Chapter 3

Spin System Assignment

3.1 Implementation and Practical Considerations

3.1.1 Introduction

In many types of spectrum, peak patterns provide important information about
the spin systems present. A program called patt_recog has been designed to
search for these patterns in spectra. It may be applied to sidechain spectra
such as COSY or TOCSY, and also to backbone spectra such as HNCA or
HN(CO)CA. It yields results (putative chemical shift assignments), weighted
by probability-like factors, which give estimates of correctness for the results.

As input, the spectra and the expected peak topology need to be supplied
to the program. The peak topology, or pattern, describes which peaks are to
be expected in the spectra; this information resides in a pattern file. Many
patterns may be stored in a single pattern file, eg. patterns for alanine spin
systems, threonine spin systems, etc. For each expected peak in a pattern,
a region of interest is determined by the pattern file. This is a rectangular or
cuboid portion of a spectrum, whose size is bounded by the chemical shift ranges
of the spins contributing to that peak.

For each pattern, the program steps through three principal operations.
These are:

e peak emphasis filtering;
e pattern search;
e heuristic filtering of results.

In the first step, a mask sensitive to the most probable peak shape is scanned
through each region of interest. A data array is obtained, which assigns a
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Figure 3.1: Program flow diagram.
The input required by the program comnsists of spectra and pattern files. Peak em-
phasis finds the peak plausibility factors in selected portions of the spectra (regions
of interest). Pattern search exhaustively explores the chemical shift space for peak
patterns within the regions of interest (see also Figure 3.6). A heuristic filter applies
rules typically used by spectroscopists, in order to penalise or remove unlikely results.

number to each point in a region, quantifying the plausibility of there being a
peak at that point. This quantity will be referred to as the mask response.

In the second step, a pattern search is performed, which looks for instances
of the user-defined pattern within the regions of interest. Each found pattern,
or result, has a score associated with it, which is calculated as a sum of mask
response values. To accelerate execution time, thresholding may be applied to
these mask response values in a dynamic way during the search. Internally,
the search is implemented as a depth-first recursion, and thresholding allows a
significant pruning of the search space. The results are put into a preliminary
results list, which is ordered according to score.

Finally, heuristic filtering is applied to the preliminary result list, invoking
rules that reorder or delete results, according to, for instance, chemical shift
order, relative amplitudes of individual mask responses, etc. A program flow
diagram is shown in Figure 3.1. The following section briefly discusses the
pattern file; the subsequent three sections are devoted to the three stages of
execution.

Figure 3.2 tabulates the symbols which will be used in the algorithms de-
scribed below.
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Meaning

Current spectrum axis

Total number of axes (dimensions) in a spectrum

A single chemical shift

Chemical shift vector

4 = [01,02, ... On]

Chemical shift difference

Current result number

Total results count

Penalisation factor (0 < F < 1)

Deletion criterion (logical, true=delete, false=retain)
Matrix to map chemical shift list into a set of coordinates
Current spin number

Total number of spins in a spin system

Current region of interest number

Total region of interest count for a spin system
Current mask response

List of all mask responses for a given value of &
r=[ry,r2, ... TP]

Sum of mask responses (score) for a spin system
List of all scores for all results

R =[R1,Rs, ... Rg]

N.B. since results are ordered according to score, Ry
will be the minimum score value, and Rg will be the
maximum.

Figure 3.2: Symbols used in pattern search algorithms.
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3.1.2 The Pattern File

This file describes in detail the data files, peak topologies and parameters needed
during the pattern search. Many “template” pattern files exist, which may be
customised to suit individual requirements. The syntax of a pattern file is quite
flexible; the patt_recog program has a built-in lexical analyser and parser that
allow these files to be transcribed into internal data structures.

Pattern files divide into two parts, a global part, and a set of pattern defini-
tions. The global part may contain any or all of the following;:

e Information about the spectra being examined, including location on disk,
spectrum type and size-related parameters;

e Directives to modify spectra non-linearly, both before or after peak em-
phasis processing;

o Parameters relating to the results generated, including maximum and min-
imum allowed results counts, and distance thresholds for the results clus-
tering algorithm;

e Parameters for results list processing algorithms.
The pattern definitions may contain any or all of the following:

e Definitions of individual cross peaks, in terms of the spins contributing to
them;

e Definitions of the masks to be used during peak emphasis filtering;
e Threshold values;

e Directives dividing the search into multiple levels;

e Limits on the search chemical shift ranges for each spin;

e Parameters for results list processing algorithms.

An example of the peaks that one might expect to find for threonine in a
2D TOCSY experiment is given in Figure 3.3; Figure 3.4 shows the pattern
definition which would be used to search for these peaks.

3.1.3 Peak Emphasis Filtering

The pattern search takes appropriately processed data points directly from spec-
tra. These spectra are first filtered, to emphasise genuine peaks and to de-
emphasise features such as broad peaks, noise or variations in baseline. The
filtering procedure works by calculating a peak plausibility factor for every point
in all regions of interest in all spectra.
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Figure 3.3: 1dealised peak pattern for threonine in a 2D TOCSY spectrum.
The small circles indicate which peaks are expected, and the grey patches show the
areas in which the program will search for them. These areas are called regions of
interest. The chemical shift ranges for each spin type determine their boundaries. In
this example, the regions of interest in a 2D spectrum for peaks between Ha, H3 and
H~y are shown. For clarity, these regions have been shown as distinct patches, but in
reality, there will often be overlap.
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Thr_spin_sys1

{

Cross peaks are specified in an abstract way, according to the spins contributing to
them. The search process is split into multiple levels. The number of peaks searched for
at a given level is limited, and the chemical shift values found at one level will constrain
the search at the next one. Limits on the chemical shift ranges to be searched for each

/* TOCSY SPECTRUM */
current_spect=*“tocsy.2rr”;

search_level=0;

cross_peak=[[Thr,H_gamma_ 2-3],[Thr,H beta]];
cross_peak=[[Thr,H_beta],[Thr,H gamma_2-3]];

search_level=1;

cross_peak=[[Thr,H beta],[Thr,H_alphal];
cross_peak=[[Thr,H_alpha],[Thr,H_beta][;

search_level=2;
cross_peak=[[Thr,H gamma 2-3],[Thr,H alphal]];
cross_peak=[[Thr,H _alpha],[Thr,H gamma 2-3]];

spin_ppm_range=[“Thr”,“H_alpha”,3.00,6.00];
spin_ppm _range=[“Thr”,“H_beta”,3.40,5.00];

spin_ppm _range=[“Thr”,“H_gamma 2-3",0.05,1.57];

Figure 3.4: Example pattern file.

class of spin can be imposed also.
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The peak plausibility factor of a given point in a spectrum is a measure which
combines peak intensity at this point with the degree of fit between an ideal peak
profile and the actual data points in the immediate neighbourhood of the point.
This is done by convolving a mask function with the original spectrum [61].

Convolving a Spectrum With a Mask Function

For the 1D case, one may express the convolution operation quite generally thus:
f@)= [ fa-aneae

where f(z) is a function describing the original spectrum, f'(x) is the spectrum
after convolution, and h(e) is the the masking function.

The convolution operation has a very interesting property: in regions of f(x)
which are similar to h(e), f'(xz) (the mask response) will be large, whereas in
regions of f(x) which are not similar to h(e), f'(z) will be small. Hence, in
order to find peaks, one chooses a function h(e) which models an ideal peak.
For instance, a Lorentzian function:

h(e) = 1/(1 + s€?)
Or a Gaussian:
hz) =e </
In both cases, s is a factor which describes the half width of the model peak.
This is not quite ideal, though, because if such a mask function is convolved
with a nonzero but constant spectrum f(z) = ¢, the mask response will also
be nonzero. Practically speaking, this means that the mask response would be

baseline dependent. In order to make the mask zero sum, the mean mask height
is subtracted from the mask function during convolution:

rw=[ (@ = ) (h(€) — homean)de

For the finite discrete case, we can write:

f'(m) = Z f(m =) (h(i) = hmean)

hmean = (3 h(0)/K

where K is the size of the mask in data points.
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Figure 3.5: Convolution of a spectrum with peak detecting mask.

The original 1D spectrum is shown as a dashed line; the solid line shows the result
of the convolution operation. Two properties of this convolution are worth noting.
At position (a), an artificial broad peak has been inserted into the spectrum. After
convolution with a narrow mask, this peak has been significantly flattened. At position
(b), two peaks in the original spectrum are so close together that they have merged.
Using the convolution approach, this clearly resolves into two peaks. The operation
of the convolution algorithm is shown in detail at position (c). The horizontal arrow
shows the direction of scan for mask convolution; a mask is shown in four consecutive
positions underneath.

All of the above formula extend easily to multidimensional cases. Eg. in
two dimensions:

L
Flm,n) =Y fm —i,n — §)((i, §) = hmean)

7=0 i=0

where L is the size of the spectrum in the second dimension. An example of
how a 1D mask is employed in a real spectrum is shown in Figure 3.5.

Each region of interest has its own mask associated with it, and these masks
may be different from region to region. This will be necessary, for instance, in
cases where several different types of spectrum are being used simultaneously.
The appropriate mask is convolved with each region of interest, generating a
convolved region of interest. Convolved regions of interest are given arbitrary
numbers, and are themselves stored in an array:

I'=1[f1, f2, - 1P
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where P is the total number of regions of interest. f’ will usually undergo further
processing, before being used as the input for the next step in the program’s
operation.

Further Processing of Convolved Regions of Interest

Once a convolved region of interest has been generated, it may be further pro-
cessed to make the job of the pattern search algorithm easier. Non-linear func-
tions may be applied to the whole convolved region of interest, certain portions
of it may be deleted or scaled, and diagonal suppression may be applied to it.

Globally Applied Non-Linear Functions

In many cases, the default option of using raw mask responses, taken directly
from the convolution process, produces unwanted effects. A small set of post-
processing functions is available, which perform operations such as:

o Setting positive mask responses to 1 and all others to 0;

This can be used where diagonal peaks are used in a pattern, but where
their responses are ignored, because they tend to make a disproportion-
ately large contribution to the overall score for the result. In this case, the
post-processing function is combined with an absolute lower threshold of
1, which means that zero or negative parts of the diagonal will be ignored.
Thresholding is discussed in Section 3.1.4 (page 30).

e Setting all positive mask responses to 0;

This is most often used in forbidden peak penalisation (see Section 3.1.5,
page 43), where the region of interest is convolved by a negative mask,
producing negative values for unwanted peaks. It is undesirable that the
program react to dips in the spectrum, since these would produce positive
mask responses; this function can be used to inhibit this behaviour.

e Setting all mask responses above a given level to be equal to that level;

This is used to prevent very large peaks from making a disproportionate
contribution to the total score of a result.

e Scaling all mask responses above a given threshold by a logarithmic func-
tion.

This function retains the essential peak shape, but reduces the responses
to large peaks very significantly. This is useful because, rather than gen-
erating a flat-topped peak, as would be the case for the previous function,
it produces a logarithmically scaled cap, which preserves the maximum
point of the original peak.
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Excluded or Scaled Zones

Spectra often contain linear (in 2D) or slice-shaped (in 3D) artifacts. The
most common of these is the water line, but ¢;/t2 noise also sometimes arises.
Features are available for deleting these completely (excluded zones) or for scal-
ing them (scaled zones). In both cases, the position and width of these zones
must be ascertained by the user, by a manual assessment of the spectra.

Diagonal Suppression

In spectra which have two or more axes upon which common spins occur,
such as an H-H TOCSY, the diagonal peaks are usually very strong. This makes
them attractive targets for the assignment code, and leads to the favouring of
degenerate assignments, in which two or more spins are assigned to the same
chemical shift. Suppression may be applied to each convolved region of interest,
if the diagonal passes through it. Suppression is a maximum at the diagonal
itself, becoming less severe with increasing distance from the diagonal. A choice
of Gaussian or Lorentzian suppression profile is available.

3.1.4 Pattern Search

The program searches for patterns of peaks in the convolved regions of interest
in a systematic way. It does this by incrementing the chemical shift values of
each spin one data point at a time, and for each increment, examining the mask
responses in each region of interest. This is illustrated schematically in Figure
3.6. A “snapshot” of this process, taken from a threonine search in a 2D TOCSY
spectrum is shown in Figure 3.7.

At all points where chemical shift coordinates intersect within regions of
interest, the mask response values are taken, and added together. The result-
ing value is called a score. Each combination of chemical shifts obtained by
these means represents a possible assignment; the calculated score value gives
these “assignments” a quantitative figure of merit, based on the combined peak
plausibility (mask response) values:

P
R=7 o(pd)

where R is the score value, p the current region of interest number, P the total
number of regions of interest, o(p,d) the function which retrieves the mask
response value from the convolved regions of interest for the current set of spin
chemical shift values, and

5= [61,0s, .. 6n]
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Figure 3.6: Pattern searching.

Exhaustive generation of chemical shift combinations is shown here as a tree. Only
one Hq value is illustrated; of course, there will actually be many Ha values, one for
each data point increment along the Ha chemical shift range. Similarly for the Hf’s
and the H~v’s. Each combination of chemical shifts defines sets of coordinates in the
regions of interest. The mask response values for each putative peak (taken from the
convolved regions of interest) are summed, to give a score for this putative assignment.
The assignment is stored in a list, ordered by score value.
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Figure 3.7: Searching for threonine peaks in a 2D TOCSY spectrum.
This figure represents a “snapshot” taken from the search. The chemical shift values
for each of the spins at this point in the search are shown in ppm. Internally, the
program uses data point values; there will only be a finite number of possible chemical
shift positions for each spin, due to the discrete nature of the spectrum. Where the
chemical shift lines intersect within regions of interest, mask response values can be
extracted from the convolved regions of interest. These values will be summed to give
the overall score.
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where N is the number of spins in the current pattern. o(p,d) uses p to select
a particular convolved region of interest, and ¢ to derive the chemical shift
coordinates.

A region of interest has only as many dimensions as the spectrum that it was
derived from. Hence, it follows that only a subset of the chemical shift values
contained in ¢ are needed to define the coordinates of a point within a region
of interest. In order to extract these coordinate values, ¢', from &, each region
of interest has a coordinate mapping matriz (M) associated with it. This is an
N x A matrix, where A is the dimensionality of a spectrum. It contains only 1’s
and 0’s, and is multiplied with §:

d =Ms
For instance, if a region of interest was derived from a 3D spectrum, and cor-

responds to the first three spins in a list of six, the coordinate mapping matrix
would work as follows:

éI:[al 5253]: [51 62 63 54 55 56]

SO O OO
S OO OO
SO OoO~=OO

Hence, the function o, used in calculating the mask response R in the expression
above, can be defined as:

a(p,8) = f,(2')

where f, is the zero-corrected mask convolution function for region of interest
number p.

Avoiding a Combinatorial Explosion

The pattern finding algorithm just described could potentially lead to a combi-
natorial explosion. The number of chemical shift combinations goes up approx-
imately to the power of the number of distinguishable spins, which for a spin
system such as lysine, is large.

By prudent use of thresholding, however, the branches of the search “tree”
can be severely pruned, with a corresponding increase in execution speed. An
assignment, which fails the threshold tests will not be retained. Two forms of
thresholding are available: absolute and relative. Absolute thresholding will
accept a mask response, r,, which lies within given limits:

Tpl < Tp < Tpu
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where r,; is the lower threshold for region of interest p and r,, is the upper
threshold for region of interest p.

Relative thresholding tells the program to compare mask responses between
two points in two convolved regions of interest; if the values are not similar
enough, the assignment will be rejected. For two regions of interest, p and g,
this can be expressed as:

tirg <rp <tyrg

where ¢; and ¢, are factors by which mask response rq is multiplied to derive
threshold values for comparison with r,,.

Search Levels

The peak definitions in a spin system pattern tell the search program which
peaks to expect in the spectra. Each peak definition comprises of a set of
spins contributing to that peak. For a 3D spectrum, such a definition will look
something like this:

cross_peak=[[Gly,H_alpha_prime],[Gly,H_alpha],[Gly,C_alpha]];

As each definition is read in, it is added to a peak list. There is a one-to-
one correspondence between the peak definitions in this list and the convolved
regions of interest discussed in section 3.1.4 (page 27). For small spin systems
such as glycine and alanine, it is quite acceptable to deal with all peaks in this
list simultaneously. But, as the number of peaks grows, so does the memory
consumption, because the convolved regions of interest for each peak need to
be kept in memory. These regions take up typically 0.25 to 2 Mbytes. For,
say, a leucine, one might be looking for 32 peaks, which could take up to 64
Mbytes. This will lead to swapping, and hence to a significant degradation in
performance on many machines.

Furthermore, looking at all chemical shifts is wasteful. In the leucine case,
for example, when one looks at the Ca planes of a HCCH-COSY spectrum,
there are a limited number of “lines” of peaks that can be found corresponding
to Ha chemical shifts, and hence, a limited number of sensible chemical shifts
for Ca, Ha and Hp spins. When looking into the C( planes of the spectrum, it
would be sensible to limit the search to the Ha and Hf chemical shifts already
found, and only search over the full range for the C3 chemical shifts.

How Search Levels Work

For the reasons mentioned above, the concept of the search level was intro-
duced into the program. This strategy breaks up the search into a number of
steps or levels. Within a given search level, only a limited number of peaks are
searched for. Which peaks are searched for at which search level is determined
by the pattern file.
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The peak pattern search at a given search level will produce an intermediate
list of results. Each result in this list will be used to generate a set of ranges,
one for each spin in the spin system. The range for a given spin is calculated
by taking the corresponding chemical shift value from the result, and then com-
puting a narrow “error band” around that value. If the spin does not yet have
an assigned chemical shift value, the full chemical shift range for that spin type
will be used. These ranges constrain the search at the next search level. Thus,
at search level L+1, the program can use chemical shift values found at search
levels 1, 2, ... L as constraints, instead of using the full chemical shift ranges.
This is illustrated in Figure 3.8.

Some Problems With the Search Level Concept

Each search level can be regarded as acting as a “filter” for the results
from the level preceding it. As long as the spectra are “perfect”, in the sense
that all expected peaks are present and reasonably large, nothing will go wrong.
However, if the spectrum contains weak or missing peaks, all partial assignments
which require these peaks will be lost, even though peaks present in later search
levels may be sufficient to fully define all chemical shifts for that spin system.

To prevent this potential loss of information, two options are available for
“relaxing” the severity of the search:

¢ Don’t recycle results. At the end of a search level, after the limiting
ranges have been generated, the results list is normally “recycled” - ie.
emptied - to make space for the results generated at the next search level.
If many peaks in the next search level are weak or even missing, then
it is probable that some of the “good” assignments found at the current
search level will be filtered out, because the program will be unable to
find the corresponding peaks. However, the user has the option to say
that the results list will not be recycled, but passed on. In this case,
the good assignments will survive, though some spins may not have any
chemical shift values assigned to them. The difference between recycling
and non-recycling search levels is illustrated in Figure 3.9.

o Automatically adjust thresholds. Alternatively, if the desired peaks
are present at the current search level, but much weaker than expected, it
is possible to make the program automatically adjust the threshold value,
so that they can be found. The program is supplied with minimum and
maximum acceptable results counts, via the pattern file. It will count the
results generated, and if there are too few, reduce the thresholds. This
process is iterative - if there are still too few after the first adjustment,
it will be adjusted down even lower. If there are too many results, the
thresholds will be increased.

Program behaviour is different, depending on whether the results count is
too large or too small:
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Derive a set of chemical
shift limitsfrom results

The search pattern for an AMX spin system in a 2D COSY spectrum is shown. In the
top panel, the situation at search level 0 is indicated: two peaks are searched for, the
HB/Ha and the Ha/HB peaks. The results produced at this search level - there may
be several hundred - are then converted into a set of ranges. In search level 1, searching
for the HB' /Ha and the Ha/HB' peaks will be restricted within these ranges. In this
case, this will mean that small search bands around the Ha chemical shifts found at
search level 0 only will be searched. By the time the program reaches search level
2, all three chemical shifts, viz. Ha, H3 and HA', will be known, and the restricted
search for the H3'/HB and HB/HB' peaks will simply act as a filter to remove poor

Limits
R
&t
E N
t | Resultslist
F—
Searchlevel 1

O Thispeak is sought in a different search level.

@ Search for this peak in the current search level.

) i
Q-
1 ) 1
1 M 1
1. 1
/1-_ - _@ - Searchlevel 0
| |
1 1
1 1
1 1
1 1
. Key:
1
Results list

Derive
limits

Limits

Figure 3.8: Search levels.

assignments from the previous two search levels.
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i) If it is too large, the program generates mask response histograms for
each of the peaks active at the current search level, using the results list as
the data source. The program checks the results count continuously during
the search and can apply this algorithm as soon as it detects that there
are too many results. It must therefore make an estimate of the number of
results expected at the current stage of the search, making the assumption
that a) at the end of the search, the maximum number of results will be
found and b) the results count grows linearly with the number of chemical
shift combinations tested. It checks through the histogram until it finds
a mask response value that will give exactly the estimated results count,
and uses this as the new threshold value. Figure 3.10 shows how this
works. Assume that the frequency distribution of the mask responses can
be represented as a function k(r) of the mask response, r, and that we
would like to find a new lower threshold value, ry(new)- The integral of
this function would then be:

Tl(new)
/ Ii(T)dT' = Emaz - Eezpected
0

Where actual results count Epn,q,, and expected results count Eegpected,
are known values. Since () is a non-analytic function, there is no general
solution for ry(pew), and the program finds it by starting with a value of
Ti(new) = 0, and incrementing until the above equation is satisfied.

ii) If the results count is too small, the program multiplies the thresholds
for all peaks active at the current search level by a factor equal to the
desired number of results divided by the actual number of results. This
makes the assumption that the results count is linearly dependent on re-
ciprocal of the threshold value. This algorithm is only applied at the end
of a search level, the program does not check if there are too few results
during the search. Symbolically,

rl(new) = Tl(orig) E/Emzn

where 7y(,rig) is the original lower threshold value, rj(new) is the adjusted
(new) lower threshold value, E,,;, the minimum allowed results count,
and FE the actual results count.

These two algorithms effectively put a feedback loop into the system, and
turn it into what is known as a “bang-bang” servomechanism in control
theory terminology [1]. In order to prevent uncontrollable oscillations
between minimum and maximum results counts, a number of limiting and
damping parameters are employed.
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Figure 3.9: Recycling and non-recycling search levels.

The two flow diagrams show the difference between the situation where results lists
are recycled at the end of each search level, and the situation where they are not. In
the latter case, the results generated at search level N are retained, and are merged
with the results generated at search level N+1, before limits are generated for search
level N+2. This means that the information generated at search level N will still be
available at search level N+2, even if the peaks searched for at search level N+1 were

weak or nonexistent.
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Figure 3.10: Using a mask response histogram to choose a new threshold.
This illustrates how the threshold for a single peak is adjusted. The graph shows a
(hypothetical) distribution of mask response values as obtained from the current list
of results. It is assumed that the results list hit its upper limit during the search at
a given search level. The total area under the curve represents the limiting results
count. The area of the shaded part of the graph represents the number of results that
would be ezpected at the point in the search where the limit was hit. The position
of the line at the left-hand side of this shaded part determines the lower threshold
that would be needed to achieve the desired results count. The underlying assumption
of this method is that the shape of the mask response distribution will not change
significantly during the search process.
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Generating Results Lists

The assignments produced by the search algorithm will be stored sequentially
in a results list, ordered according to score. To avoid storing results with only
marginally different chemical shift values, the incoming assignment is checked
against existing ones, to see if there are any from the same spin system, but with
a higher score. If not, the new assignment is stored, otherwise it is recycled.
This can be represented symbolically thus:

kf =T(eaf7N7A)/\(Rf SRe)

Where k¢ is a logical function returning the value true if result number e is
to be clustered with the new result (f), false otherwise. T'(e, f, N, A) is also a
logical function which determines if all N chemical shift values in result f are
within the chemical shift difference A of the corresponding chemical shift values
in result e:

N
T(e, f,N,A) = () tle, f,n,A) > N)

n=1

The arithmetic function t(e, f,n, A) determines whether the chemical shifts for
spin n in results e and f are less than chemical shift difference A apart:

_ [ 1 i |G =gl <A
t(e, f,n,A) = { 0 otherwise

The results list forms the input for the next step in the program.

3.1.5 Result List Filtering

Typically, the pattern search process will generate between 50 and 2000 results,
depending on the pattern being searched for and the exact search control pa-
rameters being used. Although the correct results would be expected at the
high-scoring end of the results list, manual verification of the full list would be
a daunting task. Hence, a suite of heuristic results list filtering algorithms has
been written, to “clean up” the list, and to make sure that the correct results
are more likely to be the highest scoring ones. The algorithms embody crite-
ria similar to those used during manual assignment of spin systems. There are
two classes of filtering algorithm: penalising and deleting. The penalising type
multiplies the score for a given result by a value which lies between zero and
one, called a penalisation factor (F'). The penalisation factor is a measure of
how “sensible” a result looks according to a particular criterion. The deletion
type removes results which do not look “sensible”. The deletion criterion k is
a logical value, true if the current result is to be deleted, false if not. The
parameters required by the filtering algorithms may be supplied to the program
via the pattern file.
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The following penalisation algorithms are available (see Figures 3.11 and
3.12 for a graphical summary):

e Too-far. Penalise in cases where two chemical shifts are more than a given
distance apart. This is usually applied to the protons in methylene groups,
since their chemical shifts are rarely more than 1 ppm apart. Eg. if the
pattern file defines the search ranges for H3/H (' in an AMX spin system
as being from 0.5 ppm to 3.0 ppm, the program might find candidate
patterns with H(3=0.53 ppm and H3'=2.94 ppm. Such wide separations
of chemical shift values seldom arise in real spectra, and should therefore
be penalised. Symbolically,

P F, if |6 — 02| > A,
11 otherwise

where A, is an upper limit on chemical shift difference, and F; is a con-
stant penalisation factor, which will be applied if the penalisation criterion
holds.

e Std-dev. Find the standard deviation of the mask response values for
the current result. The larger this value, the more severe will be the
penalisation, thus favouring results where all mask responses are similar.
For result number e:

where Sp4. is the maximum standard deviation of the mask responses
over all results, E,

Smaw = mf‘a‘lx S(Ee)

S(r,) is the standard deviation of the mask responses for result e:

rp is the mask response for region of interest number p, and r,, is the
mean mask response for the current result:

P
Ep:l Tp

P

Tm =
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Name

Too-far

Std-dev

Thresh-count

Nucleus-order

Quad-order

Peaks

Excess-peaks

Situation

(graphical
representation)

O

O
o O
O @)
o 0O
@) @)
Ha HB
3.7ppm 4.2 ppm
O 44444 | 444444 O
Hp Hp’
22ppm  1.7ppm
O 44444 | 444444 O
Hy Hy'
2.7ppm 2.0 ppm
GO
o @
44444 000
o O @)
O o O
o OO0 O

Situation
(in words)

Chemical shiftstoo far
apart.

Mask responses show
alargediversity

Action

Penalise if chemical shift
separation greater than a
given threshold.

Penalise according to the
extent of the diversity.

Some mask responses responses Penalise according to the

are below threshold.

First spin should have
greater chemical shift
than second.

Mean chemical shift of first
pair of spins should be greater
than mean chemical shift of
second pair of spins.

Some chemical shift line
intersections are not at the
centres of peaksin the
spectrum.

More peaks are found than
would be expected for the
current pattern.

number of below-threshold
mask respoonses.

Apply astandard penalisation
factor.

Apply astandard penalisation
factor.

Penalise according to the
number of non-centred peaks.

Penalise according to the
number of excess peaks.

Figure 3.11: Graphical summary of penalisation algorithms

(see Figure 3.12 for the remaining algorithms).
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Name Situation

(graphical
representation)

Forbidden-pesks @ O Hy

0o o HB
00 e Ha
Thr

Ha HB HB

Chem-shift-migr

Original

{

Uninst-chem-shft .

Uninst-resp ®) 0)
O @)
O (ON©)]

Deg-peskspen o O  HB/HB

o o Ha

Situation
(in words)

Peaks exist at the intersections
of chemical shift lineswhich
shouldn’t be there, eg. H a/Hy

peaksin aCOSY.

In amulti-search level pattern,
the chemical shift for agiven

spin may change from one
search level to the next.

The program may fail to find
one or more chemical shifts.

The program may fail to find

one or more peaks.

Peaks belonging to different

spins may overlap.

Action

Penalise according to the
number of these "forbidden"

peaks.

Penalise according to the
number of spinswhich have
"migrated" in thisway,

and according to the extent
of the migration.

Penalise according to the
number of missing
chemical shifts.

Penalise according to the
number of missing peaks.

Penalise according to the
number of overlapping
peaks and the degree

of overlap.

Figure 3.12: Graphical summary of penalisation algorithms

(continued from Figure 3.11).
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e Thresh-count. Apply penalisation if any mask responses are below ab-
solute threshold values. This feature allows results to be accepted even if
one or more of the mask response values is below threshold, a situation
which can arise, for instance, if the program performs dynamic thresh-
old adjustment during search. The degree of penalisation depends on the
number of sub-threshold mask responses. Symbolically,

Pr
F=1—-—
P

where Pr is the number of under-threshold mask responses,

t(rp) is the thresholding function:

Hry) = 1 ifr<ryandr>nr
P77 1 0 otherwise

T, and r; are the upper and lower mask response thresholds respectively.

e Nucleus-order. Penalise results which contain badly ordered chemical
shifts. For instance, in the case of serine, the ranges for Ha and Hf are
heavily overlapping, but the H 3 chemical shifts tend to be lower than the
Ha chemical shifts. Hence, if a spin system were found in which the Hj
chemical shift is greater than the Ha chemical shift, penalisation could be
applied. Symbolically,

F:{ F, ifé; >0;
1 otherwise

where §; and J; are the chemical shifts of spins j and 4 respectively, and
where 6; would normally be expected to be larger than 4;.

e Quad-order A mechanism similar to Nucleus-order exists for penalis-
ing two badly ordered pairs of spin chemical shifts. Consider, for instance,
the typical chemical shift ranges for the protons in the lysine side-chain
spin system. The ranges for the H3/HB’ and the Hy/H~’ spins show a
lot of overlap, and it is difficult to sensibly specify an ordering for single
chemical shifts. But in general, the mean chemical shift for the H3/HS’
pair is larger than the mean chemical shift for the Hy/H~’ pair. This leads
fairly naturally to the following penalisation scheme:
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= F if5j+(5i>(5k+(5l
11 otherwise

where d; and §; are the chemical shifts of one of the pairs of spins, and
0 and d; are the chemical shifts of the other pair of spins, and where the
mean chemical shift for the ¢;/d; pair would normally be expected to be
larger than the mean chemical shift for the d;/d; pair.

Peaks. Penalise results whose chemical shift values don’t lie exactly at
the maximum points of spectrum peaks. This will tend to promote “per-
fect” results, those where all peaks are distinct and precisely aligned. This
feature is mainly useful in spectra with a high degree of dispersion. Sym-
bolically,

P
F=-2
P

where P, is the number of mask responses for the current result which lie
on maxima in the spectrum:

P, =Y olp)

p=1

o(p) is a function which decides if mask response number p lies exactly on
a maximum. Assume that a list of T' coordinates for the maxima in the
spectrum has been generated and 7, representing coordinate number ¢ in
this list, and that associated with each peak p is a peak coordinate d,,.
Then one can define

. T _
o(p) = { 1 if [Ty ¢(8,,7,) =0

0 otherwise

where the function ¢(d,,7,) determines if coordinate sets § and vy are
identical:

A

4(8,7) = [] #(6as7a)

a=1

where A is the total number of dimensions in the spectrum under consid-
eration, and we define § = [01,02, ... 64, ...] and v = [y1,72, - Va, -]
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with 2(d,7) being the comparison function for two individual chemical
shift coordinates:

1 ifd=xy
2(8,7) = { 0 otherwise

Excess-peaks. This function penalises results where, at a given chemical
shift, there are more peaks in the spectrum than would be expected for
the spin system currently being searched for. For example, in the case
of glycine, the peak pattern which being searched for in a 2D-COSY or -
TOCSY spectrum may also match peaks from AMX spin systems. Hence,
it makes sense to look within a given range of ppm values for other large
peaks which might indicate participation in a larger spin system, and
penalises according to the number of “excess” peaks found. Symbolically,

Pespecte .

F = ﬁ if Pewpected < Pfound
otherwise

where P,gpecteq is the expected number of mask responses along coordinate

corresponding to the chemical shift of one of the spins, and Pfouna is the

total number of peaks actually found on this line,

6“

Plownt = 3 p(0)

§=4;

where §; and §,, are lower and upper limits on the range of chemical shift
values that will be examined, and p(9) is a thresholding function for chem-
ical shift position § on the line,

. 1 ifrs>nr
p(d) = { 0 otherwise

rs is the mask response at the current chemical shift position, r; is the
lower threshold value.

Forbidden-peaks. The pattern definitions will normally be set up to
search for peaks in the spectra. But there will also be cases where one
wishes to search for peaks which should not be there, so-called “forbidden”
peaks. For instance, peaks which may be present in a TOCSY spectrum,
but should not be present in a COSY spectrum. This is achieved by
using mask specifications with negative scale values. If a forbidden peak is
found, it will therefore produce a negative response. These peaks will hence
make a negative contribution to the overall score for a result, a desirable
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feature. However this may not be enough to prevent the result from scoring
highly, if the other peaks are strong. A special penalisation algorithm
has therefore been written to overcome this - each forbidden peak found
causes the result’s score to be multiplied by a fractional penalisation factor.
Symbolically,

Pp

F=1-—
P

where Pp is the number of forbidden peaks:

P
Pp = Z"?("'p)
p=1

n(rp) is a function which returns 1 if a peak p is forbidden, 0 otherwise:

(r,) = 1 ifr<randr<0
M) =193 0 otherwise

r is a lower mask response threshold value, this will be a negative number,
and it ensures that the peak is big enough to be worth penalising.

Chem-shift-migr. One of the features of the pattern search algorithm
is that it allows a certain error margin around peaks, so that peaks with
slight displacements in different spectra will still match with each other.
This is generally a useful feature, but it can lead to undesirable side-
effects. For instance, the skirt of a peak in one spectrum may be incorrectly
matched with the top of a peak in another spectrum. This can happen
if the lower mask response threshold is small, for instance. In order to
minimise the effects of such errors, a penalisation algorithm is available.
It looks at the extent to which chemical shift values have “migrated” from
the originally chosen chemical shift during the pattern search procedure.
This migration is caused by the program trying to find the best possible
compromise chemical shifts to fit many peaks in all spectra, over multiple
search levels. The program stores the initial chemical shift values found for
each spin, and at the end of the search, computes the differences between
the initial and final chemical shift values. The larger the mean value of
this difference, the more the result will be penalised. Symbolically,

N
F — 1 _ Zn:l A”
NA,;

where N is the total number of spins in the spin system, A; is a threshold
chemical shift difference value for the current spectrum axis, and A, the
chemical shift migration for spin n:
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A, = abs((sn(initial) - 6n(final))

Where 6, (initiat) and 05 (finar) are the initial and final chemical shift values
for spin n respectively.

Uninst-resp. In order to allow for missing peaks or even missing groups
of peaks, search levels may be “skipped” by the program. This will lead to
some mask responses having no value - they are uninstantiated. Results
with many uninstantiated mask responses are considered to be “poor”,
even though they may score highly, and occupy top positions in the results
list. They can be penalised with the following algorithm:

P,
F=1--2
P

where P, is the count of uninstantiated mask response values,

P

P, = Z¢(Tp)

p=1

rp is mask response number p, and ¢(r) determines if a chemical shift
value is uninstantiated - by convention, —oo is used as a “flag” to indicate
this:

¢>(T)={(1) ifr=-o00

otherwise

Uninst-chm-shft. In the extreme case, skipping search levels in the
manner described for Uninst-resp can result in chemical shift values
not being found either. Results with many missing (or uninstantiated)
chemical shifts are undesirable, and this algorithm can be used to penalise
them. Symbolically,

N,
F=1--¢
N

where N, is the number of uninstantiated chemical shift values,
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0., is the chemical shift for spin number n in the current result, and ¢(4)
determines if a chemical shift value is uninstantiated - by convention, —oo
is used as a “flag” to indicate this:

1 ifd=-
#(0) = { 0 otherwise

Deg-pks-pen. Geminal protons may sometimes have similar or identical
chemical shifts (degeneracy). Hence, it is undesirable to delete results
containing degeneracy, since this can remove valid results. However, due
to the way the search algorithm is implemented, the program has a strong
tendency to find degenerate chemical shifts, even in cases where it might be
obvious to an observer examining the spectra manually that degeneracy is
not present. Degenerate peaks penalisation can be used to counteract this
tendency. It counts the number of degenerate mask responses positions for
a given result. The bigger this number, the more vigorous the penalisation.
Symbolically,

Py
F=1—-—
P

where Py is the number of degenerate mask responses,
P
Pi= Z ¢(p)
p=1

¢(p) determines if mask response number p overlaps any other mask re-
sponse, q:

. P A
Clp) = { 1 if Eq:l Ha:l (dap,0ag) >0

0 otherwise

where A is the number of dimensions in the current spectrum, and the
function p(dap,daq) determines if two chemical shift values on dimension
a of the spectrum are close to each other:

_ 1 if[dap = dagl > A
H((sapa‘saq) = { 0 otherwise

A; is a threshold chemical shift difference value for the current spectrum
axis, in general, equal to half the expected peak size (eg. on a *C axis,
A; =~ 0.6ppm).
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Name

Sl-diff

Ovrlp-clus

Exs-penal

Sec-clus

Situation

(graphical
representation)

:Searcrllevd 0 !

ittt 1
:Searchlevd 1 !

it 1
:Searchlevd 2 !

EEEE

'oXe) Both peaks used in

assignment.

oOe One peak used twice
in assignment.

® O One peak used twice
in assignment.

HB =HB '=2.8

Hy =Hy '=1.2

Hd =Hd '=-0.3

[ 54 2 2.4] 1.2] 0.7] score=1000]|

[ 54 2 2.2] 1.9 09| score=2000)

Situation
(in words)

If there are many non-recycling
search levelsin the current
pattern, then some results

will survive over many search
levels.

There are situations where
apair of peaks might be

the most obvious assignments
for aspin system, but the
program aso finds assignments
for each of the single peaks too.

Many pairs of spins have
degenerate chemical shifts.

Two results exist, which

differ only in that the chemical
shifts for two spins are
exchanged.

Two or more results exist
with many chemical shiftsin
common

Action

Delete results which have
survived for more than a
given number of search levels.

Retain the result whose
chemical shiftsfor the
peaks are different, and
delete the results with
degenerate chemical
shifts for these peaks.

Delete.

Delete the result with the
lowest score.

Delete the lowest scoring
results.

Figure 3.13: Graphical summary of deletion algorithms

(see Figure 3.14 for the remaining algorithms).
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Name Situation Situation Action
(graphical (in words)
representation)

Score
Lo-score The action of multiple Delete results after point
penalisations on the score of of inflection.
theresultsin the resultslist
~— inflection can lead to apoint of inflection
: in the score values.
Result
num
Fract-score g0 Results whose scores are below  Delete all results under the
max. score . . . .
<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<< acertain fraction of the score of fraction of the maximum
the most highly scoring result ~ score.
fract. max. score are probably not very interesting.
l delete
Result
num
Cut Score A fixed number of thelowest ~ Delete them.

scoring results are not interesting.

delete retain
<—:—>
1

£ Result
min num

Figure 3.14: Graphical summary of deletion algorithms

(continued from Figure 3.13).
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The following deleting algorithms are available (see Figures 3.13 and 3.14
for a graphical summary):

o Sl-diff. If results recycling is disabled, then results with many uninstanti-
ated chemical shifts or responses can survive over many search levels. This
is by no means desirable behaviour - it is usually better to stop results
from being passed on from one search level to the next once they are more
than, say, 4 search levels old. This is realised in the following deletion
algorithm:

kp= s < (s—As)

where sy is the search level at which result number f was generated, s
is the current search level, and As is the maximum allowed difference
between current search level and that of a result.

e Ovrlp-clus. This algorithm looks for triplets of results for which, in a
given pair of spins, one has different chemical shifts and the other two
identical ones. The result with the different chemical shifts is retained,
whilst the two results with degenerate chemicals shifts are deleted. Eg.

# Ca Ha CB HB Hy Hy  score
1 569 436 36.2 345 218 218 20813
2 569 436 36.2 345 1.56 218 17993
3 569 436 36.2 345 156 1.56 13329

In this case, it is highly likely that result 2 is correct, but the other two
are not. Hence, the program retains result 2 and discards the others.
Symbolically,

ky=ky = (85i=0y;) N (8gi = bg5) N
(87i # 0gi) A (dei = 65i) A
(6€j = (sgj) A A(e,f,g,i,j)

where result numbers e, f and g are being considered, and comparing spin
numbers ¢ and j. d,, represents the chemical shift value for spin number z
in result number q. A(e, f,g,%,7) is the function which determines whether
the remaining spins (those which are not ¢ or j) have similar chemical shifts
for all three results:
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A(e’fﬂgﬂiﬂj) = A(e’f)zﬂj) /\)\(e’g)z7j)

A(s,t,14,j) determines whether the chemical shifts for the two results s and
t are similar, apart from the chemical shifts 7 and j:

N
As,t,1,5) = (] s(s,t,4,5,m) > 0)

n=1

s(s,t,1,7,n) determines whether the chemical shift for spin n are identical
between results s and ¢:

ooy 1 if pu(0sn,0tn) and n # i and n # j
8(s,t,4,5,n) = { 0 otherwise

0.n is the chemical shift for spin number 7 in result z. The function p is
defined above, under Deg-pks-pen.

Exs-penal. A result containing more than two or three chemical shift
degeneracies has a rather low probability of being correct. This algorithm
removes such over-degenerate results. Symbolically,

k=(M > M,)

where M, is the mazimum allowable degenerate pair count (equal to the
number of pairs of spins with overlapping search ranges), and M is the
count of the actual number of degenerate pairs:

N N

M= Z Zﬂl(ém(sq)

n=1¢=1

, . 1 if ,U/((Snn (5(1) and n ;é q
W (0n,0q) = { 0 otherwise

1 is the proximity function, defined above under Deg-pks-pen.

Sym. If two spins have large overlapping chemical shift ranges (for in-
stance, the HG/HB' spins), then the program can produce two results
with identical (or very similar) score values, but with transposed chemical
shifts between the two spins. One of these, the one with the lowest score,
is deleted. The deletion condition for result f is given by:
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kr = (85i=10ej) A (85 = bei) A
(|IRy — R.| < D)A(R; <R.)

where results with numbers e and f are compared, and ¢ and j are the
numbers of two spins with overlapping chemical shift ranges (such spins
are found automatically). D is a maximum allowable difference in score
value - results with very different scores are not compared.

Sec-clus. The results lists produced by the pattern search algorithm tend
to contain many results with chemical shift sets which differ only slightly
from one another. In general, only a small number of these results will cor-
respond to genuine assignments; the rest will be “near misses”. Secondary
clustering is designed to remove the “near misses” and retain the genuine
assignments. It is called “secondary” clustering to distinguish it from the
weaker form of clustering which takes place when a new result is inserted
in the results list (see 3.1.4, page 37). Results are clustered according to
degree of chemical shift overlap. Two “chemical shift difference bands”
are provided; these specify the maximum allowable differences in chemical
shifts between corresponding spins in two results. For any two given re-
sults to be clusterable, a given fraction of the differences in chemical shifts
must lie within one band, whilst the rest must lie within the other band.
If two results are considered clusterable, then the lowest scoring result will
simply be deleted. Symbolically,

ks =T(e, f,Ni, A1) NT (e, f, Nu, Au) A(Ry < R.)

where T'(e, f, N.,A.) is a logical function which determines if N, or more
spins in result f are within the chemical shift difference A, of the corre-
sponding spins in result e - this has already been defined in Section 3.1.4
(page 37). The remaining parameters are specified in the pattern file. The
two chemical shift difference values, A; and A,, correspond to the lower
and upper chemical shift difference bands respectively. The number of
spins in each of these bands are N; and N, respectively. IV, is calculated
as:

N, =N —N,.

where N is the total number of spins in the spin system.

Lo-score. Results in a results list are ordered according to their score.
As one descends the results list, the scores gradually decline. If there is a
sudden decline in score, it indicates that multiple penalisations have cut
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in simultaneously, and it is likely that subsequent results will be of poor
quality. Such results can be deleted using the condition:

kf = (Rf < Rlow)

where f is the current result number, and Ry, is the minimum acceptable
score value. This value is obtained from the ordered list of scores for all
results, R as follows. Starting with the highest scoring result, number P,
set the current result number p = P. Now descend this list by decrement-
ing p until the condition R, — R,_1 > Dy, is satisfied. Then, we define
Riow = Rp. Dioy is the maximum allowable score difference value, and it
is calculated from the highest scoring result thus:

Dlow = RP * €low

The constant €;,,, is a value between 0 and 1, defined in the pattern file.

o Fract-score. Delete results less than a given fraction of the maximum
score. For result number f:

ky = (R; < Rp * €iow)

where Rp is the score for the highest scoring result, and €;,,, is obtained
from the pattern file.

e Cut. Only accept a fixed number of the highest scoring results. For result
number f:

ki = (f <E = fmin)
where f,.;, is the minimum results list size.

3.1.6 Pattern Design

As will be readily apparent from the preceding sections, there are many things
to be taken into account when designing a pattern, not just the peaks that
should be found, but also setting up convolutional masks, selecting threshold
values, and setting results list processing parameters.

Masks are always given a default height of unity to start with. Mask sizes,
in ppm in all dimensions of the spectra, are established by eye, as follows: i)
Contouring of the spectra is set up such that obvious signal peaks are visible,
but noise is not. ii) Ten peaks are selected at random from each spectrum, and
their size at the lowest contour measured in each dimension. iii) Average size
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values are found for each dimension; these will then be used to establish the
magk sizes for each spectrum.

Calibration peaks must then be selected, so that i) the mask responses from
different spectra can be normalised to each other (by adjusting the mask scales
away from unity), and ii) a noise threshold can be established. A number of
program runs may need to be performed on these peaks to get things right.

Selecting penalisation factors for the various results list penalisation algo-
rithms involves making a quantitative estimate of the importance of the various
algorithms; the more important an algorithm is deemed to be in producing
correctly ordered results, the smaller the penalisation factor.

Results list deletion algorithms serve two somewhat different purposes: i) to
present a non-redundant list of results to the user at the end of a pattern search,
and ii) to reduce the number of results passed from one search level to the next
(this increases speed and reduces the probability that “good” results get lost
due to results list overflow). In general, the fewer deletions that take place
between search levels, the better, since deleting incomplete results is based on
incomplete information and therefore prone to errors. The choice of how many
deletion algorithms are applied to intermediate results sets depends on how
many search levels a pattern has, and how low the thresholds have been set,
since both of these factors have a strong bearing on the size of intermediate
results lists.

Once these choices have been made, and a pattern designed and tested, one
will often find that the program has not behaved quite in the way expected.
This is most often due to the fact that there are many interactions between the
various parts of the pattern searching process which cannot all be anticipated
beforehand. Hence, some tuning of the various parameters is often necessary.

For a given set of spectra (eg. the HCCH-COSY plus HCCH-TOCSY pair
presented in Section 3.5.1, page 72), this basic design process will need to be
done only once, when the spectra are first encountered. The next time a similar
set is encountered, one can safely assume that most of the parameters are cor-
rect, but one will normally still need to do some fine-tuning, eg. to make sure
that suppression of peaks on the water line (which is not always in the same
place in different spectra) is set up correctly.

In Section 3.4 (page 66), an example is given of how different design choices
can affect program performance.

3.2 Introduction to the Experimental Work

This section summarises the data gathered during the use of patt_recog in an
experimental context. The first three sections (3.2.1, 3.2.2 and 3.2.3) describe
the administrative software for the assignment program suite, and explain the
presentation of pattern files and results in this chapter. The following two
sections (3.3 and 3.4) give a systematic program performance analysis and an
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illustration of how pattern design affects performance respectively. Subsequent
sections (3.5 and 3.6) provide case studies, where the program was applied to a
couple of proteins, one already assigned, the other unassigned.

3.2.1 The CATCH23 Suite

This is a suite of programs providing an environment for automated assignment.
The following are the main programs in the suite:

catch23 Administrative interface to suite.

patt_recog Performs spin system assignment.

chain Performs sequential assignment.

daurelia Displays spin system assignments graphically.

The program catch23 is a shell-like administrative program, which coordi-
nates the operation of the other programs; it greatly simplifies the user-interface,
and also performs essential bookkeeping operations. It can be used for editing
pattern files, starting spin system or sequential assignment runs and for display-
ing or printing results.

The program patt_recog performs spin system assignment and has already
been described in detail in this chapter. chain performs sequential assignment;
this forms the subject of chapter 4.

A modified version of the Bruker program AURELIA [48] called daurelia
has been produced, with an additional top-level menu, allowing the viewing
the results generated by CATCH23. This allows the user to view the putative
assignments superimposed upon the original spectra.

It works by reading in the results file for a given pattern search run, and
using the information in this file to select which spectra to display. With three-
dimensional spectra, a single slice is displayed from each spectrum. A list of
the results is also displayed, each result being shown as a set of chemical shifts
and a score, and if the user clicks on one of them, the assigned chemical shifts
will appear as lines plotted over the selected spectra. The user also is able to
(metaphorically) step along the sidechain in a 3D heteronuclear spectrum, to
see how the program has performed on different '3C or 5N planes. This makes
it possible to assess whether or not the search strategy has worked success-
fully for each result. Results may be “marked” with a status “good”, “bad” or
“unknown”; these statuses are preserved in the results list after leaving “daure-
lia”, to be used either for future reference or for automatic results list statistics
calculations.

3.2.2 A Note on the Presentation of Patterns

The pattern files used to drive the pattern search process can be quite large - for
instance, the pattern file for the experiments described in Section 3.5.1 (page
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72) covers 80 sides of A4 when printed out. However, in this thesis, a compact
standard representation for the information in a pattern file is used. First, the
essential parameters describing the spectra are given - spectrum type and size
in data points and ppm. This is followed by a list of the results list processing
parameters, using the symbolic terminology developed in chapter 3. Then a list
of the chemical shift ranges employed (but only up to CG/Hp3) is presented.

Finally, a graphical representation of the peaks searched for in the various
spectra is given. This uses a grid of lines in which each line represents a spin
and peaks that the program should find are shown as circles at the intersections
between lines. The sign of the peak being searched for is indicated by a full
circle for positive peaks and a broken circle for negative peaks. Negative peaks
are important in CBCANH and CBCA(CO)NH spectra, but the program also
uses them to identify “forbidden” peaks, such as (apparent) Ha/H~y peaks in a
COSY spectrum, which could indicate a faulty assignment. Numbers are given
in square brackets adjacent to each peak, to show the search level at which the
peak is searched for. The columns of carbon spin names on the right hand side
of the figures indicate the carbon planes within which the corresponding row of
peaks will be found.

Figure 3.15 (page 58)is a good representative example. The column of labels
on the left and the row of labels underneath the figure indicate the proton spins
to which the associated lines belong. The column of labels on the right hand
side indicates the 3C plane in which the peaks will appear. The numbers in
square brackets are the search levels at which the peaks are searched for by
patt_recog - this pattern contains three search levels, numbered 0, 1 and 2.

3.2.3 Criteria Used in the Assessment of Results Lists

In order to allow assessment and comparison of the results lists produced by the
patt_recog program, three criteria will be used throughout this chapter:

e Correct as percentage of manually assigned. The number of cor-
rectly assigned results, divided by the number of results ezpected from
the manual assignment, and multiplied by 100. A value of 100 for this
criterion means that the program found all of the spin systems found by
manual assignment.

e Correct as percentage of results found. The number of correctly
assigned results, divided by the total number of results found by the pro-
gram, and multiplied by 100. A value of 100 for this criterion means that
no false positive results were found, ie. all of the results found are correct.

e Centre of mass of correct results. Correct results in the results list
are given a weight of 1, incorrect results are given a weight of 0. The
centre of mass is calculated relative to the low score end of the results list,
divided by the total number of results in the list, and multiplied by 100.
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A value of 100 for this criterion means that all of the results at the high-
scoring end of the results list are correct, and indicates that the ranking
of the results according to score is correct.

3.3 Program Performance Analysis

In order to quantify the performance of the patt_recog program in the face of
noise and perturbations, a number of experiments were performed, both with
with artificially generated data and with real data.

The tests with artificial spectra were aimed at quantifying the patt_recog
program’s response to noise and missing data. The same test pattern was used
in all cases - a generic pattern for finding AMX-type spin systems. This pattern
was also used by the program which generates artificial spectra (see Figure 3.15).

The tests with real spectra used HCCH-COSY and -TOCSY spectra si-
multaneously, with different degrees of chemical shift mismatch between the
spectra, in order to quantify the degradation in performance as the mismatch
is increased.

3.3.1 Performance of the Program in the Presence of Noise

The synthetic spectra used in these tests were constructed in three stages:

1. As a basis for the artificially generated data, a pseudo 3D HCCH-COSY
spectrum was generated. The starting point was a block filled with zero-
amplitude data points, with 512, 256 and 256 data points in the wl (pro-
ton), w2 (13C) and w3 (proton) dimensions respectively. The sweep widths
were notionally 8 ppm, 80 ppm and 8 ppm in the wl, w2, and w3 dimen-
sions, and the corresponding low-field end offset values were -1.48 ppm,
4.5 ppm and -1.48 ppm.

2. Artificial peaks were inserted into this block, using the Ha, H3/3', Ca and
Cp3 chemical shifts from the assignments of 22 of the AMX! spin systems
in the N-terminal thioredoxin-like domain of protein disulphide isomerase
[30] as a basis. These assignments were selected to be i) non overlapping
and ii) non-degenerate. The peak pattern is shown in Figure 3.15. All
peaks were given a Lorentzian line shape, and set to the arbitrary ampli-
tude of 10%, with a width of 0.115 ppm in both proton dimensions, and
1.54 ppm in the carbon dimension. Running patt_recog on this spectrum
(searching for an AMX pattern) produced a perfect results set, ie. all spin
systems were correctly found, and there were no false positives.

1D1, D7, H8, N16, F17, Y26, Y32, W35, F31, C36, Y46, D66, Y77, Y82, F87, F'88, N90,
D92, Y99, D107, N110, W111
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3. The synthetic spectrum just described was degraded by the addition of
various percentages of noise peaks. These peaks were placed with a uni-
form random spatial distribution into the spectrum, with amplitude vari-
ations also following a uniform random distribution over the range 0 to
10%. Peak width was the same as the “signal” peaks. In other words,
the “noise” had, in many cases, a comparable appearance to the signal.
Percentage noise was calculated by dividing the number of peaks inserted
into the spectrum by the volume of the spectrum (in data points), and
multiplying by 100.

Pseudo spectra were generated with 0.5%, 1%, 2%, 3.5% and 5% noise.
Three sets of spectra were generated, with different random seed values for the
noise generator, so that comparisons could be made more reliable by averaging.
All spectra were examined by an experienced spectroscopist, who had extreme
difficulty in finding spin systems in the 0.5% noise spectrum, and who was
unable to find any spin systems in the spectra containing 1% or more noise. An
example Cf plane from one of the assignments (D92) in a 1% noise spectra is
shown in Figure 3.16. It is scarcely possible to discern any signal in this figure
by eye. In Figure 3.17, the same plane is shown, with the chemical shifts found
by patt_recog drawn in.

A graph showing the mean performance criteria at these different noise levels
is shown in Figure 3.18. As can be seen, the three performance measures show
that performance degrades with increasing perturbation level, but each measure
shows a somewhat different degradation profile:

e The correctly assigned results as percentage of those manually assigned
(the “0” symbols in the figure) shows an exponential drop off with increas-
ing noise. However, the program always manages to correctly assign some
spin systems, even at 5% noise, where it is impossible for a human to see
any signal at all.

e The correctly assigned results as as percentage of the total number of
results found (the “¢” symbols in the figure) show a double-exponential
decay, remaining above 80% even at 2% noise. This means that for low to
medium noise levels, nearly all of the results found are reliable.

e The centre of mass of the correct results (the “+” symbols in the figure)
never falls below 70%. This shows that, even in the presence of very
severe noise contamination, the position of a result in the results list gives
a strong indication as to its reliability.

This series of experiments demonstrates that patt_recog is capable of finding
spin systems even in the presence of significant amounts of noise, where manual
assignment, would have been impossible.
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Spectrum size parameters for both HCCH-COSY and -TOCSY:

wl w2 w3
Size (data pts) 512 256 256
Sub-block (data pts) 16 4 16
Sweep width (ppm) 8 80 8
Offset (ppm) -1.48 4.5 -1.48

Results list processing parameters:

Sym: Active.

Exs-penal: Mg=1

Too-far: n1=0 no=4 A,=1.10
Thresh-count: Active.

Uninst-chm-shft: Active.

Uninst-resp: Active.

Ca Ha Cp HS

46.5—64.0 2.87—6.20 23.4—45.0 1.20—4.30

HA 3 @‘f" ........................ @“‘ cA

HA HB HB’

Figure 3.15: Pattern of peaks utilised in artificial spectra.
The artificial spectrum is meant to mimic a HCCH-COSY, so for the AMX spin system,
one would expect to see a H3/Ha/Ca and a HB' /Ha/Ca peak in the Ca plane, plus
Ha/HB/CB, Ha/HB'/CB, HB' /HB/CB and HB/HB' /CB peaks on the CS plane.
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Figure 3.16: Cg slice from the 1% noise corrupted spectrum.
This slice contains four peaks belonging to the D92 spin system, but these are almost
impossible to find by eye.
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Figure 3.17: Automatically assigned spin system in the presence of noise,
showing automatically found chemical shifts for D92.

This is the same Cg slice as shown in Figure 3.16, but now the lines showing the Ha,
HB and HB' chemical shifts found by the patt_recog program in this spectrum have
been added.
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Figure 3.18: Performance of the patt_recog program in the presence of noise.
Three measures are used to characterise the performance of the program, all normalised
and expressed in percent, and indicated by three different symbols in the graph. The
“0” symbol shows how many correctly found assignments there are compared to the
number of assignments expected from the sequence. The “¢” symbol shows the number
of correct assignments compared to the total number in the results list. The “4”
symbol shows the centre of mass of the correct results, measured from the low-scoring
end of the results list, and is hence a measure of the effectiveness of the results list
penalisation algorithms. The larger this value, the more correct results appear at the
high-scoring of the list.
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3.3.2 Performance of the Program with Missing Peaks

For these tests, synthetic spectra were also used. Generating these spectra was
a two-step process; the first step was identical to the first step in the generation
of noise-corrupted spectra, ie. production of an empty block. The second step
was similar to the second step in the generation of noise-corrupted spectra, the
same 22 AMX assignments for the N-terminal thioredoxin-like domain of protein
disulphide isomerase were used to insert peaks into the block, but some peaks
were omitted at random. Five tests were done, with 1%, 5%, 10%, 20% and
50% of peaks missing. As before, these tests were repeated three times with
different seeding values for the pseudo-random number generator, to allow some
averaging.

A graph showing the mean performance criteria at these different percentages
of missing peaks is shown in Figure 3.19. As can be seen, performance degrades
with increasing number of missing peaks, but this degradation follows quite a
different pattern in comparison to noise corruption:

e The correctly assigned results as percentage of those manually assigned
(the “0” symbols in the figure) shows no initial drop off with increasing
number of missing peaks, but then starts dropping sharply after the 20%
level. A “crossover” effect also occurs at this point; even though 20% of
peaks are missing, we are getting 75% of all spin systems correct. But
when 50% of all peaks are missing, we only get 24% of all spin systems
correct.

e The correctly assigned results as as percentage of the total number of
results found (the “0” symbols in the figure) show no significant change
with increasing number of missing peaks, ie. the program does not show

a significant tendency towards finding false positives if peaks are missing.

e The centre of mass of the correct results (the “+” symbols in the fig-
ure) stays constantly at 100%, reflecting the lack of false positives just
mentioned.

3.3.3 Performance of the Program with Perturbations be-
tween Spectra

One of the facets of the search algorithm, namely, the fact that it searches in
the original spectra, rather than in peak lists, should give it a certain amount
of robustness in the face of small mis-calibrations between multiple spectra.

In order to quantify this, the HCCH-COSY and the HCCH-TOCSY from
the N-terminal thioredoxin-like domain of protein disulphide isomerase [30] were
used. The pattern file used is shown in Figure 3.27 (page 77). Starting from no
perturbation at all, the perturbation between the two spectra was incremented
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Figure 3.19: Performance of the patt_recog program with missing peaks.
Three measures are used to characterise the performance of the program, all normalised
and expressed in percent, and indicated by three different symbols in the graph. The
“0” symbol shows how many correctly found assignments there are compared to the
number of assignments expected from the sequence. The “¢” symbol shows the number
of correct assignments compared to the total number in the results list. The “4”
symbol shows the centre of mass of the correct results, measured from the low-scoring
end of the results list, and is hence a measure of the effectiveness of the results list
penalisation algorithms. The larger this value, the more correct results appear at the
high-scoring of the list.
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systematically, and the performance of the program checked for each increment.
Similar experiments were performed for all three axes of the spectra, giving data
for both proton and *3C spins. On the proton axes (axes 0 and 1), perturbations
were incremented in steps of 0.02 ppm over the range -0.14 ppm to +0.14 ppm.
For the 13C axis (axis 2), perturbations were incremented in steps of 0.2 ppm
over the range -1.4 ppm to +1.4 ppm.

In principal, perturbations along both proton axes should have much the
same effect on the performance of the program; furthermore, a positive pertur-
bation of é should have much the same effect as a negative perturbation of —4.
Hence, it should be possible to remove some of the statistical variation by av-
eraging all performance measures for + 0.02 ppm along both proton axes, ditto
for all other perturbation increments.

The graph of performance vs. perturbation for protons is shown in Figure
3.20. As can be seen, the three performance measures show that performance
degrades with increasing perturbation, but each measure shows a somewhat
different degradation profile:

e The correctly assigned results as percentage of those manually assigned
(the “0” symbols in the figure) shows little degradation in performance
for perturbations less than or equal to 0.04 ppm; for larger perturbations,
performance shows an an almost linear drop off with increasing pertur-
bation. However, even with a perturbation of 0.1 ppm between the two
spectra, the program still manages to find over 30% of the spin systems
correctly.

e The correctly assigned results as as percentage of the total number of
results found (the “0” symbols in the figure) show very little change with
increasing perturbation, ie. the program does not find more false positives
as a result of perturbation.

e The centre of mass of the correct results (the “+” symbols in the figure)
never falls below 70%. This shows that, even in the presence of significant
perturbation, the position of a result in the results list gives a strong
indication as to its reliability.

In principal, a positive perturbation of § along the ¥C axis should have
much the same effect as a negative perturbation of —d along this axis. Hence,
it should be possible to remove some of the statistical variation by averaging
all performance measures for + 0.2 ppm along the *C axis, ditto for all other
perturbation increments.

The graph of performance vs. perturbation for '3C is shown in Figure 3.21.
As can be seen, the three performance measures show that performance degrades
with increasing perturbation, but each measure shows a somewhat different
degradation profile:
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Figure 3.20: Performance of the patt_recog program in the presence of per-
turbation on the 'H axes between spectra.

Three measures are used to characterise the performance of the program, all normalised
and expressed in percent, and indicated by three different symbols in the graph. The
“0” symbol shows how many correctly found assignments there are compared to the
number of assignments expected from the sequence. The “¢” symbol shows the number
of correct assignments compared to the total number in the results list. The “+”
symbol shows the centre of mass of the correct results, measured from the low-scoring
end of the results list, and is hence a measure of the effectiveness of the results list
penalisation algorithms. The larger this value, the more correct results appear at the
high-scoring of the list.
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o The correctly assigned results as percentage of those manually assigned
(the “0” symbols in the figure) shows little degradation in performance
for perturbations less than or equal to 0.6 ppm; for larger perturbations,
performance shows an an almost linear drop off with increasing pertur-
bation. However, even with a perturbation of 1.4 ppm between the two
spectra, the program still manages to find over 40% of the spin systems
correctly. The “steps” in the graph are a result of the poor resolution
of the spectrum along this dimension - a data point is approximately 0.3
ppm wide.

e The correctly assigned results as as percentage of the total number of
results found (the “¢” symbols in the figure) show very little change with
increasing perturbation up to 1 ppm, after which there is a sharp drop
off. Te. as long as the perturbation between the two spectra is less than
the width of a peak, the program does not find more false positives as a
result of perturbation.

e The centre of mass of the correct results (the “+” symbols in the figure)
never falls below 70%. This shows that, even in the presence of significant
perturbation, the position of a result in the results list gives a strong
indication as to its reliability.

3.4 Pattern Design, A Case Study: The Second
PDZ Domain of Rat Postsynaptic Density
Protein

The patterns and results lists used in this section were kindly made available
by Joachim Walter ([69]). The spectra used were obtained from a 1“N labelled
sample of the second PDZ domain of rat postsynaptic density protein ([11]) A
total of five spectra were used, viz. the HSQC-TOCSY, the HSQC-NOESY, the
HAHN and the HBHN spectra, plus, for some experiments, a 2D homonuclear
TOCSY. These spectra provide, in addition to the amide proton and nitrogen
chemical shifts, the Ha chemical shifts and the H3 chemical shifts.

In order to illustrate the effect of design choices on program performance, a
set of four experiments was performed. An “isoleucine” pattern was designed
that searched for spin systems with amide H and N spins, plus Ha and a single
HB. The chemical shift ranges were arranged such that this pattern would
find not just isoleucines, but alanines as well. These experiments were set up to
explore the effects of excess peaks penalisation and the introduction of additional
information via the 2D TOSCY spectrum. The experiments performed are as
follows:
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Figure 3.21: Performance of the patt_recog program in the presence of per-
turbation on the *C axis between spectra.

Three measures are used to characterise the performance of the program, all normalised
and expressed in percent, and indicated by three different symbols in the graph. The
“0” symbol shows how many correctly found assignments there are compared to the
number of assignments expected from the sequence. The “¢” symbol shows the number
of correct assignments compared to the total number in the results list. The “+”
symbol shows the centre of mass of the correct results, measured from the low-scoring
end of the results list, and is hence a measure of the effectiveness of the results list
penalisation algorithms. The larger this value, the more correct results appear at the
high-scoring of the list.
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1. Only the HSQC-TOCSY, HSQC-NOESY, HAHN and HBHN spectra used,
with excess peaks penalisation inactive in all spectra (see Figure 3.22 for
pattern).

2. All five spectra used (HSQC-TOCSY, HSQC-NOESY, HAHN, HBHN and
2D TOSCY) but with excess peaks penalisation inactive in all spectra (see
Figure 3.23 for pattern).

3. All five spectra used (HSQC-TOCSY, HSQC-NOESY, HAHN, HBHN and
2D TOSCY) but excess peaks penalisation active in the HAHN and HBHN
spectra only (see Figure 3.23 for pattern).

4. All five spectra used (HSQC-TOCSY, HSQC-NOESY, HAHN, HBHN and
2D TOSCY) plus excess peaks penalisation active in all spectra (see Figure
3.23 for pattern).

Because these spectra have not yet been assigned, and because the quantity
of results was large, results were assessed by randomly selecting 15 results from
each results set and examining them manually. Results were sorted into two
classes, “good” and “bad”. Statistics for the results sets were then calculated by
estimating the total number of “good” results by scaling up the count obtained
from the sample:

E,=E E,./15

where E is the total results count, E,s; is the number of “good” results in
the sample and E; is the estimated total “good” results count. The expected
number of “good” results for all experiments is about 50 (based on the length
of the sequence); the actual results are summarised in the following table:

Experiment Total result estimated “good”
count count

1 448 58

2 171 80

3 32 24

4 Y 46

In the case of experiment 1, the number of “good” results is acceptable,
but the total result count is far too large, it would be unreasonable to expect a
human operator to examine all of these results by hand. The absence of TOCSY
data is the main reason for this proliferation of results; wherever spin systems
have degenerate amide proton and nitrogen chemical shifts, there will be many
peaks on a single strip in the HAHN spectrum and on the corresponding strip
in the HBHN spectrum. This allows the program to generate large numbers of
results by simple combinatorics.
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HA

Spectrum size parameters:

HSQC-TOCSY

wil w2
Size (data pts) 256 384
Sub-block (data pts) 32 128
Sweep width (ppm) 49.526  6.280
Offset (ppm) 95.046  4.779

Results list processing parameters:
Cut: epsilon,,,=0.70
Exs-penal: M,=1
Chemical shift ranges:

N H Ha

100.0—135.0 6.10—10.70 3.00—6.10

HSQC-TOCSY HSQC-NOESY
(:)m N HB
C)”‘ N HA
o
H (:) N
H H

Figure 3.22: “Isoleucine” pattern for test 1

HNHA
w3 wl
256 256
16 32
13.886 49.525
-2.114 95.046
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HB

HA

Spectrum size parameters:

HSQC-TOCSY HNHA
wl w2 w3 wl w2
Size (data pts) 256 384 256 256 384
Sub-block (data pts) 32 128 16 32 128
Sweep width (ppm) 49.526  6.280 13.886 49.525  6.249
Offset (ppm) 95.046  4.779 -2.114 95.046  4.800
2D TOCSY
wl w2
Size (data pts) 1024 512
Sub-block (data pts) 64 64
Sweep width (ppm) 16.664 13.886
Offset (ppm) 3515 -2.116

Results list processing parameters:

Cut: epsilon,.,=0.70
Exs-penal: M,y=1
Excess-peaks: Perpectea=2 11=140

Chemical shift ranges:
N H Ha Hp

100.0—135.0 6.10—10.70 3.00—6.10 -0.30—5.50

HSQC-TOCSY HSQC-NOESY HNHA HNHB
O”’ N HB HB @"‘ N HB OV‘ N HB
C)"’ N HA HA b N HA HA
H O“" N H H H
H H H H

w3 wl
256 256
32
7.574 49.525
2.980 95.047
2DTOCSY
@lll
H HA

Figure 3.23: “Isoleucine” pattern for tests 2, 3 and 4.
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Experiment 2 produces too many “good” results, suggesting unwanted re-
dundancy in the results list. It differs from experiment 1, in that information
from the 2D TOCSY is now available. This eliminates a large number of the
combinations that were being found in experiment 1, and is responsible for the
reduction in results count.

In experiment 3, only about half of the expected “good” results are found.
This experiment is different from experiment 2, in that excess peaks penalisation
is applied to the HAHN and HBHN spectra. The low results count is a result of
heavy penalisation by the excess peaks penalisation algorithm - for this pattern,
heavily penalised results were deleted. The problem is caused by degenerate
strips - degeneracy will lead to there being more peaks in a strip than needed
by the pattern for a single spin system. The additional peaks will therefore
be treated as “excess” and cause all results generated from this strip to be
penalised.

The pattern for experiment 4 was the one chosen as the best in this design
exercise, because the number of “good” results comes close to the expected
count, and because the total results count is small. The problem with the excess
peaks in experiment 3 was overcome by putting excess peaks penalisation into
the 2D TOCSY as well, and insisting that the peaks be found both in the HAHN
or the HBHN and in the 2D TOCSY.

3.5 Results Obtained with the N-terminal Thioredoxin-
like Domain of Protein Disulphide Isomerase,
Two Case Studies

Two sets of pattern search experiments are presented in this section: the first
concentrates on side-chains, and the second on the backbone. In the first set,
the patterns for glycine, alanine, the AMX spin systems?, serine, the GLX
spin systems®, threonine, valine, proline, isoleucine and leucine, were tested on
the HCCH-COSY and -TOCSY spectra. In the second set, the six backbone
spectra? were used to look for sequence fragments containing one amide nitrogen
and proton, and the associated CO/Ca/Cf spins. The unique Ca chemical shift
range of glycine was also used during the construction of this latter pattern set.

In designing a search pattern, one may aim for different kinds of results,
eg. a small number of results all of which are definitely correct, or a larger
number of results amongst which there may be some incorrect ones, but will
contain all possible correct instances of the pattern being searched for. Pattern
searches will be performed with relatively strict conditions if a small results list
is desired, or with more loose constraints if a more inclusive results list is to be

2aspartame, aspartic acid, cysteine, histidine, phenylalanine, tryptophan and tyrosine
3glutamine, glutamic acid and methionine
4HNCA, HN(CO)CA, HNCO HN(CA)CO, CBCANH, CBCA(CO)NH
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produced. In this latter case, additional selection would then take place during
the sequential assignment.

In the following subsections, the basic patterns for relatively tightly con-
strained side-chain and backbone searches will be described, together with the
parameters for the heuristic result list filtering algorithms, and the results pro-
duced will be analysed. The spectra used come from the N-terminal thioredoxin-
like domain of protein disulphide isomerase, a protein containing 120 residues,
kindly provided by Johan Kemmink®. See [30] and [29] for full details of exper-
imental conditions.

3.5.1 Evaluating Side Chain Patterns

The HCCH-COSY and -TOCSY spectra were recorded in an orthogonal manner,
ie. in one case all cross peaks should occur along F; and in the other along F.
In this way, some effects of #; noise could be compensated for. A mixing time
of 24 ms was used for the HCCH-TOCSY. The sample was dissolved in D50,
with only mild water suppression by irradiation applied. The resolution for both
COSY and TOCSY was 13.4 Hz per data point on the proton axes, and 39.1
Hz per data point on the carbon axis.

As a key feature of the side-chain pattern search, limits were imposed on
the chemical shift ranges scanned by the program, in order to make the search
more specific, and to speed up operation. The limits used in the tests described
below are based on chemical shift values published in the literature ([23], [74]).

A summary of the results presented in this section is shown in Figure 3.24.
It can be seen that the centre of mass measure is always high, showing that the
ordering of the results in the results list is a good indication of their reliability.
Also, in the majority of cases, more than 70% of the expected residues were
found. However, in a number of cases, the number of correct results found was
small relative to the total number of results found. It would thus be reasonable
to say that, as long as one uses only the highest scoring results, one has a very
good chance of selecting valid assignments. The results of these pattern searches
are discussed in detail below.

The results are tabulated in Appendix A.

Gly

Number of results expected (from the sequence): 8.
Actual results count: 10

Number of correct results found: 8.

The glycines in these spectra show no degeneracy in the Ha/Ha' chemical shifts,
hence the program was easily able to identify all chemical shifts correctly. Figure

5European Molecular Biology Laboratory, Heidelberg
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Figure 3.24: Summary of side chain results.

Three measures are used to characterise the performance of the program with a given
pattern, all normalised and expressed in percent, and indicated by three different
symbols in the graph. The “0” symbol shows how many correctly found assignments
there are compared to the number of assignments expected from the sequence. The
“o” symbol shows the number of correct assignments compared to the total number
in the results list. The “4” symbol shows the centre of mass of the correct results,
measured from the low-scoring end of the results list, and is hence a measure of the
effectiveness of the results list penalisation algorithms. The larger this value, the more
correct results appear at the high-scoring of the list.
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3.25 shows the pattern and chemical shift ranges for glycine, along with the
results list filtering parameters.

Ala

Number of results expected (from the sequence): 20.
Actual results count: 43

Number of correct results found: 19.

Alanine constitutes one of the simplest patterns, but the g-carbon has a very
characteristic chemical shift, allowing it to be distinguished from other spin
systems. Figure 3.26 shows the pattern and chemical shift ranges for alanine,
along with the results list filtering parameters. The correct results are concen-
trated at the top of the results list, indicating that the ranking introduced by
the results list filtering heuristics is correct. Nonetheless, the results list also
contains many non-alanines, for various reasons. First, the alanine pattern is
so simple, that peaks from other spin systems are also found. For example,
the Hy/H§/Cé peaks of proline, or the H3/Ha/Ca peaks of leucine, fall within
the search ranges for the H3/Ha/Ca peaks of alanine. In some of these cases,
partially correct alanine spin systems are found, with a valid peak in the C3
plane, but a false peak in the Ca plane. Such results could, in principle, be
filtered out by the secondary clustering mechanism (see previous chapter), but
then alanines with overlapping chemical shifts, such as A50 and A105, would not
be distinguished by the program. Finally, some of the results look like alanines
when manually inspected, but do not fit into the results from the backbone
spectra. It is possible that these are due to minor conformations, caused by
proline cis-trans isomerisation.

AMX

Number of results expected (from the sequence): 27.
Actual results count: 73

Number of correct results found: 23.

The AMX pattern matches many other spin system patterns, of which it is
a subset, such as glutamine, glutamic acid and methionine. Nevertheless, the
normalised centre of mass of the results, 0.726, confirms the impression given by
a manual inspection of the results list, namely, that most of the correct results
are at the high-scoring end of the results list. This was achieved using forbidden
peak penalisation, allowing the program to penalise results which were actually
subsets of larger spin systems. Figure 3.27 shows the pattern and chemical shift
ranges for the AMX spin systems, along with the results list filtering parameters.

Ser
Number of results expected (from the sequence): 4.
Actual results count: 18
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Spectrum size parameters for both HCCH-COSY and -TOCSY:

Size (data pts)
Sub-block (data pts)
Sweep width (ppm)
Offset (ppm)

Results list processing parameters:

Ovrlp-clus:

Sym:

Sec-clus:
Fract-score:
Exs-penal:
Too-far:
Thresh-count:
Excess-peaks:
Uninst-chm-shft:
Uninst-resp:

wl w2 w3
512 256 256
16 4 16
8 80 8
-1.48 4.5 -1.48
i=1 j=0 A:=0.15
Active
N;=-1 A;=0.10 A,=2.00
€10w=0.001
Mgz=1
ni=1 no=0 A,=1.70
Active.
Pea:pected:1 TZZIOOOO
Active.
Active.

Chemical shift ranges:

Ca Ha
38.5—48.5 3.00—4.36
cosy
HA .ocA HA
HA' O @” cA HA'

Figure 3.25: Glycine pattern.
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Spectrum size parameters for both HCCH-COSY and -TOCSY:

wl w2 w3
Size (data pts) 512 256 256
Sub-block (data pts) 16 4 16
Sweep width (ppm) 8 80 8
Offset (ppm) -1.48 4.5 -1.48

Results list processing params:

Sym: Active.

Sec-clus: N;=2 A;=0.10 A,=1.00
Fract-score: €10w=0.001

Std-dev: Active.

Thresh-count: Active.

Excess-peaks: Peepectea=1 11=2500
Uninst-chm-shft: Active.

Uninst-resp: Active.

Chemical shift ranges:

Ca Ha Cp Hp
45.8—57.8 3.17—5.80 13.0—26.0 -0.40—1.92

HA HB-3 HA

Figure 3.26: Alanine pattern.
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Spectrum size parameters for both HCCH-COSY and -TOCSY:

wl w2 w3
Size (data pts) 512 256 256
Sub-block (data pts) 16 4 16
Sweep width (ppm) 8 80 8
Offset (ppm) -1.48 4.5 -1.48

Results list processing parameters:

Ovrlp-clus: i=0 j=4 A4=0.15
Sym: Active.

Sec-clus: N;=3 A;=0.30 A,=70.00
Fract-score: €10w=0.001

Too-far: n1=0 no=4 A,=1.10
Thresh-count: Active.

Excess-peaks: Perpectea=3 11=1000
Uninst-chm-shft: Active.
Uninst-resp: Active.

Chemical shift ranges:
Ca Ha (0)¢] Hp

46.5—64.0 2.87—6.20 23.4—45.0 1.20—4.30
cosy

HE' @‘.‘f ....................... @‘?‘ .......................... , CB HE'

HB

HA

Figure 3.27: AMX pattern.
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Number of correct results found: 3.

The program actually found the correct chemical shifts for all 4 serines, but
because S71 has degenerate H3/HB' and exhibits extensive chemical shift over-
lap with all of the other serines, an extra, non-degenerate, H3' was added by
patt_recog, even though it wasn’t needed. All correct assignments are at the
high-scoring end of the results list. Figure 3.28 shows the pattern and chemical
shift ranges for serine, along with the results list filtering parameters.

Thr

Number of results expected (from the sequence): 5.
Actual results count: 31

Number of correct results found: 3.

The two results not found had either Ha or HS chemical shifts on the water
line. Figure 3.29 shows the pattern and chemical shift ranges for threonine,
along with the results list filtering parameters.

Val

Number of results expected (from the sequence): 6.
Actual results count: 6

Number of correct results found: 6.

The valine peak pattern is shown in Figure 3.30, along with the chemical shift
ranges and results list filtering parameters used. The uniqueness of this pattern,
plus the good dispersion of valine peaks in the spectra used, plus the fact that
these peaks did not overlap significantly with peaks from other spin systems,
combined to produce an exceptionally clean results list.

GLX

Number of results expected (from the sequence): 14.
Actual results count: 33

Number of correct results found: 7.

Four partially correct results were also found, where one or two chemical shifts
were wrongly assigned. The problems with these spin systems are: i) C8 and Cy
have overlapping ranges between about 32 and 34 ppm, and ii) many of the GLX
spin systems had almost identical Cy chemical shifts at about 36 ppm. Hence,
the program had difficulties disentangling the peaks to construct coherent spin
systems. Figure 3.31 shows the pattern and chemical shift ranges for the GLX
spin systems, along with the results list filtering parameters.

Ile
Number of results expected (from the sequence): 3.

78



Spectrum size parameters for both HCCH-COSY and -TOCSY:

wl w2 w3
Size (data pts) 512 256 256
Sub-block (data pts) 16 4 16
Sweep width (ppm) 8 80 8
Offset (ppm) -1.48 4.5 -1.48

Results list processing parameters:

Ovrlp-clus: i=0 j=4 A4=0.15
Sym: Active.

Sec-clus: N;=-1 A;=0.15 A,=1.00
Fract-score: €10w=0.001

Exs-penal: M,=2

Too-far: n1=0 no—=4 A,=1.10
Thresh-count: Active.

Excess-peaks: Pezpectea=2 11=5000
Uninst-chm-shft: Active.
Uninst-resp: Active.

Chemical shift ranges:
Ca Ha (0)¢] Hp

47.0—63.0 3.50—6.10 55.0—70.0 2.87—4.60
cosy

HE' @‘.‘f ....................... @‘?‘ .......................... , CB HE'

HB HB

HA HA

Figure 3.28: Serine pattern.
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Spectrum size parameters for both HCCH-COSY and -TOCSY:

wl w2 w3
Size (data pts) 512 256 256
Sub-block (data pts) 16 4 16
Sweep width (ppm) 8 80 8
Offset (ppm) -1.48 4.5 -1.48

Results list processing parameters:

Ovrlp-clus: i=1 j=0 A;=0.15
Sym: Active.

Sec-clus: N;=4 A;=0.30 A,=70.00
Fract-score: €10w=0.001

Exs-penal: Mz=2

Thresh-count: Active.

Excess-peaks: Pezpectea=3 T1=1000
Uninst-chm-shft: Active.
Uninst-resp: Active.

Chemical shift ranges:

Ca Ha Cp Hp

54.6—67.6 3.00—6.00c0962.5—74.5 3.40—5.00 Tocsy
HG2-3 CG HG2-3 CG
HB HB
HA HA e @[Tl ........................ @m cA

Figure 3.29: Threonine pattern.
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Spectrum size parameters for both HCCH-COSY and -TOCSY:

wl w2 w3
Size (data pts) 512 256 256
Sub-block (data pts) 16 4 16
Sweep width (ppm) 8 80 8
Offset (ppm) -1.48 4.5 -1.48

Results list processing params:

Ovrlp-clus: i=4 j=6 A;=0.15
Sym: Active.

Sec-clus: N;=3 A;=0.15 A,=1.00
Fract-score: €10w=0.001

Exs-penal: Mz=2

Std-dev: Active.

Thresh-count: Active.

Excess-peaks: Pezpected=3 11=2500
Uninst-chm-shft: Active.
Uninst-resp: Active.

Chemical shift ranges:

Ca Ha Cg HS
49.0—68.2 1.50—6.00 26.8—36.4 0.81—2.75
cosy TOCSY

CG-3

cB

HG'-3

Figure 3.30: Valine pattern.
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Spectrum size parameters for both HCCH-COSY and -TOCSY:

wl w2
Size (data pts) 512 256
Sub-block (data pts) 16 4
Sweep width (ppm) 8 80
Offset (ppm) -1.48 4.5

Results list processing parameters:

Ovrlp-clus: i=0 j=4
Sym: Active.

Sec-clus: N;=5 A;=0.30
Fract-score: €10w=0.001
Exs-penal: Mz=2

Too-far: n1=0 no=4
Thresh-count: Active.

Excess-peaks: Pezpected=5 11=1000
Uninst-chm-shft: Active.
Uninst-resp: Active.

Chemical shift ranges:

Ca Ha Cp Hp

w3
256
16

8
-1.48

A;=0.15

A, =70.00

A,=1.10

43.4—66.0 2.60—5.60 23.0—36.5 0.80—2.81

HG'

HG

HB’

HB

HA

HA HB

FigureHG3.31: GLX pattern.
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Actual results count: 4
Number of correct results found: 4.

Isoleucine has a rather unique pattern of peaks. However, identifying these
patterns was not a trivial task, due to very weak peaks between HB and Hvyy
protons in the TOCSY spectrum. The pattern used to tackle these problems is
shown in Figure 3.32, along with the associated chemical shift ranges and results
list filtering parameters. Although the sequence only contains three isoleucines,
the program has found a fourth “ghost” spin system with no corresponding
Ca or Cf chemical shifts in the CBCANH or CBCA(CO)NH spectra. Manual
inspection indicates that this is indeed a genuine isoleucine spin system. Careful
inspection of the 13C-3D-NOESY confirmed the presence of this additional spin
system, which is probably also due to the existence of cis-trans isomeric prolines.

The pattern search also yielded a second proton at each C~y;, which were
not found in the original manual assignment.

In Figures 3.33 and 3.34, one of the isoleucine results is shown graphically.
This is interesting for a number of reasons. It displays near-degeneracy for
both the H3/H~{ and for the Hv; /Hvy, protons. The program has successfully
found this pattern, but note how it has found two slightly different chemical
shift values for HG and H~{. This is a side effect of the peak proximity pe-
nalisation, which leads to a calculation of two slightly different chemical shifts,
even in cases where identical chemical shifts would be correct. Finally, this spin
system shows extensive overlap with the “ghost” isoleucine, demonstrating the
program’s ability to distinguish between similar spin systems.

Leu

Number of results expected (from the sequence): 10.
Actual results count: 11

Number of correct results found: 10.

Leucine also produces a unique pattern of peaks, and the (-carbon chemical
shift is unusually large. Figure 3.35 shows the pattern and chemical shift ranges
used, along with the results list filtering parameters. As with the isoleucines
however, the peaks between HB and H+y were small, making this a challenging
problem for the program. All ten leucine patterns were found, although in one
case, an Hvy chemical shift did not agree with the value reported by Kemmink
et ol (assignments are available as supplementary information to [30]), and in
another case, the H@ was incorrectly assigned by the program as degenerate
with the H3'. Also, one C§ chemical shift found by the program was incorrect.
The “extra” result found was composed almost entirely of peaks from a valine
spin system.

In Figures 3.36 and 3.37, one of the leucine results is shown graphically. This
is an interesting case, because the Cd and Cé' are very close together. Also, the
Ca plane in the HCCH-COSY spectrum contains significant artifacts. In spite
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Spectrum size parameters for both HCCH-COSY and -TOCSY:

wl w2 w3
Size (data pts) 512 256 256
Sub-block (data pts) 16 4 16
Sweep width (ppm) 8 80 8
Offset (ppm) -1.48 4.5 -1.48

Results list processing params:

Ovrlp-clus: i=6 j=8 A;=0.15
Sym: Active.

Sec-clus: N;=5 A;=0.15 A,=25.00
Fract-score: €10w=0.001

Exs-penal: Mz=4

Too-far: n1=6 na=8 A,=1.20
Std-dev: Active.

Thresh-count: Active.

Excess-peaks: Peopectea=5 11=2500
Uninst-chm-shft: Active.
Uninst-resp: Active.

Chemical shift ranges:

Ca Ha Cg Hp
49.0—66.6 3.06—6.00 30.1—42.6 0.73—2.70

CcD

cosv T ; ; - Tocsy

CG1

CG1

CG2

CcB

HA HB HG1 HGI HD-3 HA HB HG2-3 HG1 HGI HD-3

Figure 3.32: Isoleucine pattern.
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Ha Hy'’ HB Hy Hy, H3

Figure 3.33: Isoleucine result
#1 from the list given in Appendix A, showing the peaks in the 3D COSY spectrum.
The strips are taken from planes along the '*C axis. In order, from bottom to top,
they are: the Ca plane (62.9 ppm), the C3 plane (38.3 ppm), the Cy' plane (27.9
ppm), the Cy? plane (17.9 ppm) and the Cé plane (13.9 ppm). The lines indicate
the F1 and F2 frequencies of the chemical shift positions of the individual spins, ie.
Ha=4.18, H3=1.82, Hy'=0.93, Hy'=1.77, Hy?=0.88, H§=0.80.
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Ho Hy’ HR Hy Hy, H3

Figure 3.34: Isoleucine result
#1 from the list given in Appendix A, showing the peaks in the 3D TOCSY spectrum.
The strips are taken from planes along the '*C axis. In order, from bottom to top,
they are: the Ca plane (62.9 ppm), the C3 plane (38.3 ppm), the Cy' plane (27.9
ppm), the Cy? plane (17.9 ppm) and the C§ plane (13.9 ppm). The lines indicate
the F1 and F2 frequencies of the chemical shift positions of the individual spins, ie.
Ha=4.18, H3=1.82, Hy'=0.93, Hy'=1.77, Hy?=0.88, H§=0.80.
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of these complicating factors, the program has managed to locate the correct
peaks.

3.5.2 Evaluating Backbone Spectra

The feasibility of pattern searches in backbone spectra was tested with a set of
HNCO, HN(CA)CO, CBCANH, CBCA(CO)NH, HNCA and HN(CO)CA spec-
tra. They are intended to constitute a minimal data set for reliable assignment;
they may be augmented by other types of spectra if required. Our spectra were
recorded under very different conditions, ie. on different NMR spectrometers
with different field strengths and at slightly different temperatures, with gaps
of several months between some of the measurements. For these reasons, the
chemical shifts of the amide protons varied substantially in a non-systematic
manner.

The emphasis in the searches presented in this section was therefore put
on compensating for the large chemical shift differences between the spectra,
with the unavoidable consequence that some of the results contained incorrect
chemical shifts.

Search patterns containing the following chemical shifts were constructed:

e N;, NH;
L4 Caia Cﬂi; CO’H
e Ca;_1, CBi—1, CO;1

where ¢ is the current residue in the sequence, and 7 — 1 its predecessor. These
patterns allow connected pairs of residues in the protein sequence to be recog-
nised.

A special feature of glycine is that it shows very characteristic Ca chemical
shifts. Also, CS peaks do not show up in the HNCA and HN(CO)CA spectra.
Hence, glycine Ca peaks can be identified uniquely in these spectra.

This fact was used in constructing three patterns: one which searched for GX
(glycine/non-glycine) pairs, one which searched for for XG (non-glycine/glycine)
pairs, and one which searched for XX (non-glycine/non-glycine) pairs. X is a
pseudo amino acid, with very broad search ranges, but its Ca chemical shift
range does not extend down into the glycine region. In these pairs, the first
letter corresponds to residue ¢ — 1 in the above chemical shift terminology, the
second letter to residue .

The XX pattern (see Figure 3.38) used information from the HNCO,
HN(CA)CO, CBCANH and CBCA(CO)NH spectra only. The GX (see Figure
3.40) and XG (see Figure 3.39) pattern used all these spectra and in addition,
the HNCA spectrum. The negative “expected” peaks in the HNCO, CBCANH
and HNCA spectra (shown as dashed circles in the figures) are used by the
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Spectrum size parameters for both HCCH-COSY and -TOCSY:

wl w2 w3
Size (data pts) 512 256 256
Sub-block (data pts) 16 4 16
Sweep width (ppm) 8 80 8
Offset (ppm) -1.48 4.5 -1.48

Results list processing params:

Ovrlp-clus: i=0 j=4 A;=0.15
Sym: Active.

Sec-clus: N;=5 A;=0.15 A,=25.00
Fract-score: €10w=0.001

Exs-penal: Mz=4

Too-far: n1=0 no=4 A,=1.10
Std-dev: Active.

Thresh-count: Active.

Excess-peaks: Peopectea=5 11=2500
Uninst-chm-shft: Active.
Uninst-resp: Active.

Chemical shift ranges:

Ca Ha Cg Hp
47.6—59.9 3.00—»6.00 34.5—47.7 0.15—2.45

HD'™3 ... SRR JRURORR . . o3

CcD'-3

HA i @‘?‘ ........... @“ ................. i cA HA

Figure 3.35: Leucine pattern.
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H o HR' Hy HB H3 H3’

Figure 3.36: Leucine result
#8 from the list given in Appendix A, showing the peaks in the 3D COSY spectrum.
The strips are taken from planes along the '*C axis. In order, from bottom to top,
they are: the Ca plane (53.3 ppm), the Cg plane (46.1 ppm), the Cv plane (26.7 ppm),
the Cd plane (25.8 ppm) and the Cd’ plane (23.9 ppm). The lines indicate the F1 and
F2 frequencies of the chemical shift positions of the individual spins, ie. Ha=5.43,
HpB=1.16, HB'=1.80, Hy=1.18, H§=0.29, Hs'=0.55.
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H o HR' Hy HB H3 H3’

Figure 3.37: Leucine result
#8 from the list given in Appendix A, showing the peaks in the 3D TOCSY spectrum.
The strips are taken from planes along the '*C axis. In order, from bottom to top,
they are: the Ca plane (53.3 ppm), the Cg plane (46.1 ppm), the Cv plane (26.7 ppm),
the Cd plane (25.8 ppm) and the Cd’ plane (23.9 ppm). The lines indicate the F1 and
F2 frequencies of the chemical shift positions of the individual spins, ie. Ha=5.43,
HpB=1.16, HB'=1.80, Hy=1.18, H§=0.29, Hs'=0.55.
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forbidden peaks algorithm to penalise results with peaks at those points. How-
ever, the negative “expected” peaks in the CBCA(CO)NH spectrum are there
because these spectra really do exhibit negative peaks for Ca; and Cgi.

The results lists produced by these patterns can be found in Appendix B;
below is a summary of these results.

XG

Number of results expected (from the sequence): 8.
Actual results count: 7

Number of correct results found: 7.

The expected number of results of this kind is 8. Since the glycine missed by
the program was not manually assignable anyway, this can be considered a very
satisfactory outcome. Similar experiments without the HNCA spectrum (un-
published results) successfully found the same results set, but in addition, found
several non-glycine containing spin systems, due to the poor discrimination be-
tween glycine and the other residues in the CBCANH and the CBCA(CO)NH
spectra.

GX

Number of results expected (from the sequence): 8.
Actual results count: 5

Number of correct results found: 5.

The results list is good, in that all results are completely correct, but three
results are missing. Of these, one could not be manually assigned. The others
could not be found due to discrepancies between the spectra. Excluding the
HNCA spectrum allows all seven manually assignable results to be found by the
program (unpublished results), but many incorrect results are found also.

XX

Number of results expected (from the sequence): 98.
Actual results count: 99

Number of correct results found: 80.

The actual count of identifiably sensible results is 80, ie. 82% of the expected
figure. Of the others, 8 involved a glycine, 8 were completely unidentifiable,
and the remainder contained mixtures of spin systems which shared multiple
common chemical shifts.

A “sensible” result in this context is one for which the N; and NH; chemical
shifts are correct, as well as at least 50% of the remaining chemical shifts. In
25 of the results, the CO; and CO;_; chemical shifts could not be ascertained,
due to differences in the conditions under which the HNCO and HN(CA)CO
spectra were taken.
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ZzzCB

Zzz CB#1

ZzzCA

Zzz CA#1

zzzcH ;

HNCO

.12

e e e B e e e e e e e e i i i i i i i i i

2

Zzz H#1

Spectrum size parameters:

HNCO CBCANH
wl w2 w3 wl w2
Size (data pts) 128 128 512 128 128
Sub-block (data pts) 16 4 16 4 4
Sweep width (ppm) 39.460 19.878  6.847 39.456  80.813
Offset (ppm) 98.870 167.561 4.810 98.131  5.765
Results list processing parameters:
Ovrlp-clus: i=3 j=2 A:=0.50
Sym: Active.
Sec-clus: N;=5 A;=0.20 A,=25.00
Exs-penal: M,=2
Std-dev: Active.
Thresh-count: Active.
Uninst-chm-shft: Active.
Uninst-resp: Active.
Chemical shift ranges:
Resid. N H CO Ca CpB
X 106.5—133.5 6.00—~10.55 167.6—187.4 45.0—66.6 13.0—>72.3
HNCACO CBCANNH

zzzcB zzzCB @“‘ N#L

zz2CB# g zz2CB# @“1 N#L

zz2CA zz2CA N#L

Zzz CA#1 g Zzz CA#1 - N#1
N#L zzzCHl @m N#L zzzCHl
N#L zzC N i zzzC

zzzH#1 ZzzH#1

Figure 3.38: XX pattern.
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w3
512
16
6.847
4.810

CBCACONNH

72208 @“‘ N#L

ZzzCB#L -4

zzzCA @‘"‘ N#1

Zzz CA#1

ZzzCi#l

Zzz H#1

ZzzC



ZzzCB

ZzzCA

Gly CA#L

HNCO

GlycH ¥

ZzzC

O}

Gly H#L

Spectrum size parameters:

HNCO CBCANH
wl w2 w3 wl w2 w3

Size (data pts) 128 128 512 128 128 512
Sub-block (data pts) 16 4 16 4 4 16
Sweep width (ppm) 39.460 19.878  6.847 39.456 80.813  6.847
Offset (ppm) 98.870 167.561 4.810 98.131  5.765 4.810
Results list processing parameters:
Ovrlp-clus: i=3 j=2 A=0.50
Sym: Active.
Sec-clus: N;=4 A;=0.20 A, =60.00
Exs-penal: M,=2
Std-dev: Active.
Thresh-count: Active.
Uninst-chm-shft: Active.
Uninst-resp: Active.
Chemical shift ranges:
Resid. N H CO Ca Cp
X 106.5—133.5 6.00—~10.55 167.6—187.4 45.0—66.6 13.0—>72.3
G 99.0—117.6 6.00—9.47 167.6—187.4 35.5—48.5

HNCACO CBCANNH CBCACONNH

2z2CB 2z2CB @“‘ N#L 2z2CB @“‘ N#L

,
:
:
i
:
i
:
i
:
i
:
i
:
i
:
i
:
i
:
zzzCA | z22CA N#L
i
' 0
i {
H H
i i
H H
i i
H H
i i
H H
i i
H H
i i
H H
i i
H H
i i
H H
i "
Glyca# Gly CA#L N
:
i i
H H
i i
H H
i i
H H
i i
H H
i i
H H
i i
H H
i i
H H
i i
H H
’ i
N#L Gly c#L @‘ ! N# Glyci
:
T i
H H
i i
H H
i i
H H
i i
H H
i i
H H
i i
H H
i i
H H
i i
H H
: i
3 1
N#L zzzC @ N#L zzzC i
Gly H#1 Gly H#1

Figure 3.39: XG pattern.

93

ZzzCA

Gly CA#L

Gly c#1

ZzzC

<:>M

Gly H#L

N#1

HNCA
wl w2 w3
128 128 512
16 4 16
39.460 39.756  6.847
100.170 36.322 4.810
HNCA
zzce g Nm
2z2CA @‘"‘ N#L
Gly CA#L SO N
Gly c#l
ZzzC ;
Gly H#L



Zzz CB#1

Gly CA

Zzz CA#1

HNCO

ZzzCHL I

Glyc

ZzzH#1

€]

Spectrum size parameters:

HNCO CBCANH
wl w2 w3 wl w2 w3

Size (data pts) 128 128 512 128 128 512
Sub-block (data pts) 16 4 16 4 4 16
Sweep width (ppm) 39.460 19.878  6.847 39.456  80.813  6.847
Offset (ppm) 98.870 167.561 4.810 98.131 5.765 4.810
Results list processing parameters:
Ovrlp-clus: i=3 j=2 A=0.50
Sym: Active.
Sec-clus: N;=4 A;=0.20 A, =60.00
Exs-penal: M,=2
Std-dev: Active.
Thresh-count: Active.
Uninst-chm-shft: Active.
Uninst-resp: Active.
Chemical shift ranges:
Resid. N H CcO Ca Cp
X 106.5—133.5 6.00—10.55 167.6—187.4 45.0—66.6 13.0—72.3
G 99.0—»117.6 6.00—9.47 167.6—187.4 35.5—48.5

HNCACO CBCANNH CBCACONNH

Z2zCB#L zzzeei ()" N#L zzoBi ;g N#
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Figure 3.40: GX pattern.
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3.6 Results Obtained with the RalGDS Ras Bind-
ing Domain, a Side Chain Case Study

The patterns used to find spin systems in the spectra of the N-terminal thioredoxin-
like domain of protein disulphide isomerase should, in principal, work with other
proteins as well. In order to test this hypothesis, the sidechain patterns for
glycine, alanine, the AMX spin systems, serine, the GLX spin systems, threo-
nine, valine and isoleucine were applied to a HCCH-COSY and -TOCSY spec-
trum pair from the RalGDS ras binding domain ¢. Both spectra were recorded
at a temperature of 300K and at a pH of 6.5.

The domain consists of the last 127 residues at the c-terminal end of the
RalGDS protein, a putative member of the MAP kinase signal transduction
pathway ([63]).

Since there are no pre-existing assignments for comparison purposes, the
judgements about the correctness of spin systems assigned by the program are
more subjective than in Section 3.5. A summary of the full results set is shown
in Figure 3.41. It can be seen that the centre of mass measure is always high,
often 100% in fact, showing that the ordering of the results in the results list
is a good indication of their reliability. Also, in the majority of cases, more
than 60% of the expected residues were found. However, in a number of cases,
the number of correct results found was small relative to the total number of
results found. It would thus be reasonable to say that, as long as one uses
only the highest scoring results, one has a very good chance of selecting valid
assignments. The results of these pattern searches are discussed in detail below.

The results are tabulated in full in Appendix C.

Gly

Number of results expected (from the sequence): 3.
Actual results count: 3

Number of correct results found: 1.

The pattern shown in Figure 3.25 (page 75) was not very successful with the
new data, it actually found mainly HG/Hp' peaks from larger spin systems. It
was modified slightly, by making the excess peak penalisation more vigorous.

Four excess penalisation lines were added, one for each expected peak, in
each of the spectra. Excess peaks were searched for in the range 1 to 6.4 ppm,
designed to find peaks coming from AMX, GLX, proline and leucine spin sys-
tems. Additional penalisation was applied in cases where peaks appeared on
different lines with common chemical shifts.

This led to a final results set in which most of the incorrect results were so
heavily penalised that the score sank to zero, and they were deleted. Of the

6Kindly provided by Peter Schmieder at the Forschungsinstitut fiir Molekularpharmakolo-
gie in Berlin.
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Figure 3.41: Summary of side chain results.

Three measures are used to characterise the performance of the program with a given
pattern, all normalised and expressed in percent, and indicated by three different
symbols in the graph. The “0” symbol shows how many correctly found assignments
there are compared to the number of assignments expected from the sequence. The
“o” symbol shows the number of correct assignments compared to the total number
in the results list. The “4” symbol shows the centre of mass of the correct results,
measured from the low-scoring end of the results list, and is hence a measure of the
effectiveness of the results list penalisation algorithms. The larger this value, the more
correct results appear at the high-scoring of the list.
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results that remained, one looked reasonable, though it was not possible to be
absolutely sure, since the peaks lay on the rather broad water line. The pattern
for this experiment is shown in Figure 3.42.

Ala

Number of results expected (from the sequence): 5.
Actual results count: 19

Number of correct results found: 6.

The simplicity of the alanine pattern causes many false assignments, as seen in
the N-terminal thioredoxin-like domain of protein disulphide isomerase example.
Manual inspection of the results showed six promising candidate patterns. It is
possible that some alanines produce more than one set of chemical shifts, due
to minor conformations caused by proline cis-trans isomerisation. The pattern
for this experiment is shown in Figure 3.43.

AMX

Number of results expected (from the sequence): 26.
Actual results count: 87

Number of correct results found: 35.

A manual inspection of the AMX results indicated that the correct results were
the highest scoring ones, but that other spin systems, such as the GLX spin
system, had also found their way into the results list. As with the alanine
results, there were more plausible-looking patterns than would be expected from
the sequence. The pattern for this experiment is shown in Figure 3.44.

Ser

Number of results expected (from the sequence): 6.
Actual results count: 22

Number of correct results found: 3.

Serine is difficult to identify from the data in the HCCH-COSY and -TOCSY
experiments alone because the chemical shift ranges for Ha and HB, and for Ca
and Cf overlap significantly, and because the spin system also overlaps with
the threonine spin system. In spite of this, the program managed to find three
convincing patterns. It also found many patterns in which Ha and HB were
degenerate; it is possible that some of these are correct. The pattern for this
experiment is shown in Figure 3.45.

Thr

Number of results expected (from the sequence): 3.
Actual results count: 24

Number of correct results found: 1.
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Spectrum size parameters for both HCCH-COSY and -TOCSY:

wl w2 w3
Size (data pts) 512 256 512
Sub-block (data pts) 32 16 128
Sweep width (ppm)  6.665  82.835  6.489
Offset (ppm) -0.227  3.999 -0.094

Results list processing params:

Sym: Active.

Exs-penal: M,=1

Too-far: n1=0 no=1 A,=1.70
Thresh-count: Active.

Excess-peaks: Perpectea=2 11=300
Uninst-chm-shft: Active.

Uninst-resp: Active.

Chemical shift ranges:
Ca Ha

38.5—48.5 3.00—4.36

HA CA HA

HA' HA'

Figure 3.42: Glycine pattern.
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Spectrum size parameters for both HCCH-COSY and -TOCSY:

wl w2 w3
Size (data pts) 512 256 512
Sub-block (data pts) 32 16 128
Sweep width (ppm) 6.665 82.835 6.489
Offset (ppm) 0.227  3.999  -0.094

Results list processing params:

Sym: Active.

Sec-clus: N;=3 A;=0.10 A,=70.00
Fract-score: €100 =0.001

Thresh-count: Active.

Excess-peaks: Pezpectea=2 11=500
Uninst-chm-shft: Active.

Uninst-resp: Active.

Chemical shift ranges:

Ca Ha Cg Hp
45.8—57.8 3.17—5.80 13.0—26.0 -0.40—1.92

HA HB-3 HA HB-3

Figure 3.43: Alanine pattern.
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Spectrum size parameters for both HCCH-COSY and -TOCSY:

wl w2 w3
Size (data pts) 512 256 512
Sub-block (data pts) 32 16 128
Sweep width (ppm) 6.665 82.835  6.489
Offset (ppm) -0.227  3.999 -0.094

Results list processing parameters:

Ovrlp-clus: i=1 j=4 A4=0.15
Sym: Active.

Sec-clus: N;=3 A;=0.20 A,=70.00
Fract-score: €10w=0.001

Too-far: ni=1 no=4 A,=1.10
Thresh-count: Active.

Excess-peaks: Perpectea=3 11=500
Uninst-chm-shft: Active.

Uninst-resp: Active.

Chemical shift ranges:
Ca Ha (0)¢] Hp

46.5—64.0 2.87—6.20 23.4—45.0 1.20—4.30
cosy

HE' @‘.‘f ....................... @‘?‘ .......................... , CB HE'

HB

HA

Figure 3.44: AMX pattern.
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Spectrum size parameters for both HCCH-COSY and -TOCSY:

wl w2 w3
Size (data pts) 512 256 512
Sub-block (data pts) 32 16 128
Sweep width (ppm) 6.665 82.835 6.489
Offset (ppm) 0.227  3.999  -0.094

Results list processing parameters:

Ovrlp-clus: i=1 j=4 A4=0.15
Sym: Active.

Sec-clus: N;=3 A;=0.20 A,=70.00
Fract-score: €10w=0.001

Exs-penal: M,=2

Too-far: ni=1 no=4 A,=1.10
Thresh-count: Active.

Excess-peaks: Pezpectea=3 11=500
Uninst-chm-shft: Active.

Uninst-resp: Active.

Chemical shift ranges:
Ca Ha (0)¢] Hp

47.0—63.0 3.50—6.10 55.0—70.0 2.87—4.60
cosy

HE' @‘.‘f ....................... @‘?‘ .......................... , CB HE'

HB HB

HA HA

Figure 3.45: Serine pattern.
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Only one of the threonine patterns found by the program looked sensible; this
was the top-scoring result. Some of the remaining patterns may have been
correct, because they contained very small peaks in the correct places, but
these peaks were right down in the noise, so these results could not be classified
as correct with any degree of confidence. The pattern for this experiment is
shown in Figure 3.46.

Val

Number of results expected (from the sequence): 6.
Actual results count: 10

Number of correct results found: 7.

In the HCCH-COSY and -TOCSY spectra, the valine patterns showed up es-
pecially clearly, and they were easily identified by the program. However, it
seems that one of the patterns found was a false positive. The pattern for this
experiment is shown in Figure 3.47.

GLX

Number of results expected (from the sequence): 10.
Actual results count: 66

Number of correct results found: 6.

This pattern is difficult for the program to identify accurately, because so many
of the chemical shift ranges overlap. Nevertheless, the sensible-looking results
appeared at the high-scoring end of the results list, indicating that the pattern
design was correct. In addition to the six fully correct patterns, the program
also found two other patterns which appear substantially correct. #63 (see
Appendix C, page 145) may even be completely correct; it seems in this case
that C8 and C~v are degenerate. #59 (Appendix C) shows a typical problem
for the GLX pattern - the program has confused HB and the Hvy peaks - it has
correctly assigned the peaks to a GLX spin system, but it has assigned them
to the wrong nuclei. This is an especially difficult case, because from a visual
inspection, it is apparent that H3’ and Hv’ are degenerate. The pattern for this
experiment is shown in Figure 3.48.

Tle
Number of results expected (from the sequence): 6.
Actual results count: 8

Number of correct results found: 4.

In spite of weak peaks between HB and H7, the program was able to find four

of the expected eight isoleucines very convincingly; it is likely that some of the
other patterns found were partial assignments for isoleucines. The pattern for

102



Spectrum size parameters for both HCCH-COSY and -TOCSY:

wl w2 w3
Size (data pts) 512 256 512
Sub-block (data pts) 32 16 128
Sweep width (ppm) 6.665 82.835  6.489
Offset (ppm) -0.227  3.999 -0.094

Results list processing parameters:

Ovrlp-clus: i=1 j=0 A;=0.15
Sym: Active.

Sec-clus: N;=4 A;=0.30 A,=70.00
Fract-score: €10w=0.001

Exs-penal: Mz=2

Thresh-count: Active.

Excess-peaks: Pezpectea=3 T1=1000
Uninst-chm-shft: Active.
Uninst-resp: Active.

Chemical shift ranges:

Ca Ha Cp Hp

54.6—67.6 3.00—6.00c0962.5—74.5 3.40—5.00 Tocsy
HG2-3 cG ce
HB HB
HA HA e @[Tl ........................ @m cA

Figure 3.46: Threonine pattern.
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Spectrum size parameters for both HCCH-COSY and -TOCSY:

wl w2 w3
Size (data pts) 512 256 512
Sub-block (data pts) 32 16 128
Sweep width (ppm) 6.665 82.835 6.489
Offset (ppm) -0.227  3.999 -0.094

Results list processing params:

Ovrlp-clus: i=4 j=6 A;=0.15
Sym: Active.

Sec-clus: N;=5 A;=0.30 A,=70.00
Fract-score: €10 =0.001

Exs-penal: My=2

Thresh-count: Active.
Excess-peaks: Pezpectea=3 11=2500
Uninst-chm-shft: Active.
Uninst-resp: Active.

Chemical shift ranges:

Ca Ha Cp Hp
49.0—68.2 1.50—6.00 26.8—36.4 0.81—-2.75
cosy ToCSY

HG3 oo, @‘?‘ .................... e, €G3 HG'-s@‘?f ................. @‘?‘ .................. @‘."f ................... . CG-3

CG-3 CG3

cB

HG'-3

Figure 3.47: Valine pattern.
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HG'

HG

HB'

HB

HA

Spectrum size parameters for both HCCH-COSY and -TOCSY:

wl w2 w3
Size (data pts) 512 256 512
Sub-block (data pts) 32 16 128
Sweep width (ppm) 6.665 82.835  6.489
Offset (ppm) -0.227  3.999 -0.094
Results list processing parameters:
Ovrlp-clus: i=1 j=4 A;=0.15
Sym: Active.
Sec-clus: N;=5 A;=0.30 A,=70.00
Fract-score: €10w=0.001
Exs-penal: Mz=2
Too-far: ni=1 no=4 A,=1.10
Thresh-count: Active.
Excess-peaks: P.ypected=5 11=500
Uninst-chm-shft: Active.
Uninst-resp: Active.
Chemical shift ranges:
Ca Ha Cp HS
43.4—66.0 2.60—5.60 23.0—36.5 0.80—2.81

HG

Figure 3.48: GLX pattern.
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this experiment is shown in Figure 3.49.
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Spectrum size parameters for both HCCH-COSY and -TOCSY:

wl w2 w3
Size (data pts) 512 256 512
Sub-block (data pts) 32 16 128
Sweep width (ppm) 6.665 82.835 6.489
Offset (ppm) -0.227  3.999 -0.094

Results list processing params:

Sym: Active.

Sec-clus: N;=6 A;=0.30 A,=70.00
Fract-score: €10 =0.001

Exs-penal: M,=4

Too-far: n1=6 no—=8 Ay=1.20
Thresh-count: Active.

Excess-peaks: Peepectea=5 11=2500
Uninst-chm-shft: Active.
Uninst-resp: Active.

Chemical shift ranges:

Ca Ha Cg HS
49.0—66.6 3.06—6.00 30.1—42.6 0.73—2.70

HD3 oo e JRSTS . HD3 oo e JRSTS @.[f] ........... @[.’f ............ )

cosy TOCSY

HGY ceL

HGL ce1
ce2
cB
ca

HA HB HG2-3 HG1 HGY HD-3 HA HB HG2-3 HG1 HGY HD-3

Figure 3.49: Isoleucine pattern.
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