS =0.5128

R-factor = 0.7508

Q-factor = 0.3754
Qn(1/6)-factor = 0.1947

bass (lapham): [~/yarm_thesis]> ./model2.pl dick_b.pdb
YARM v0.9 February 22, 1998
Simulating NOE volumes using anisotropic S=0.9...
Principal axis vector components Ax=0.01 Ay=-0.03 Az=1.00
Pairwise statistical analysis:
RMS =0.2888

R-factor = 0.4162

Q-factor = 0.2081
Q"(1/6)-factor = 0.0882

Clearly the second model is a better fit to our experimental data, but we can be
more quantitative than that. The second model fits the experimental data with a rms of
0.29, an R-factor of 0.42, a Q-factor of 0.21 and“&factor of 0.088.

Additionally, the YARM scripts saved a correlation plot of the simulated data
versus the experimental data in a file, so the accuracy of the fit can be viewed

graphically, as shown below in figure 7.2.
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Figure 7. 2 YARM Correlation plots

It is clear that the first model is a better fit to the data, statistically, than the
second model. The correlation plots are simply a visual way of coming to the same
conclusion, the second model is better correlated to the experimental data.

Incidentally, neither of these models simulate the experimental NOEs very well,
the best fit to the data comes from yet another proposed model for this DNA; see chapter
6 for a full discussion.

The modell.pl and model2.pl scripts are presented at the end of this section.
Notice that the scripts are written in the Perl scripting language. YARM is actually
nothing more then a series of perl subroutines. The first YARM subroutine called in the

modell.pl script is:

%xyz = &Pdb_Read_All( $pdb_file );
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The Pdb_Read_All YARM subroutine reads in all the atom names and positions
from a PDB formatted structure file. The atom names and coordinates are then stored in
the variable %xyz for use in other YARM subroutines. The actual calculation of the

simulated NOE volumes comes from the line:
%vol_sim = &Sim_Vol( $sfreq, $tmix, $vol0, \%xyz, \%erij, $tc );

The YARM subroutine Sim_Vol simulates volumes! It needs to know the
spectrometer frequency ($sfreq), mixing time ($tmix), normalized volume ($vol0), atom
names and coordinate (\%xyz), which atom pairs to return (\%rij) and the correlation time
($tc). It then returns to the variable %vol_sim the results of the calculation.

The model2.pl script uses the Sim_Vol subroutine in a slightly different manner:
%vol_sim = &Sim_Vol( $sfreq, $tmix, $vol0, \Yoxyz, \%rij, $tl, $ts, SAX, $Ay, $Az, \%S );

Notice that the first five arguments are the same as those in modell.pl, but now
two correlation times ($tl and $ts), the vector components of the principal axis of rotation
(BAX, $Ay, $Az), and an Order Parameter (\%S) have been included. That is because the
“model” for this script uses anisotropic rotation and includes an order parameter of 0.9.

This is just a short description of the scripts. The web page has many more
example scripts and more interesting uses of the program. Additionally, each of the

subroutines is explained in much greater detail.
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7.3.4 Model refinement

In addition to model verification, YARM contains a structural refinement
component. From a given rotational and intramolecular dynamic model, YARM will find
the set of Cartesian coordinates that best fit the NOE data.

We ask the simple question: Does the comparison of the simulated and
experimental NOEs suggest that an atom pair move closer together, or farther apart? If
an atom pair A and B have an experimentally determined NOE volume of 20 and a
simulated NOE volume of 10, the two atoms in the model should be moved closer
together. The distance they should move will be roughly proportional to the difference in

the 1/6 root of the volumes. This is known as the residual function, r:
residua) =VolSin}’® -VolExg'® 7.8

The goal of this structure refinement process is to minimizing this function for all
atom pairs. The direction each atom should be moved in order to minimize all atom pair
interactions is determined by taking the vector sum of all residuals for each individual
atom. This overall movement vector is known as the gradient, and is shown below as the

thicker line (the vector sum of the thinner lines).

Figure 7. 3 The gradient vector
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Movement along the gradient will result in a minimizing of the function defined
in equation 7.8.
An example YARM script for model refinement is presented on the next page.

The subroutine call that actually performs the calculations is:

%xyz2 = &Structure_Refine( \%xyz, \%vol_exp, $num_iter, $sfreq, $tmix, $vol0, $tc );

In which the &Structure_Refine subroutine returns a new coordinate hash (in this

case, named %xyz?2) that can be used as any other coordinate hash in YARM.
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7.3.5 Other software packages

As the name of this program implies, there are a number of computer programs
available that calculate the relaxation matrix. This begs the question, why write another?
| am glad you asked, because | would like to tell you why. This software package was
written with the express intention that people can use it to LEARN about calculating the
relaxation matrix. It would appear to this author that often the details of HOW
calculations are performed are hidden from the end users. Hopefully, it will be clear
what parts of the calculation are robust and what parts involve a certain level of
assumptions. Great pain have been put forth to separate the code into its constituent
parts, for example, if you want to know the mathematics behind calculating a cross
relaxation rate member of the relaxation matrix, simply look imthe relax.c file
under the subroutine “rij2rate_iso”. In fact, this is the file in which most of the real
calculations are performed. This code is completely removed from the code that
manipulates the input and output files, etc.

A quick overview of two other programs available for calculating the relaxation
matrix are presented here. It should be stated that it is not with the intent of supplanting
the existing rate matrix calculation software that YARM was written. Rather, it is the
intention of the author that they are used for the development of new ideas, which require
the “relaxation matrix” framework around which to work.

MORASS, Multispin Qrerhauser Blaxation AalysiS(Post, et al., 1990;

Meadows, et al., 1994) was used initially to understand how one codes these types of
programs. The authors kindly release their FORTRAN code with the program at no

charge (anonymous ftp dggpl12.chem.purdue.edu). This program suffers from the usual
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problem that all FORTRAN programs suffer from, obscure code. While the authors do
make the code publically available, it is nearly impossible to follow the data flow and
actually know HOW the calculations are performed. The program also suffers from the
“problem” of being a complete software package, it is difficult to integrate it into other
calculations or even to modify it.

Another program, Matrix Aalysis of Rlaxation for Dscerning the @ metry of
an_Aqueous Bucture or MARDIGRAS (Borgias and James, 1990), can be purchased
from the regents of the University of California. Professor Thomas James was kind
enough to supply the code for this program for the purposes of recompiling it for the
LINUX operating system. This is mentioned here because it should be stated that none of
the code was examined or used in the creating of the programs written in this section.
MARDIGRAS is, once again, not available for free and the FORTRAN source code is
not available. Thus, it must be used as a “black box” in which you must trust is
performing the calculations correctly. As with MORASS, it is difficult to incorporate

into other calculations and impossible to modify.

7.3.6 Source code: nmr_relax.c and nmr_relax.h

These two files define the object “NmrParams”. It is in this object definition that

all the NMR relaxation calculations take place.
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7.3.7 Source code: structure.c and structure.h:

The following C++ source code files define the object “Structure” and allow for
storage and retrieval of the Cartesian coordinates of a structure, calculation of distances

between atoms, calculation of the center of mass, etc.
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7.3.8 Source code: structure_refine.c

The following C++ source code is used in the calculations of model refinement

(called by the Structure_Refine YARM subroutine).
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