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Structural studies of the effects of non-silent mutations on protein conformational change are an im-
portant key in deciphering the language that relates protein amino acid primary structure to tertiary
structure. Elsewhere, we presented the Protein Mutant Resource (PMR) database, a set of online
tools that systematically identified groups of related mutant structures in the Protein DataBank
(PDB), accurately inferred mutant classifications in the Gene Ontology using an innovative, statisti-
cally rigorous data-mining algorithm with more general applicability, and illustrated the relationship
of these mutant structures via an intuitive user interface. Here, we perform a comprehensive statisti-
cal analysis of the effect of PMR mutations on protein tertiary structure. We find that, although the
PMR does contain spectacular examples of conformational change, in general there is a counter-
intuitive inverse relationship between conformational change (measured as C-alpha displacement or
RMS of the core structure) and the number of mutations in a structure. That is, point mutations by
structural biologists present in the PDB contrast naturally evolved mutations. We compare the fre-
quency of mutations in the PMR/PDB datasets against the accepted PAM250 natural amino acid mu-
tation frequency to confirm these observations. We generated morph movies from PMR structure
pairs using technology previously developed for the Macromolecular Motions Database
(http://molmovdb.org), allowing bioinformaticians, geneticists, protein engineers, and rational drug
designers to analyze visually the mechanisms of protein conformational change and distinguish be-
tween conformational change due to motions (e.g., ligand binding) and mutations. The PMR morph
movies and statistics can be freely viewed from the PMR website, http://pmr.sdsc.edu.

1. Introduction

Rational drug design seeks to use knowledge of a protein’s three-dimensional chemical
structure as a target against which to design new drugs. This particular application of x-
ray crystallography has likely been one of the principal economic factors driving growth
in the experimental field. However, mutant proteins may occur naturally in the target host
population or, in the case of drugs such as antibiotics, may evolve in the parasite as a



form of drug resistance. Scientists would like to have an understanding of how a putative
drug interacts not only with the wild-type protein, but also with its likely mutants. The
cost of experimental determination of mutant structures is often still prohibitive. An ex-
tensive structural database of proteins and neighboring mutants can be expected to assist
scientists in visualizing likely structural changes brought about by mutation and would
likely find immediate application in rational drug design through improved homology
modeling, which is of importance in the pharmaceutical industry [1-4].

The deduction of a detailed, three-dimensional chemical structure of a protein from
its genetic sequence is a fundamental and long-studied problem in structural biology [5-
7], of importance in de novo structure prediction, protein folding, crystallographic re-
finement phasing, molecular dynamics, and computational chemistry. At present, it is
solved principally through the labor-intensive but effective process of X-ray crystallogra-
phy and NMR. A direct study of existing data on the effects of protein mutation on pro-
tein structure can have immediate payoffs [7, §].

Although databases of mutant gene products [9-12] as well as specialized databases
of mutant protein structures have previously been developed [13-15], the PMR [16] was
the first PDB-wide [17] database of mutant protein structures. Entering the PDB ID of a
structure in the PMR into the entry form on the PMR home page brought up the sequence
of the wild-type structure for that mutant family along with a listing of the differences in
amino acid sequence between the wild-type and the selected PDB ID (Figure 1). Users
could click on any of the mutation sites listed for the wild-type structure to obtain a list-
ing of the available mutant structures with modifications at the amino acid position (Fig-
ure 1). An anticipated use of the PMR was in protein engineering. Scientists seeking to
modify the sequence of an existing protein to express a slightly different structure could
search the PMR for sequences matching the protein’s current sequence and then examine
the stored mutations for structure variants [18, 19].

The PMR website had a number of other innovations; in particular, the PMR GO
classification feature utilized an improved means of and database-wide statistically rigor-
ous gene annotation and data-mining with widespread applicability; it employed a new
method for statistical inference that reduced false positives by more than 10% over simi-
lar existing methods, which we have presented elsewhere [20, 21]. This comprised an
innovative statistical algorithm for mapping new entities (genes) in a database into an
ontological classification when the database can be clustered in a way related to the onto-
logical classification and a subset of the database has previously been mapped into the
ontology. The method could be used to enhance annotations derived from complementary
automatic methologies, including as text-mining [22-25]. At the time we were able to
classify approximately 2/3™® of the PDB using this method. Since then, we have found
that iterative application of our method, in conjunction with additional starting data, al-
lows the method to classify nearly the entire PDB. We have developed a new, more effi-
cient SQL implementation of our O(N lg N) algorithm to allow streamlined execution
within a scalable database engine. Originally developed in Perl using an Oracle database
as the backend datastore [20], we desired a more efficient, scalable implementation to
support application of the algorithm to larger databases, such as Genbank. This involved



re-implementation the algorithm largely as a sequence of SQL commands performing
internal counting, indexing, and sorting operations inside an IBM DB2 database instance
to compute the parameters from an input dataset. We implemented the actual floating-
point statistical calculations in an efficient Perl implementation, which requires querying
the database for these parameters after they have been computed by the database engine.
In principle, however, these parameters can also be computed in SQL using stored proce-
dure calls, allowing the entire algorithm to be run inside the database engine. This should
enable a highly scalable implementation by means of a parallel database engine, such as
Parallel DB2. Assuming the size of the ontology remains constant, worst-case running
time with disjoint clusters is O(N 1g N) in terms of the size of the input dataset, so the
major computational obstacle likely lies in obtaining the initial clusters.

PMR database entries interacted with a number of external databases (MolMovDB
[26-29], GO [30], PubMed/Entrez [31], PDBsum [32]) as well as the PDB. Consequently,
the PMR could be used as a portal by those studying families of proteins of closely re-
lated sequence within the PDB.
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Figure 1. Web screen shot of the PMR mutant browser. Upon selecting a specific mutational site from the
sequence all mutations at that site are shown and the site is shown on the 3-D structure (requires Chime). A
torsion angle analysis and a morph movie analysis displaying the conformational change between the se-
lected PDB ID and the designated wild-type for the particular mutant family can also be displayed.

Here, we characterized the effect of PMR mutations on protein tertiary structure sta-
tistically and detected a potential selective bias in available PMR/PDB structures of mu-
tant proteins. To confirm this, we compared the frequency of mutations in PMR/PDB
datasets against accepted PAM 250 natural amino acid mutation frequencies. We further
improved on the PMR web interface by generating and making morph movies of the con-
formation changes available on the web. These automatically generated morph movies
assist scientists in visually discriminating between conformational changes caused by
protein motions [29] from those caused primarily by changes in protein sequence [16].
We believe both our statistical analysis of PMR/PDB data and our morph movies of PMR
data will be of general interest to the structural bioinformatics community. Our morph
movies are freely available off the PMR website (http:/pmr.sdsc.edu).
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Figure 2. Distribution of the number of mutations per polypeptide chain in the PMR. The specific PDB and chain
identifiers for each polypeptide chain with > 10 mutations are shown.
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Figure 3. Mean Ca displacement by mutant residue type for polypeptide chains with single mutations.

2. Materials and Methods

As described elsewhere [16], the PMR was generated by automatically clustering the
PDB [17] at 95% sequence identity using the CD-HIT sequence clustering approach [33].
CD-HIT uses a greedy algorithm [34] to sort and process sequences in order of decreas-
ing length; the longest sequence in each cluster becomes its representative. Efficiency is
achieved because sequences are processed by comparing them only against the represen-
tative sequences for each established cluster to decide whether they should be added to an
existing cluster or become the representative for a new cluster.

The resulting clusters were then manually filtered into species-based families and a
‘wild-type’ PDB chain was manually selected from each family by inspection of the sci-
entific literature [16]. Software was developed to automatically find and add new PDB
entries to existing PMR families on a regular basis. The resulting data were loaded into
Oracle tables and originally made freely accessible via a web interface, originally devel-
oped in Perl [35], Oracle SQL, Chime, JavaScript, and HTML.




Table 1. Mutation statistics for the PMR database
taken from 1157 PDB structures.

Total number of mutations (chains) 3343
Wild-type PDB chains 194
Non wild-type PDB chains 3149

Mutation Sites 1157

Average number of residues mutated | 2.9

per chain

Most commonly mutated amino acid | Alanine

in PMR

Morph movie technology [26, 27] originally developed for the Database of Macromo-
lecular Motions [26, 28, 29, 36, 37] (http://molmovdb.org) was applied to PMR data to
make four-dimensional visual illustrations [26, 27, 38] of the conformation changes in-
duced by mutation. Due to the human eye’s evolutionarily-induced sensitivity to moving
objects, morph movies are useful way of visualizing the difference between similar pro-
tein structures. Structural change is given in terms of Co displacement for each possible,
non-redundant wild-type and mutant structure pair in each PMR family using a sieve-

fitting superposition technique [39] which interpolates between solved structures to pro-
vide a visual rendering. Protein motions are available as animated GIF images on the
PMR website (http://pmr.sdsc.edu; Figure 1). Summary statistics on the types of mutation
and the motions induced are given in Table 1. The number of mutations per structure is
given in Figure 2. Co displacements by mutant residue type in PMR data are given in
Figure 3. The frequency of amino acid mutations in PMR data were tabulated and com-

pared with the accepted PAM250 natural amino acid mutation frequencies [40] and are
shown in Table 2 and Figure 4. A scatter-plot depicting the relationship of number of
mutations with structural change (as measured by previously computed Co displace-
ments) is shown in Figure 5. A Java web applet for visualizing mutation in terms of
color-coded changes in inter-residue carbon contacts is shown in Figure 6.

The web server has recently been ported from Perl to Java 2 Enterprise Edition
(J2EE) to take advantage of the greater speed, scalability, platform independence, robust-
ness, and maintainability of a three-tiered J2EE web server design. The three-tiered, in-
dustry-standard struts framework design separates code dedicated to content presentation,
database back-end interaction, and website navigation into separate, object-oriented
modules, allowing simultaneous, independent development and maintenance of these
different aspects of the web site by programmers with different skills. The resulting web
server code is also much more scalable, because code dedicated to database interaction
(“middle-tier code”) runs in a different set of threads than code dedicated to content pres-
entation, allowing these functions to run on separate servers. Unlike a convention two-
tiered web design, where each web browser effectively requires the attention of a data-
base listener thread, a single middle-tier thread requires at most a single database listener



thread, yet can handle many simultaneous presentation tier threads and their associated
web browsers. Scalability is further achieved through pooling of database listener threads
and their associated database connections among middle-tier threads. The J2EE server
version of the PMR now obtains sequence, space group, and structure coordinates from
the PDB by means of remote procedure calls using the industry standard XML and
HTTP-based SOAP web services protocol (Figure 7).

3. Results

A morph analysis of all possible structure pair combinations within PMR families would
have O(N°) complexity with the size of family in terms of both disk space and CPU time
and was not computationally tractable even at a supercomputer center. Instead, we lim-
ited our analysis to non-redundant combinations of the members of each family and its
wild-type. This has O(N) complexity and reduced the task by several orders of magni-
tude. Running in parallel, our morph server software required three days of CPU time on
a sixteen-CPU cluster of four-CPU Sun Ultra-80 servers running SunOS 5.7. The result-
ing morph movies and statistical data require 4.3 gigabytes of disk storage.

The distribution of numbers of mutations per polypeptide chain is given in Figure 2.
Greater than 99% of the PMR mutant structures have 9 or fewer mutations when com-
pared to the wild-type. The rapid fall-off in number of mutations is expected as these
structures are usually studied to understand the impact of single or a small number of
correlated mutations. Alanine is the residue most commonly used to mutate structures
(Table 1) presumably to change the functional role of a given residue and through the
presence of a C-beta carbon still confer side chain directionality and some sense of side
chain volume in a neutral substitution. Single mutations involving glycine result in the
largest structural changes (Figure 3) presumably as a result of significant stereochemical
change in side chain volume and possibly physicochemical properties. In theirs of their
propensity to cause structural changes in mutations involving them, the amino acids can
be separated into at least three clear groups —glycine, a second group involving alanine,
serine, and asparagine, and the remaining amino acids (Figure 3).

There is a significant difference in the mutational frequencies for PMR versus the
natural PAM250 frequencies (Figure 4 and Table 2). For example, the table shows that
the mutation of phenylalanine to tyrosine seems disfavored by structural biologists de-
spite a relatively high frequency during the course of evolution. Conversely, the conver-
sion of alanine to cysteine, uncommon during the course of evolution, is favored by struc-
tural biologists, presumably to add stability to a structure under study. Comparison of
Figure 3 with Figure 4 and Table 3 suggests that some of the amino acids most com-
monly involved in structural biological mutation experiments (e.g., alanine, asparagines,
serine) are generally associated with mutations resulting in the largest structural changes.
Divergence from natural frequencies of mutation is not surprising since structural biology
is often concerned with the engineering of proteins to test function. Not surprisingly, loss
of function is less common in nature than it is in the laboratory. It is not difficult to engi-



neer a protein that retains its structure, is biologically inactive or has a significantly re-
duced activity.

Given the complete body of structural data showing mutation from the wildtype, con-
trary to what one would expect, structural change shows an inverse relationship to the
number of mutations (Figure 5) — large structural changes are induced by small numbers
of mutations, whereas a large number of mutations can lead to relatively small changes.
Consider several specific cases shown in the PMR data (Figure 5). The largest structural
change in the PMR occurs in TAQ DNA Polymerase [41]. A number of structures of
TAQ DNA polymerase have been solved with an alanine instead of the wild-type glycine
at position 152. These all show an unusually large 140A Co. displacement. Crystal con-
tacts as a cause may be ruled out since the mutant structure has been solved in a number
of different space groups, including the same space group as the wild-type, and all struc-
tures give an identical Co. displacement. The 140 A Co displacement structures are all
bound to DNA, whereas the 1TAQ wild-type [41] is an unbound structure indicating that
the unusually large conformation change here is likely due to the combined effect of a
DNA clamping protein motion as well as the single-point mutation. Thus the PMR does
not distinguish between conformational changes induced by ligand binding or complex
formation and that induced simply by point mutation. However, large changes induced by
point mutations alone do occur. Analysis of the structural change between 7ADH [42]
and the designated wild-type alcohol dehydrogenase structure 1ADG [43] shows a dis-
placement of 66A caused by structural changes resulting from 22 mutations. Visualiza-
tion of the morphing shows chain breakages and backbone elements passing through each
other. That is, unlike TAQ DNA polymerase where the structural change represents an
observable physiological change, here there are discreet and distinct states representing
different structures.
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Figure 4. Bar chart of mutational frequencies of amino acids in the PMR and the accepted natural
PAM250 amino acid mutation rate [40]. Mutational frequencies for PMR and PAM250 datasets were
summed vertically and horizontally (Table 2) for each amino acid to generate a mutational frequency for
each amino acid. Mutational frequencies were then sorted by the PAM250 values (foreground).
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Figure 6: Contact Map Applet Viewer Web Applet. This Java web applet, currently available only on the alpha-
testing version of the web site, provides web users with another tool for analyzing conformational change due to
mutation. Above, the applet has plotted C-alpha inter-residue contacts between wild-type and seven different
lysozyme mutants. When viewed in color on the web, a color scheme is used to illustrate how the C-alpha inter-
residue contacts differ within the set of structures. As show, the applet is configured to indicate residue pairs
whose C-alpha atoms lie within a radius of seven Angstroms; users can further explore mutation-induced struc-
ture changes by observing changes in this plot as this radius is varied, or, alternatively, by plotting C-beta or C-
gamma contacts.

4. Discussion and Conclusion

The addition of a morph analysis to the PMR permits the visualization of conformational
change induced by changes to the wildtype protein. However care and a review of the
original PDB files is needed to distinguish between conformational change induced by
mutation (often indicated by alternative folding, chain breakage, or the passage of back-
bone and sidechains atoms through one another) and protein motions caused by ligand



binding rather than mutation, which appear as smooth transitions. It is necessary to often
refer back to the original PDB files to understand the cause of conformational change.
With improvements to ligand descriptions within the PDB we anticipate better annotating
and classifying specific motions in the future.

In general, due to the human eye’s remarkable ability to analyze moving objects,
morph movies are an exceptional way of comparing two or more similar protein struc-
tures. However, the PMR provides several alternatives graphical methods to explore mu-
tation’s effect on structure, including a Java-based web applet that dynamically plots, in
response to user parameters, maps illustrating the differences in inter-residue carbon con-
tacts between mutant structures (Figure 6).

Induced mutation while retaining structure shows a different patter of substitutions
that that observed in nature (Table 2 and Figures 4 and 5). Evolutionary sequence drift
usually preserves structure and function whereas structural biologists often mutate pro-
teins specifically to change structure and function, or indeed to induce better structure
formation to better nature [44]. A useful addition to the PMR would be mutations that
prevented a structure from being observed. Such negative data has not traditionally found
its way to the literature or to public databases, but that will likely change with the advent
of structural genomics. High-throughput structural genomics studies may also make pos-
sible exhaustive mutagenesis structural studies that try to take into account and compen-
sate for the prevailing current biases in structural study mutation frequencies (Table 2),
either by adjusting the experimental technique or by statistically messaging experimental
results,

The PMR web site provides a web tool to allowing browsing of our extended PDB
classifications. We used a new statistical inference method, reported elsewhere [20, 21],
to generate a highly accurate new mapping of over 25,000 Protein Data Bank (PDB) se-
quences to Gene Ontology (GO) terms. Approximately 4,000 new genes were automati-
cally annotated in a highly accurate and statistically rigorous fashion by our algorithm,
representing a substantial enhancement of the seed dataset and a classification of more
than 2/3"* of the PDB. Here, we reported a new, highly efficient, scalable implementation
in IBM DB2 SQL and Perl of our original O(N lg N) algorithm and its iterative applica-
tion to generate a new dataset covering nearly the entire PDB in a highly-accurate fash-
ion. The statistical scores produced by the method can also be used as a quality control
mechanism in purely manual annotation. Our method was able to reduce false positives
by more than 10% on PDB data as compared with previous statistical methods in the
same class used at similar levels of statistical stringency. We are in the process of apply-
ing our method to new databases outside of the PMR and PDB.
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Figure 7: The PMR web server software has been ported to an industry-standard Java 2 Enterprise Edition
(J2EE) to ensure scalability and the resulting long-term maintainability and robustness that result from platform-
independence. Data on space group information, sequences, and structure coordinates are obtained by remote-
procedure call from the PDB using the industry-standard SOAP Web services protocol.

Our computation of morph movie representations enables the broader structural bioin-
formatics community to analyze and represent protein mutation conformational change
visually. Computation of these biologically interesting results was made tractable by a
number of new algorithms [33] and design decisions [27] within our software pipeline.
Conversion of the website server software to run within an industry-standard three-tiered
platform-independent Java 2 Enterprise Edition (J2EE) framework (Figure 7) ensures
greater maintainability and long-term robustness. These results and methods complement
existing algorithms [20, 21] used to generate data for other areas of the PMR website.
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