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This documentation and all its accompanying files are a part of the massXpert project.
They are software and are an integral part of the software they document.

The massXpert project is released—in its entirety—under the GNU General Public
License and was started at the Centre National de la Recherche Scientifique (CNRS,
Bordeaux, FRANCE) in the form of the GNU polyxmass software suite. The CNRS
granted me the formal authorization to publish GNU polyxmass under this Free Soft-
ware License. Because massXpert is a derivative work of GNU polyxmass, being a
mere rewrite of the software using the Trolltech Qt libraries instead of the GNU lib-
gobject/libgdk /libgtk+ libraries, it is also published under the GNU General Public
License.

This software is free software; you can redistribute it and/or modify it under the
terms of the GNU General Public License version 3, as published by the Free Software
Foundation.

This software is distributed in the hope that it will be useful, but WITHOUT
ANY WARRANTY; without even the implied warranty of MERCHANTABILITY or
FITNESS FOR A PARTICULAR PURPOSE. See the GNU General Public License
for more details.

You should have received a copy of the GNU General Public License along with
this program. If not, see <http://www.gnu.org/licenses/>.

A copy of the license is included in the appendix entitled “GNU General Public
License Text”.

For more details see the file COPYING in the massXpert distribution files.

Revision History
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module;
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mentation of oligomer containing cross-linked monomers feature;

* august 2011 the 29th Update the manual to describe a number of new
features;

% april 2010 the 29th Updated the section about the definition of monomers
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Preface

This manual is about the massXpert mass spectrometric software suite, a soft-
ware program that aims at letting users predict/analyze mass spectrometric
data on (bio)polymers. As such, this manual is intended for people willing to
learn how to install and use this software package.

Mass spectrometry has gained popularity across the past ten years or so.
Indeed, developments in polymer mass spectrometry have made this technique
appropriate to accurately measure masses of polymers as heavy as many hun-
dreds of kDa, and of any chemical type.

There are a number of utilities—sold by mass spectrometer constructors with
their machines, usually as a marketing “plus”—that allow predicting/analyzing
mass spectrometric data obtained on polymers. These programs are usually
different from a constructor to another. Also, there are as many mass spec-
trometric data prediction/analysis computer programs as there are different
polymer types. You will get a program for oligonucleotides, another one for
proteins, maybe there is one program for saccharides, and so on. Thus, the
biochemist /massist, for example, who happens to work on different biopolymer
types will have to learn to use several different software packages. Also, if the
software user does not own a mass spectrometer, chances are he will need to
buy all these software packages.

The massXpert mass spectrometric software is designed to provide free so-
lutions to all these problems by:

* Allowing ez nihilo polymer chemistry definitions (in the XpertDef module
that is part of the massXpert program);

* Allowing simple yet powerful mass computations to be made in a mass
desktop calculator that is both polymer chemistry definition-aware and
fully programmable (that’s the XpertCalc module also part of the massXpert
program);
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% Allowing highly sophisticated editing of polymer sequences on a poly-
mer chemistry definition-specific basis, along with chemical reaction sim-
ulations, finely configured mass spectrometric computations. .. (all taking
place in the XpertEdit module that is the main module of the massXpert
program);

* Allowing customization of the way each monomer will show up graphically
during the program operation (in the XpertEdit module);

* Allowing polymer sequence editing with immediate visualization of the
mass changes elicited by the editing activity (in the XpertEdit module);

* Unlimited number of polymer sequences opened at any given time and of
any given polymer chemistry definition type (in the XpertEdit module).

This manual will progressively introduce all these functionalities in a timely and
clear manner.

PROJECT HISTORY

This is a brief history of massXpert.

* 1998-2000 The name massXpert comes from a project I started while I
was a post-doctoral fellow at the Ecole Polytechnique (Institut Européen
de Chimie et Biologie, Université Bordeaux 1, Pessac, France).

The massXpert program was published in Bioinformatics (Rusconi, F. and
Belghazi, M. Desktop prediction/analysis of mass spectrometric data in
proteomic projects by using massXpert' Bioinformatics, 2002, 644-655).

At that time, MS-Windows was at the Windows NT 4.0 version and the
next big release was going to be “you’ll see what you’ll see” : MS-Windows
2000.

When I tried massXpert on that new version (one colleague had it with a
new machine), I discovered that my software would not run normally (the
editor was broken). The Microsoft technical staff” would advise to "buy a
new version of the compiler environment and rebuild”. This was a no-go:
I did not want to continue paying for using something I had produced.

* 2001-2006

During fall 1999, I decided that I would stop using Microsoft products
for my development. At the beginning of 2000 I started as a CNRS re-
search staff in a new laboratory and decided to start fresh: I switched to
GNU/Linux (I never looked back). After some months of learning, I felt
mature to start a new development project that would eventually become
an official GNU package: GNU polyxmass.

The GNU polyxmass software, much more powerful than what the initial
massXpert software used to be, was published in BMC Bioinformatics
in 2006 (Rusconi, F., GNU polyxmass: a software framework for mass
spectrometric simulations of linear (bio-)polymeric analytes. BMC Bioin-
formatics, 2006,226).



Following that publication I got a lot of feedback (very positive, in a way)
along the lines: —“Hey, your software looks very interesting; only it’s a
pity we cannot use it because it runs on GNU/Linux, and we only use
MS-Windows and MacOSX!”

2007—

In december 2006, I decided to make a full rewrite of GNU polyxmass.
The software of which you are reading the user manual is the result of that
rewrite. I decided to “recycle” the massXpert name because this software
is written in C++, as was the first massXpert software. Also, because the
first MS-Windows-based massXpert project is not developped anymore,
taking that name was kind of a “revival” which I enjoyed. However, the
toolkit I used this time is not the Microsoft Foundation Classes (first
massXpert version) but the Trolltech Qt framework (see the “About Qt”
help menu in massXpert).

Coding with Qt libraries has one big advantage: it allows the developer
to code once and to compile on the three main platforms available to-
day: GNU/Linuz, MacOSX, MS-Windows. Another advantage is that
Qt libraries are wonderful software, technically and philosophically (Free
Software).

TYPOGRAPHICAL CONVENTIONS

Throughout the book the following typographical conventions are used:

*

*

emphasized text is used each time a new term or concept is introduced

shell-prompt $ shows the prompt at which a command should be entered as non-

root
shell-prompt # shows the prompt at which a command should be entered as root

this typography applies to commands that the user enters at the shell prompt

along with eventual options

<P symbolizes pressing the key

this typography applies to an output resulting from entering a command at the
shell prompt

emacs or 1ibQtCore names of a program or of a library
KDE, The Gimp is the name of a generic software (not a specific executable file)

/usr/local/share/massxpert, /usr/bin/massxpert are names of a direc-

tory or of a file

http://www.gnu.org is an URL (Uniform Resource Locator)


http://www.gnu.org
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PROGRAM AVAILABILITY, TECHNICAL-
ITIES

The ancestor of massXpert, GNU polyxmass, was initially developed on a
GNU/Linuz system (RedHat distribution versions successively 6.0, 7.0, 7.2,
7.3, 8.0, 9.0) using software from the Free Software Foundation (FSF!). The
main libraries used were 1ibglib, libgobject, 1libxml2 and libgtk+. Since
mid-2002, the development was performed on a Debian GNU/Linuz system
(http://www.debian.org), which I find to be the ultimate highly-configurable
easy-to-use distribution on earth. massXpert is still developed using the De-
bian GNU/Linuz system, using Free Software libraries that allow cross-platform
computer program development with unprecedented ease (Qt libraries from the
Trolltech company; http://www.trolltech.com). Developing for GNU/Linuz
has been utterly exciting and extremely efficient.

ORGANIZATION OF THIS MANUAL

After having quickly described the installation of massXpert, this manual aims
at providing the required conceptual toolset for understanding what to expect
from a computer program like massXpert and how to use it. Thus, the general
organization of this book is:

% Installation of the massXpert software program;

% The basics of polymer chemistry;

% The basics of mass spectrometry;

* Generalities about massXpert;

* The XpertDef module (definition of atoms and of new polymer chemistries);

* The XpertCalc module (polymer chemistry-aware programmable calcula-
tor);

* The XpertEdit module (sequence editor, biochemical/mass spectrometric
simulations);

* The XpertMiner module (data mining calculations);

* The data customization that massxpert is designed to not only make pos-
sible but also to foster;

* Appendices.

1For an in-depth coverage of the philosophy behind the FSF, specifically creating a free
operating system, you might desire to visit http://wuw.gnu.org.
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massXpert’s LICENSING

The front matter of this manual contains a Copyright statement. I retain
the copyright to massXpert and all related writings (source and configura-
tion files, programmer’s documentation, user manual...) I encourage others
to make copies of the work, to distribute it freely, to modify the work and re-
distribute that derivative work according to the GNU General Public License
version 3. The aim of this licensing is to favor spread of knowledge to the
widest public possible. Also, it encourages interested hackers? to change the
code, to improve it and to send patches to the author so that their improve-
ments get into the program to the benefit of the widest public possible. For an
in-depth study of the FREE SOFTWARE philosphy I kindly urge the reader to
visit http://www.gnu.org/philosophy.

2Hacker is a specialized term to design the programmer who codes programs; this term
should not be mistaken with cracker who is a person who uses computer science knowledge
to break information systems’ security barriers.
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CONTACTING THE AUTHOR

massXpert is the fruit of years of work on my part.> While I've put a lot of
energy into making this program as stable and reliable a piece of software as
possible, massXpert comes with no warranty of any kind.

The general policy for directing questions, comments, feature requests, massXpert
program and /or massXpert documentation bug reports should be self-explanatory
by looking at the addresses below:

massxpert-maintainer@massxpert.org
massxpert-pugs@massxpert.org
massxpert-webmaster@massxpert.org
massxpert-request@massxpert.org

To direct any comment(s) to the author through snail mail, use the following
address:

D* Filippo RUsconI

Chargé de recherches au CNRS
CENTRE NATIONAL DE
LA RECHERCHE SCIENTIFIQUE

UMR CNRS 5153 - UR INSERM 565 - USM MNHN 0503
Muséum national d’Histoire naturelle
43, rue Cuvier
F-75231 Paris CEDEX 05
France

3As said earlier, massXpert is the successor to the GNU polyxmass project of which it
inherits all the original features, while still integrating new interesting developments.



massXpert
Installation

In this chapter, the installation process will be described, for GNU/Linuz sys-
tems, for the MS-Windows system and for the Mac OS X system.

Note that the massXpert software package is built to be located in cer-
tain places on the destination computer’s filesystem on the disk. How-
ever, beginning with version 1.7.5, the software package is relocatable.
Please read section 2, page 11.

THE GNU/Linur PLATFORM

The installation of massXpert can be performed using the source code tarball,
the binary tarball or binary distribution-specific packages. At the moment the
only distribution-specific packages being prepared are the Debian GNU/Linux
and Fedora core packages. The naming of the packages are according to the
following schema:

massxpert-3.5.0-bin.tar.gz

The “-bin” suffix indicates that the package is a binary package. Source packages
would use the “-sr¢” suffix (or none at all), exactly the same way:

massxpert-3.5.0-src.tar.gz
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INsTALL FROM A BINARY TARBALL

To install a binary tarball, simply issue the following command as root:

shell-prompt # tar xvzf massxpert-version-bin.tar.gz -C /P

This command installs the package to directory /usr/local, which means that
the program is now available for all to use. Version 3.5.0 of the massXpert
software installs the following files and directories:

% /usr/local/bin/massxpert this is the binary (executable) program itself;

% /usr/local/share/massxpert/pol-chem-defs polymer chemistry defini-
tion files;

% /usr/local/share/massxpert/pol-seqs polymer sequence files;
% /usr/local/share/massxpert/locales Qt linguist-based translation files;

% /usr/local/share/doc/massxpert/COPYING license file of the massXpert
software;

% /usr/local/share/doc/massxpert/usermanual user manual (HTML- and
PDF-formatted files);

Upon installation, if all the dependencies are already installed on the sys-
tem, the user might start the massxpert program right away by executing the
/usr/local/bin/massxpert file.

The following are the dependencies for massXpert, as obtained using the 1dd
command:

linux-gate.so.1l => (0xffffe000)

1ibQtSvg.so.4 => /usr/lib/1ibQtSvg.so.4 (0xb7ebf000)
1ibQtGui.so0.4 => /usr/1lib/1libQtGui.so.4 (0xb77a9000)
libpngl2.s0.0 => /usr/lib/libpngl2.s0.0 (0xb7786000)
1ibSM.s0.6 => /usr/lib/1ibSM.so.6 (0xb777d4000)

1ibICE.s0.6 => /usr/lib/1ibICE.so0.6 (0xb7766000)

1ibXi.so0.6 => /usr/lib/1libXi.so.6 (0xb775e000)
libXrender.so.1 => /usr/lib/libXrender.so.1 (0xb7756000)
libXrandr.so.2 => /usr/lib/libXrandr.so.2 (0xb7750000)
libXcursor.so.1 => /usr/lib/libXcursor.so.1 (0xb7747000)
libXinerama.so.1 => /usr/lib/libXinerama.so.1 (0xb7743000)
libfreetype.so.6 => /usr/lib/libfreetype.so.6 (0xb76d4000)
libfontconfig.so.1 => /usr/lib/libfontconfig.so.1 (0xb76a9000)
libXext.so0.6 => /usr/lib/libXext.so0.6 (0xb769b000)
1ibX11.s0.6 => /usr/lib/1libX11.s0.6 (0xb75af000)
1ibQtXml.so0.4 => /usr/lib/1libQtXml.so.4 (0xb7556000)
1ibQtNetwork.so.4 => /usr/lib/libQtNetwork.so.4 (0xb74c4000)
1ibQtCore.so0.4 => /usr/1lib/1ibQtCore.so0.4 (0xb734e000)
libz.so.1 => /usr/lib/libz.so.1 (0xb7339000)

libpthread.so.0 => /1ib/i686/cmov/libpthread.so.0 (0xb7322000)
libdl.so0.2 => /1ib/i686/cmov/1ibdl.so0.2 (0xb731e000)
libm.so.6 => /1ib/i686/cmov/libm.so.6 (0xb72£9000)
libstdc++.80.6 => /usr/lib/libstdc++.s0.6 (0xb720d000)
libgcc_s.so.1 => /1ib/libgcc_s.so.1 (0xb7202000)



libc.so0.6 => /1ib/i686/cmov/1libc.s0.6 (0xb70ba000)
libaudio.so.2 => /usr/lib/libaudio.so.2 (0xb70a4000)
1ibXt.so0.6 => /usr/1lib/libXt.so.6 (0xb7054000)
1libXfixes.s0.3 => /usr/lib/libXfixes.so0.3 (0xb704£f000)
libgthread-2.0.s0.0 => /usr/lib/libgthread-2.0.s0.0 (0xb704a000)
librt.so.1 => /1ib/i686/cmov/librt.so.1 (0xb7041000)
libglib-2.0.50.0 => /usr/1ib/1libglib-2.0.s0.0 (0xb6£fa1000)
libexpat.so.1l => /usr/lib/libexpat.so.1 (0xb6£81000)
libXau.so0.6 => /usr/lib/libXau.so.6 (0xb6£7d000)
libXdmcp.so0.6 => /usr/lib/1libXdmcp.so.6 (0xb6£78000)
/1ib/1d-1linux.so0.2 (0xb7£f2b000)

libpcre.so.3 => /usr/lib/libpcre.so.3 (0xb6£58000)

As visible on the first lines of the output above, the main dependency that might
not be available on your system, especially if not running the XDE environment,
are the libQt* libraries. These should be very easily installable, as they consti-
tute the very core of a highly popular desktop environment used on GNU/Linuzx
computers called KDE (“Kommon Desktop Environment”).

INSTALLING FROM A SOURCE TARBALL

The source is built using the CMake program (http://www.cmake.org). The
build of the software takes place in another directory than the source directory.
The steps are easy:

* Unpack the source tarball with the following command as normal user:
shell-prompt $ tar xvzf massxpert-3.5.0-src.tar.gz <P

This command unpacks the tarball to the current directory in a subdirec-
tory named massxpert-3.5.0;

* Now create a directory called massxpert-build with the following com-
mand:

shell-prompt $ mkdir massxpert-build «P

% Change to that directory:
shell-prompt $ cd massxpert-build «P
and run the cmake configuration command:

shell-prompt $cmake ../massxpert-3.5.0 «P

% Build the software:

shell-prompt $make «P

% If the build runs fine, then simply become root and issue the following
command:

shell-prompt $ make install «P


http://www.cmake.org
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At this point the software should have installed in the destination tree (/usr/local
prefix). The program should be callable immediately if the destination directory
is in the path, otherwise it will first be required to use the full pathname to call
it, like for example:

shell-prompt $ /home/rusconi/myprogs/bin/massxpert P

INSTALLING A BINARY PACKAGE
Debian GNU/Linuz PACKAGE

To install a Debian GNU/Linuz package just issue the following command:
shell-prompt # dpkg -i massxpert_3.5.0-1_i386.deb «P

If the documentation is needed, the massxpert-doc_3.5.0-1_1386.deb might
be installed also using the same command line.

Fedora core GNU/Linur PACKAGE

To install a Fedora core GNU/Linuz package just issue the following command:

shell-prompt # rpm -ivh massxpert_3.5.0-1_1386.deb «P

Note that the Fedora core GNU/Linux package does install the documentation
along with the binary, so there is no need to as for the installation of a doc
package.

THE Mac OS X PLATFORM

The Mac OS X package that is provided does not require the installation of
libraries, as these frameworks are included in the application bundle.

The user gets a disk image file (format dmg) which he double-clicks in the
Finder. This will open up the contents of the image file. After reading the
COPYING license file, the user drops the massXpert.app bundle anywhere on the
disk. Double-clicking that massXpert.app bundle will launch the program.

Note that by using the “Show Package Contents” Finder menu on that
massXpert.app bundle, the user may browse the bundle’s contents and peruse
the user manual that is located in the Contents>Doc>UserManual directory.

THE MS-Windows PLATFORM

In this system also, it is possible to install software in two manners: by installing
a binary package or by building-installing the software from source.

INSTALLING A BINARY PACKAGE

To install the binary package (a file typically in the autoinstaller exe format
named something like massxpert-3.5.0-setup.exe) just double-click onto the
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file icon in the file manager. The program is automatically made available in
the system menu.

INSTALLING FROM A SOURCE TARBALL

The building of the massXpert software package is in two steps: first make
sure that the system has the Qt libraries installed along with MinGW32. The
packages can be installed by browsing the following link:

http://trolltech.com/developer/downloads/qt/windows

Be sure to select from one of the repositories a package that also contains the
MinGW package:

qt-win-opensource-4.3.0-mingw.exe

When the installer asks if MinGW should be installed, say Yes. Once the
installation of the Qt libraries has been performed, the system menu will have
a menu Qt by Trolltech— Qt 4.2.3 (Build Debug Libraries). Select that menu
and answer yes to the question that is asked in a console window. This will
build the libraries in the Debug mode, so that it will be possible to compile
massXpert later. Once that compilation is finished, continue with the build
steps for massXpert.

To unpack the source tarball, use the 7zip package (http://www.7-zip.
org/download.html; Free Software, GNU LGPL license) to extract the source
to any location of your choice.

At this point, the steps to make the software are similar to what described
above using the CMake program for MS- Windows, which is, by the way graphical
and not command line. To install the software, you should probably become
administrator and issue the following command:

make install <P

At this point the software should be installed. Note that in this case no shortcut
to the program is installed, the user might want to do that manually.

SOFTWARE PACKAGE RELOCATION

As mentioned earlier, the massXpert software package might be relocated by
copying its system directories in other places than the ones it was built for.

When the massXpert software program is run, the first thing it does is check
whether it can find all its configuration data in the system directories where they
belong (configuration data, chemistry definition data, plugins, localization files
(translation of the software). If any of its attempts fails, the user is provided
with the dialog window shown in Figure 2.1, where he is invited to locate all the
system directories that are part of the massXpert software distribution. Once
the settings are saved, the program can continue its execution successfully. The
directories that are checked upon startup of the program are:

* The data directory (where the polymer chemistry definition files—in pol-
chem-defs—and the polymer sequence files—in pol-seqs—are located);


http://trolltech.com/developer/downloads/qt/windows
http://www.7-zip.org/download.html
http://www.7-zip.org/download.html
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~General concept:

The massXpert software program's components have been built and should be located in the
following system places:

- the binary program in fusrflocal/bin

-the data in jusr/local/share/massxpert

- the plugins in jusrflocal/lib/massxpert/plugins

- the localization files in /usr/localishare/massxpert/locales

-the user manual in fusrilocal/share/doc/massxpert/usermanual

However, it appears that the configuration on this system is not typical. The software package might
have been relocated.

You are given the opportunity to locate the massXpert software main directories,

~Should be fusr/localfshare/massxpert

[!usrﬂucalfsharafmassxpar‘t ] l Browse... ]
~Should be jusr/localflib/massxpert/plugins
[fusn'\uca|H|bfmassxpar‘tfp\ugms ] I Browse... ]

~Should be jusr/localfshare/massxpert/locales

[fusn’\ucal!sharafmassxpar‘tﬂucalas ] I Browse... ]

Save settingsl[ Erase H Cancel l

Figure 2.1: massXpert configuration settings. Upon running the
massXpert software program, it might detect that its system directories are
not located where they were planned to be (the package directories might have
been moved, for example). In this case, the user is provided with the dialog
window shown here, where he is invited to locate all the system directories that
are part of the massXpert software package. Once the settings are saved, the
program can continue its execution successfully.
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% The plugins directory (where the plugins—which are dynamically linked
libraries—are located);

% The locales directory (where the translation files are located).

The directories listed above might be moved on the filesystem, however their
contents might not be changed. If there is a need to customize the data, that
should be done carefully, by changing the contents of the files, but not the
structure of the directories. For example, it is perfectly safe to add new polymer
chemistry definitions or to change files belonging to any polymer chemistry
definition, but it is not safe to move files around without knowing what you do.

THE USER MANUAL

Whatever the package you used to install massXpert binary or source, the
documentation got installed on your system (look for a usermanual directory
somewhere in the installed material). The documentation that was installed is
nothing but the document you are reading now. It is available both in the form
of HTML files and of one PDF file.
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CHAPTER 2. MASSXPERT INSTALLATION



Basics in
Polymer
Chemistry

This chapter will introduce the basics of polymer chemistry. The way this topic
is going to be covered is admittedly biased towards mass spectrometry and
biological polymers. Moreover, the aim of this chapter is to provide the reader
with the specialized words that will later be used to describe and explain the
(inner) workings of the massXpert program. This manual is not a “crash course”
in biochemistry.

PoLyMERS? WHERE? EVERYWHERE!

Indeed, polymers are everywhere. If you ask somebody to show you something
polymeric, he/she will point you at the first plastic object in the vicinity. Right,
plastic materials are made of hydrocarbon polymers. We also have many differ-
ent polymers in our body. Proteins are polymers, complex sugars are polymers,
DNA (the so-called “molecule of heredity” is a huge polymer. There are polymers
in wine, in wood... Where? Everywhere!

15
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The Oxford Advanced Learner’s Dictionary of Current English gives for poly-
mer the following definition: natural or artificial compound made up of large
molecules which are themselves made from combinations of small simple molecules.

A polymer is indeed made by covalently linking small simple molecules together.
These small simple molecules are called monomers, and it is immediate that a
polymer is made of a number of monomers. A general term to describe the
process that leads to the formation of a polymer is polymerization. It should
be noted that there are many ways to polymerize monomers together. For
example, a polymer might be either linear or branched. A polymer is linear if
the monomers that are polymerized can be joined at most two times. The first
junction links the monomer to an elongating polymer (thus making it the new
end of the elongating polymer which, by the way, is longer than before by one
unit) and the second junction links the new elongating polymer’s end to another
monomer. This process goes on until the reaction is stopped, the point at which
the polymer reaches its finished state. A branched polymer is a polymer in
which at least one monomer is able to contract more than two bonds. It is thus
clear that a single monomer linked three times to other monomers will yield a
“T-structure”, which is nothing but a branched structure.

In the following sections we’ll describe a number of different kinds of poly-
mers. Fach time, they will be described by initially detailing the structure of
their constitutive monomers; next the formation of the polymer is described.
At each step we shall try to set forth each polymer characteristics in such a
manner as to introduce the way massXpert “thinks polymers” and to introduce
specialized terminologies. Once the basic chemistries (of the different polymers)
have all been described, we will enter a more complex subject that is of enor-
mous importance to the mass spectrometry specialist: polymer chain disrupting
chemistry. We shall see that this terminology actually involves two kinds of
chemistries: cleavage, on the one hand, and fragmentation, on the other hand.

While massXpert is basically oriented to linear single-stranded polymer
chemistries, it can also be used to simulate highly complex polymer chemistries.
Biological polymers are the main focus of this manual, however all the con-
cepts described here may be applied with no modification to synthetic polymer
chemistries.

VARIOUS BIOPOLYMER STRUCTURES

Biopolymers are amongst the most sophisticated and complex polymers on earth
and it certainly is not a mistake to take them as examples of how monomers
(be these complex or not) can assemble covalently into life-enabling polymers.
In this section we will visit three different polymers encountered in the living
world: proteins, nucleic acids and polysaccharides. We shall be concerned with
1) the monomers’ structure, 2) the polymerization reaction and 3) the final
end-capping reaction responsible for putting the polymer in its finished state.
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ZHN—CIH—CN—CIIH—COOH

R1 Ry

ZHN—CIH—CO —>HN—CIH—COOH
R + Ry
H,O

Figure 3.1: Peptidic bond formation by condensation. The left end
monomer R; is condensed to the right end monomer Ry to yield a peptidic
bond. A water molecule is lost during the process.

PROTEINS

These biopolymers are made of amino acids. There are twenty major amino
acids in nature, and each protein is made of a number of these amino acids.
The combinations are infinite, providing enormous diversity of proteins to the
living world.

A protein is a polar polymer: it has a left end and a right end, and poly-
merization actually occurs from left to right (from N-terminus to C-terminus,
see below). Figure 3.1 shows that the chemical reaction at the basis of protein
synthesis is a condensation. A protein is the result of the condensation of amino
acids with each other in an orderly polar fashion. A protein has a left end, called
N-terminus; amino terminal end and a right end, called C-terminus; carbozyl
terminal end. The left end is an amino group (;HN — —) corresponding to the
non-reacted amino group of the amino acid. Upon condensation of a new amino
acid onto the first one, the carboxyl group of the first amino acid reacts with
the amino group of the second amino acid. A water molecule is released, and
the formation of an amide bond between the two amino acids yields a dipeptide.
The right end of the dipeptide is a carboxyl group (-COOH) corresponding to
the un-reacted carboxyl group of the last amino acid to have “polymerized in”.

The bond formed by condensation of two amino acids is an amide bond, also
called—in protein chemistry—a peptidic bond. The elongation of the protein is
a simple repetition of the condensation reaction shown in Figure 3.1, granted
that the elongation always proceeds in the described direction (a new monomer
arrives to the right end of the elongating polymer, and elongation is done from
left to right).

Now we should point at a protein chemistry-specific terminology issue: we
have seen that a protein is a polymer made of a number of monomers, called
amino acids. In protein chemistry, there is a subtlety: once a monomer is
polymerized into a protein it is no more called a monomer, it is called a residue.
We may say that a residue is an amino acid less a water molecule.

From what we have seen until now, we may define a protein this way: —“A
protein is a chain of residues linked together in an orderly polar fashion, with
the residues being numbered starting from 1 and ending at n, from the first
residue on the left end to the last one on the right end”. This definition is still
partly inexact, however. Indeed, from what is shown in Figure 3.2, there is
still a problem with the extremities of the residual chain: what about the amino
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0

—CH-CO-—-HN-CH-C
[ I OH

Figure 3.2: End capping chemistry of the protein polymer. A protein
is made of a chain of residues and of two caps. The left cap is the N-terminal
proton and the right cap is the C-terminal hydroxyl. Altogether, the residual
chain (enclosed here in the blue polygon) and both the H and OH red-colored
caps do form a complete protein polymer in its finished state.

group on the left end of a protein (the amino group sits right onto the first amino
acid of the protein), and what about the carboxyl group of the right end of a
protein (the carboxyl group sits right onto the last amino acid of the protein)?
Because these groups lie at the extremities of the residual chain, they remained
unreacted during the polymerization process. But because we are simulating
a residual chain using residues and not amino-acids, we still need to put the
residual chain in its finished state: by capping the left end with a proton cap (so
as to complete the amino group) and the right end with a hydroxyl cap (so as
to complete the carboxyl group). The capping of the residual chain extremities
ensures that the polymer is in its finished state, and that it cannot be elongated
anymore. The proton is the left cap of the protein polymer and the hydroxyl is
the right cap of the protein polymer.

Now comes the question of unambiguously defining the structure of a protein.
It is commonly accepted that the simple ordered sequence of each residue code
in the protein, from left to right, constitutes an unambiguous description of the
protein’s primary structure (that is its sequence). Of course, proteins have three-
dimensional structures, but this is of no interest to a program like massXpert,
which is aimed at calculating masses of polymers. To enunciate unambiguously
the sequence of a protein, one would use a symbology like this:

using the 3-letter code of the amino acids:

Ala Gly Trp Tyr Glu Gly Lys

or, using the 1l-letter code of the amino acids:

AGWYEGK

Alanine is thus the residue 1 and Lysine is the last residue (n = 7).

NUCLEIC ACIDS

These biopolymers are more complex than proteins, mainly because they are
composed of monomers (nucleotides) that have three different chemical parts,
and because those parts differ in DNA and RNA. A nucleotide is the nucleic
acid’s brick: a nucleotide consists of a nitrogenous base combined with a ri-
bose/deoxyribose sugar and with a phosphate group. There are two different
kinds of nucleic acids: deoxyribonucleic acid (DNA, the sugar is a deoxyribose)
and ribonucleic acid (RNA, the sugar is a ribose). DNA is most often found in
its double stranded form, while RNA is most often found in single strand form.
There are four nitrogenous bases for each: Adenine, Thymine, Guanine, Cyto-
sine for DNA; in RNA only one of these bases changes: Thymine is replaced by
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Figure 3.3: Phosphodiester bond formation by esterification. The arriv-
ing monomer (on the right) has its triphosphate on the 5’ carbon of the sugar
esterified by nucleophilic attack of the first phosphorus by the alcohol function
beared by the 3’ carbon of the (deoxy)ribose sugar ring of the left monomer.
The bond that is formed is a phosphodiester bond, with release of a pyrophos-
phate group (PP;). Note that the sugar and nitrogenous bases are schematically
represented in this figure.

Uracile. As for proteins, nucleic acids are polar polymers: the polymerization
process is polar, from left to right (sometimes left is up and right is down in
certain vertical representations found mainly in textbooks).

This manual is not to teach biochemistry, which is why the structure of the
monomers is not described in atomic detail. However, since it is important to
understand how the polymerization occurs, Figure 3.3 represents the polymer-
ization reaction mechanism between a nucleotide and another one, to yield a
dinucleotide. That reaction is a trans-esterification. A nucleic acid has a left
end—35’ end; often this end is phosphorylated—and a right end—38’ end; hy-
drozyl end. The trans-esterification reaction is the attack of the phosphorus of
the new (deoxy)nucleotide triphosphate by the 3’OH of the right end of the elon-
gating nucleotidic chain. Upon trans-esterification, an inorganic pyrophosphate
(PP;) is released, and the formation of a phosphodiester bond between the two
nucleotides yields a dinucleotide. The elongation of the nucleic acid polymer
is a simple repetition of this esterification reaction so that the chain growth is
always in the 5’==-3" direction. This is achieved in the living cells by what is
called the 5'=>38’ polymerase enzymatic activity.

The conventional representation of a nucleic acid involves showing the 5’
end on the left, and the 3’ end on the right, horizontally. Sometimes, to clearly
indicate that the left end is phosphorylated, while the right end is not, the ends
are indicated as “5’P” and “3’OH”. Figure 3.4 shows a simple way to formalize
what a nucleic acid polymer is. The molecule represented on the left is the
“monomer” in the sense that the polymer is made of n monomers. On the right
side of that figure, the polymer made of n monomers is shown as a residual
chain (inside the blue polygon box) that got capped with OH on its left end
and H on its right end (red-colored atoms). Thus, in the case of the nucleic
acid polymers, the left cap is a hydroxyl and the right cap is a proton. This
anecdotically happens to be the exact converse of what was described earlier for
proteins.

Now comes the question of unambiguously defining the structure of a nucleic
acid. Tt is commonly accepted that the listing of the named nitrogenous bases
in the nucleic acid—from left (5’ end) to right (3’ end)—constitutes an unam-
biguous description of the nucleic acid sequence. To enunciate the sequence of
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il
HO-P-0:

Figure 3.4: End capping chemistry of the nucleic acid polymer. A nucleic
acid is made of a chain of nucleotides (left formula) and of two caps. The left cap
is the hydroxyl group that belongs to the terminal phosphate of the 5’ carbon of
the sugar. The right cap is the proton that belongs to the hydroxyl group of the
3’ carbon of the sugar ring (right formula). Altogether, a finished nucleic acid
polymer is made of the nucleotidic chain (enclosed here in the blue polygon),
made of the repetitive elements (one of which is shown on the left), and of the
two caps (red-colored OH and H, out of the box on the right).

a gene, one would use a symbology like this:

for a DNA, using the 1-letter code of the nitrogenous bases: A T G CA G T C
for an RNA, using the 1-letter code of the nitrogenous bases: A UG C A G U C
Adenine is thus the base 1 and Cytosine is the last base (n = 8).

SACCHARIDES

These biopolymers are certainly amongst the most complex ones in the living
world. This is mainly due to the fact that saccharides are usually heavily mod-
ified in living cells with a huge variety of chemical modifications. Furthermore,
the ramifications in the polymer structure are more often the normal situation
than not. Interestingly, these molecules are first thought of as the “fuel” for the
cell, which is certainly far from being total nonsense, but it is also undoubtful
that their structural role is extremely important (often in combination with pro-
teinaceous material). Another interesting aspect of their ability to form complex
structures is their use as “key” systems for identification processes: a number of
complex sugars are located on the cell walls and provide “recognition patterns”
for the other cells to deal with. ..

Nonetheless, the general picture is not that complex, if the way monomers
are polymerized together is the only concern (which is the case in this manual).
As far as we are concerned, in fact, the polymerization mechanism is a simple
condensation (much like what has been described for proteins), yielding a sugar
bond. Indeed, some people use the same terminology: a monomeric sugar be-
comes a residue once polymerized in the saccharidic chain. There are two main
different kinds of sugars: pentoses (in Cs) and hezoses (in Cg); it should be
noted, however, that there is a variety of other common molecules, like sialic
acids, heptoses. ..

Like already seen for proteins and nucleic acids, a saccharidic polymer is
polar: it has a left end and a right end. The terminology regarding the ends
of a saccharidic polymer is rather unexpected at first sight: the left end is
said to be the non-reducing end while the right end is said to be the reducing
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glucose maltose

Figure 3.5: Osidic bond formation by condensation. The two monomers
are subject to condensation with loss of one molecule of water.

OH

Figure 3.6: End capping chemistry of the polysaccharidic polymer. A
polysaccharide is made of a chain of osidic residues (blue-boxed formula) and of
two caps (red-colored atoms). The left cap is the proton group that belongs to
the non-reducing end of the polymer. The right cap is the hydroxyl group that
belongs to the reducing end of the polymer.

end. Historically this was observed with monosaccharides (also called monoses),
which reduced cupric (Cu?") ions, thus getting oxydized themselves on the
carbonyl (when in the open ring aldehydic form).

Figure 3.5 shows the polymerization reaction between a sugar and another
one (2 glucose monomers, actually), to yield a maltose disaccharide. The poly-
merization mechanism is a simple condensation. The elongation of the saccha-
ridic polymer is a simple repetition of this condensation reaction so that the
chain growth is always in the same orientation, from the non-reducing end to
the reducing end. The conventional representation of a polysaccharide involves
showing the non-reducing end on the left, and the reducing end on the right,
horizontally. Figure 3.6 shows a simple way to formalize what a saccharidic
polymer is. The top formula is the representation of the monomer. The bottom
formula represents a polysaccharide, with the repetitive elements boxed (there
are n monomers polymerized). The atoms shown in red (outside the boxed
repetitive elements) are the saccharidic polymer caps. Thus, we see clearly that
in the case of polysaccharides, the left cap is a proton and the right cap is a
hydroxyl. This anecdotically happens to be identical to proteins and the exact
converse of what we described previously for nucleic acids.

Now comes the question of unambiguously defining the structure of a sac-
charidic polymer. It is commonly accepted that the simple ordered sequence
of the named monoses in the saccharidic polymer, from left (non-reducing end)
to right (reducing end), constitutes an unambiguous description of the glycan
sequence. To enunciate the sequence of a glycan, one would use a symbology
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polymer name code formula left cap  right cap
protein H OH
Glycine G C2H30:1N;
Alanine A C3Hs01N;
Tyrosine T CoHgO2N;
nucleic acid OH H
Adenine A C10H1205N5P;
Cytosine C CyH1206N3P;
saccharide H OH
Arabinose  Ara CsHsgO4
Heptose  Hep C7H120s

Note: LC=left cap; RC= right cap

Table 3.1: Quick comparison of three biopolymers with examples of
monomers

like this:

using a 3-letter code:

Ara Gal Xyl Glc Hep Man Fru

Arabinose is thus the monose 1 and Fructose is the last monose (n = 7).

Incidentally, this is where the ability of massXpert to handle monomer codes of
non-limited length comes in handy!

To Sum Up

We made a rapid overview of the three major polymers in the living world. A
great many other polymers exist around us. Table 3.1 tries to sum up all the
informations gathered so far. Note that the formule given for the monomers are
the “residual” ones. For example, the formula of the glycyl residue corresponds to
the formula of the Glycine monomer less one molecule of water. Many synthetic
polymers are much simpler than the ones we have rapidly reviewed, and it should
be clear that, if massXpert can deal with the complex biopolymers described
so far, it certainly will be very proficient with less complex synthetic polymers.
Describing the formation of polymers is one thing, but we also have to describe
how to disrupt polymers. This is what we shall do in the next section.

PoLYMER CHAIN DISRUPTING CHEM-
ISTRY

The “polymer chain disrupting chemistry” was mentioned earlier as a complex
subject that was of emormous importance to the mass spectrometrist. This is
why that subject will be treated in a pretty thorough manner. First of all it
should be noted that a chemical modification of a polymer does not necessarily
involve the perturbation of the chain structure of the polymer. Here, however,
we are concerned specifically with a number of chemical modifications that yield
a polymer chain perturbation; cleavage and fragmentation:
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A CLEAVAGE IS A CHEMICAL PROCESS by which a cleaving agent will act di-
rectly on the polymer chain making it fall into at least two separated pieces (the
oligomers). As a result of the cleavage reaction, groups originating in the cleav-
ing molecule remain attached to the polymer at the precise cleavage location;

A FRAGMENTATION IS A CHEMICAL PROCESS by which the polymer structure
is disrupted into separated pieces (the fragments) mainly because of energy-
dependent electron doublet rearrangements leading to bond breakage.

PoLYyMER CLEAVAGE

We said above that, upon cleavage of a polymer, the cleaving molecule reacts
with it, and by doing so directly or indirectly “dissolves” an inter-monomer bond.
A polymer cleavage always occurs in such a way as to generate a set of true
polymers (smaller in size than the parent polymer, evidently, which is why they
are called oligomers). Indeed, let us take the example shown in Figure 3.7, where
a tripeptide (a very little protein, containing a methionyl residue at position 2)
is submitted either to a water-mediated cleavage (hydrolysis, upper panel) or to
a cyanogen bromide-mediated cleavage (lower panel). The two cases presented
in this figure are similar in some respects and different in others:

% In the first case the molecule that is responsible for the cleavage is water,
while in the second case it is cyanogen bromide;

% In both cases the bond that is cleaved is the inter-monomer bond (in
protein chemistry this is a peptidic bond);

* In both cases the Oligomer 2 has the same structure;

% The structures of the Oligomer 1 species differ when produced using water
or cyanogen bromide as the cleaving molecule.

The difference between hydrolysis and cyanogen bromide cleavage is in the gen-
eration of the Oligomer 1 species: the cyanogen bromide cleavage has a side
effect of generating a homoserine as the right end monomer of Oligomer 1,
while hydrolysis generates a genuine methionine monomer. This is because wa-
ter reverses in a very symmetrical manner what polymerization did (hydrolysis
is the converse of condensation), while cyanogen bromide did some chemical
modification onto the generated Oligomer 1 species.

Nonetheless, the reader might have noted that—interestingly—all the four
oligomers do effectively have their left cap (a proton) and their right cap (the
hydroxyl). This means that in both water- and cyanogen bromide-mediated
cleavages, all the generated oligomers are indeed true polymers in the sense
that: 1) they are a chain of monomers (modified or not) and 2) they are correctly
capped (i.e. they are polymers in their finished state). This is important because
it is the basis on which we shall make the difference between a cleavage process
and a fragmentation process. Thus, the massXpert definition of an oligomer
might be: an oligomer is a polymer (of at least one monomer) in its finished
state that was generated upon cleavage of a longer polymer.

When the polymer cleavage reaction precisely reverses the reaction that was
performed for the same polymer’s synthesis, there is no special difficulty. But
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Figure 3.7: Protein cleavage by water and cyanogen bromide. A tripep-
tide is cleaved at position 1 either by hydrolysis (top) or by cyanogen bromide
(bottom). Cyanogen bromide cleaves specifically on the right of a methionine

monomer. Upon cleavage, the methionyl monomer gets converted into homoser-
ine by the cyanogen bromide reagent.
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when the cleavage reaction modifies the substrate, then this should be carefully
modelled. How? To answer this question we might start by comparing the two
different Oligomer 1 species that were yielded upon the water-mediated and
the cyanogen bromide-mediated cleavage reactions: “the hydrolysis-generated
Oligomer 1 is equal to the cyanogen bromide-generated Oligomer 1 +S1 4+C1
+H2 -O17; this is a big difference! The observations we did so far might be
worded this way: Whenever a protein undergoes a cyanogen bromide-mediated
cleavage, the “~-C1H2S14-O1” chemical reaction should be applied to the resulting
oligomers if and only if they have a methionine monomer at their right end. In
massXpert’s jargon, this logical condition is called a cleavage rule (described
later; see page 50).

Well, all this sounds reasonable. But what about the “normal” case, when
the cleavage is done using water? Nothing special: the mass of the oligomer is
calculated by summing the mass of each monomer in the oligomer (since the
monomers are not modified, this is easily done) and the masses corresponding
to the left and right caps (these are defined in the polymer chemistry definition;
in our present case it would be a proton on the left end, and a hydroxyl on the
right end). In this way, the oligomer complies with its definition, which states
that it is a faithful polymer made of monomers and that it is in its finished
state.

Yes, but then how will massXpert manage to calculate the mass of the
modified oligomer, like our Oligomer 1 in the case of the cyanogen bromide-
mediated cleavage? Simple enough: in a first step it does exactly the same way
as for the unmodified oligomer. Next, each oligomer is checked for presence or
absence of a methionine residue on its right end. If a methionine is found, the
mass corresponding to the “-C1H2S1+01” chemical reaction is applied. And
that’s it.

In the previous cyanogen bromide example, the logical condition was involv-
ing the identity of the oligomers’ right end monomer, but other examples can
involve not the right end monomer, but the left end monomer, if some chemical
modification was to occur to the monomer sitting right of the cleavage location.
In this case the user would have to analyse the situation and provide massXpert
with the proper chemical reaction by stating something analog to: if and only if
they have a Xyz monomer at their left end. This introduction to polymer cleav-
age abstraction should be enough to later delve into the cleavage specification
definition as massXpert conceives it and that is thoroughly detailed at page 50.

POLYMER FRAGMENTATION

In a fragmentation process, the bond that is broken is not necessarily the inter-
monomer bond. Indeed, fragmentations are oft-times high energy chemical pro-
cesses that can affect bonds that belong to the monomers’ internal structure.
This is one of the reasons why fragmentations do differ from cleavages: they
are specific of the polymer type in which they occur. Hydrolyzing a protein
and an oligosaccharide is just the same process, from a chemical point of view.
But fragmenting a protein or an oligosaccharide are truly different processes
because the way that the fragmentation happens in the polymer sequence is so
much dependent on the nature of each monomer that makes it.

Another peculiarity of the fragmentations, compared with the cleavages that
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were described above, is the fact that there is no cleaving molecule starting the
process. Instead, a fragmentation process is often initiated by an intra molecu-
lar electron doublet rearragement that propagates more or less in the polymer
structure to eventually break it. Fragmentations are mainly a gas phase pro-
cess, not some reaction that happens in solution as a result of putting in contact
the polymer and some reagent. It is precisely because no cleaving molecule is
involved in the fragmentation process that the fragments are not necessarily
capped like a normal polymer should be; and this is another really important
difference between cleavage and fragmentation. The following examples should
illustrate these concepts: protein and nucleic acid fragmentation.

PROTEIN FRAGMENTATION

There is a pretty important number of different kinds of fragments that can be
generated upon fragmentation of peptides. We are going to detail the most com-
mon ones; the user is invited to use the massXpert’ fragmentation-specification
grammar to add less frequent (or newly discovered) fragmentation types.

As can be seen from Figure 3.8, the fragmentations do generate fragments
of three categories: the ones that include the left end of the precursor polymer
(a, b, ¢), the ones that include the right end of the precursor polymer (x, y,
z), and finally the special case in which the fragment is an internal fragment,
like the immonium ions. When looking at the fragmentations described in the
figure it becomes immediately clear why a fragmentation cannot be mistaken
for a cleavage: the ionization of the fragment is not necessarily due to the
captation of a proton by the fragment. Furthermore, we can also see that
a fragmentation is not a cleavage because the fragment that is generated is
absolutely not necessarily what we call a polymer, in the sense that the fragment
might not be capped the same way as the precursor polymer is (that is, the
fragment is not in its finished polymerizaton state).

The two observations above should make clear to the reader that calculating
masses for fragments is a more difficult process than what was described above
for the oligomers. Indeed, while it was simple to calculate the mass of an
oligomer (by simply adding the masses of its constitutive monomer units, plus
the left and right caps, plus ionization), here there is no chemical formalism
generally applicable to all the fragment types. This is why the specification of
the fragmentation is left to the user’s responsibility.

By looking at Figure 3.8, the reader should have noticed that the fragment
naming scheme takes into consideration the fact that the fragment bears the left
or the right end of the precursor polymer (or none, also). Indeed, the number-
ing of fragments holding the left end of the precursor polymer sequence begins
at the left end, and for fragments that hold the right end, at the right end.
Thus the third fragment of series a—a3—would involve monomers [1—3]; and
the third fragment of series y—y3—would involve monomers [6—4] (in the fig-
ure, these left-to-right and right-to-left directions are symbolized using arrows).
Therefore, it should appear to the reader how important—when specifying a
fragmentation—it is to clearly indicate from which end of the precursor poly-
mer the fragment is generated (in massXpert’s jargon this is “LE” for left end,
“RE” for right end and “NE” for no end). massXpert knows what action it should
take when it encounters one of these three specifications; for example, if a “LE”
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m (al) = m (monomer 1) - C101 + left cap (H1)
m (b1) = m (monomer 1) + left cap (H1)
m (c1) = m (monomer 1) + N1H3 + left cap (H1)

RG
I
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+ 1
HN-CH-COOH Y1
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+ |
0=C-NH-CH-CcOOH X1

%% m (z1) = m (monomer 6) -N1H1 + right cap (O1H1) (variant: +H1)
m (y1) = m (monomer 6) + H2 + right cap (O1H1)
m (x1) = m (monomer 6) + C101 + right cap (O1H1)

% Note how a z fragment is identical to a [y -NH3] fragment.
In some cases (high CID energy) the z fragment is often seen as a species of mass z+1

R + R
) HoN=C
NH-CH - CO N
canonical monomer immonium ions

Figure 3.8: Protein fragmentation patterns most widely encountered.
An hexapeptide is fragmented in the seven most widely encountered manners,
such as to generate a, b, ¢, x, y, z and immonium fragment ions. The figure
illustrates the position of the cleavage for each kind of fragment (exemplified us-
ing the case of the smallest fragment possible) and the mass calculation method
is described for each fragment kind; consider that each fragment bears only one
positive charge.
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specification is found for a given fragmentation specification, massXpert adds
to the fragment’s mass the mass corresponding to the left cap of the precursor
polymer.

a fragment series If we take the a fragment series, the Figure 3.8 indicates
that the fragments include the left end and that their last monomer lacks its
carbonyl group (see, on top of Figure 3.8, that the al arrow goes between the
CaH and the CO of monomer 1?7). So we would say that each fragment of the a
series should be challenged with the following chemical treatments: 1) addition
of the mass corresponding to the left cap (proton), 2) removal of the mass
corresponding to the lacking CO group. This way we have the mass of fragment
al. If we were interested in the fragment a4 we would have summed the masses
of monomers 1 to 4, added the mass of the left cap, and finally removed the
mass of a CO. The mass calculation is thus mathematically expressed

i
a;=LC+Y M;-CO
1

b fragment series Similarly, the mass calculation is mathematically expressed

i

bi=LC+ Y M,

1

c fragment series The mass calculation is mathematically expressed

¢i=LC+Y M;+ NH;
1

z fragment series For this series of fragments we do not add the left cap
anymore, but replace it with the right cap, since the fragments hold the right end
of the precursor polymer. Note also that the numbering of the monomers using
the variable 7 in the following mathematical expressions goes from right to left
(contrary to what happened for the a, b, ¢ fragment series. All the fragments
that hold the precursor polymer right end are numbered this way, so this applies
to fragments z, y, z. The mass calculation is mathematically expressed

i
ZT; :RC-FZMl—FCO
1
y fragment series The calculation is mathematically expressed
i
Y; ZRC+ZMi+H2
1
z fragment series In low energy CID, the z fragments are expressed this

way:

1
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which is equivalent to y-N Hs; in high energy CID an additional proton is often
measured:

z=RC+» M;—NH+H
1

mmmonium fragment series These fragments are internal fragments in the
sense that they do not hold neither of the two precursor polymer’s ends. massXpert
understands that the user is speaking of this kind of fragment when the “from
which end” piece of data —in the fragmentation specification— states “NE” in-
stead of “LE” or “RE” (see page 52). The mass calculation for these fragments
does not take into account the monomers surrounding the one for which the
calculation is done. The mass for an immonium ion —at position ¢ in the pre-
cursor polymer— will be the mass of the monomer at position i, less the mass of
a CO, plus the mass of a proton. The mass calculation for these special internal
fragments is expressed
mmm; = M; + H— CO

NucLEIC ACID FRAGMENTATION

The fragmentations that can be obtained with nucleic acids are numerous and
it is more complicated than with proteins to describe them fully. The main
reason for this is that there are a big number of fragmentation combinations
because of the loss of nitrogenous bases from the skeleton. The mechanisms by
which this loss happens are fairly complex, and I am not going to detail any
of them. Figure 3.9 on the next page shows the most common fragmentations
(without taking into consideration the potential loss of bases). An example of
fragment is given for each fragment series (pretty the same way as we did before
for proteins). Note that the fragment representations are aimed at helping the
reader to figure out what the product ion is, not taking into account where the
negative charge lies on the fragment, since this charge can float around at every
de-protonatable group. All the fragments shown bear one and one only negative
charge.

The reader might have noticed at the bottom of Figure 3.9 on the follow-
ing page that a provision is made in the case the fragmented molecular species
are not 5’ end-phosphorylated but 5" end-hydroxylated. Indeed, the canonical
monomer is such that, upon polymerization and left capping, the 5’ end is phos-
phorylated. However, oft-times the oligonucleotides are synthesized chemically
without the 5’ end phosphate group, thus ending in hydroxyl. This special case
should be accounted for by applying to all the fragments that bear the left end of
the precursor polymer the following chemical reaction: —HPQOg. This chemical
reaction should be applied in addition to the chemical reaction that yields the
fragment per se.

Exactly as done earlier for the protein fragments, the mathematical expres-
sions used to calculate the mass of different series of nucleic acid fragments are
provided; in these calculations it is assumed that the left end of the precursor
polymer is phosphorylated (5'P) and the reader should bear in mind that this
precise phosphate might itself be expelled by the fragmentation. The fragment
naming schemed detailed earlier for proteins applies to nucleic acids in the very
same manner.
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All the fragments below bear one negative charge
(not formally represented on the sequence/fragments because it can be floating at any valid place)
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Canonical monomer Normally, the left end of a nucleic acid, after capping, is:
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Thus, if 5'0OH is required, subtract E@Z_)I__S: from
left end-bearing fragments (like a, b, ¢, d)

Figure 3.9: DNA fragmentation patterns most widely encountered. A
short DNA sequence is fragmented in the eight most widely encountered man-
ners, such as to generate a, b, ¢, d, w, x, y, z fragment ions. The figure illustrates
the position of the cleavage for each kind of fragment (exemplified using the case
of the smallest fragment possible). and the mass calculation method is described

for each fragment kind; considering that each fragment is protonated only once
(+1).



a fragment series These fragments most often appear with base loss.

G,l:LC'Fi:Mz—O
1

b fragment series

c fragment series
ci:LC’—i-zi:Mi—HPOz
1
d fragment series
d; = LC’+zi:Mi — HPOs;
1
w fragment series
w; = RC + i M; +0O
1
x fragment series
r; = RC + zl: M;
1
y fragment series

yi=RC+ Y M;— HPO,
1

z fragment series
z=RC+» M;— HPOs
1

There are also a variety of fragments for which a base is lost.
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MORE COMPLEX PATTERNS OF FRAGMENTATION

Before finishing with fragmentations, it is necessary to describe a powerful fea-
ture of the fragmentation specification grammar available in massXpert. This
feature was required for the fragmentation of oligosaccharides and also some-
times for proteins. When the fragmentation (the bond breakage reaction itself)
occurs at the level of certain monomers, it might be necessary to be able to
specify some particular chemistry that would arise on the monomer in question.

We have seen in the cleavage documentation that, upon cleavage of a pro-
tein sequence with cyanogen bromide, for example, a particular chemical reac-
tion had to be applied to the oligomers that were generated with a methionine
monomer as their right end monomer. Well, in a fragmentation specification it
is possible to apply comparable chemical reactions but in a more thorough man-
ner. Indeed, while in the cleavage it was possible to say something like “apply
a given chemical reaction to the oligomer if the right end monomer is Xyz”, in
the fragmentation the logical condition can be bound not only to the identity
of the currently fragmented monomer, but also (optionally) to the identity of
the previous and/or next monomer in the precursor polymer sequence. For ex-
ample: —“Apply a given chemical reaction if fragmentation occurs at the level
of “Xyz” monomer only if it is preceded by a “Yxz” monomer and followed by a
“Zyx” monomer”.

These logical conditions are called fragmentation rules. A fragmentation
specification can hold as many rules as necessary. All of this is described in
great detail at page 52.

To Sum Up

To sum up all what we have seen so far with polymer chain disrupting chemistries:

* A polymer sequence gets cleaved into oligomers when a chemical reaction
occurs in it at the level of one or more inter-monomer bond(s); monomer-
specific chemical reactions can be modelled into the cleavage specification
using at most one leftrighrule;

* A polymer sequence gets fragmented into fragments when a bond break-
age occurs, without the help of any exterior molecule, at any level of
the polymer structure, with no limitation to the inter-monomer bond;
monomer-specific chemical reactions can be modelled into the fragmenta-
tion specification using any number of fragrules;

* Oligomers are automatically capped—on both ends—using the rules de-
scribed in the precursor polymer’s definition;

* Fragments are capped automatically only—on the end they hold, if any—
using the rules described in the precursor polymer’s definition;

* Oligomers are automatically ionized (if required by the user) using the
rules described in the precursor polymer’s definition;

* Fragments are never ionized automatically; ionization (gain/loss of a charged
group) is necessarily integrated in the fragmentation specification.
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Mass
Spectrometry

Mass spectrometry has become a “buzz word” in the field of structural biol-
ogy. While it has been used for long to measure the molecular mass of little
molecules, its recent developments have brought it to the center of the analyti-
cal arsenal in the field of structural biology (also of “general” polymer science).
It is now current procedure to use mass spectrometry to measure the mass of
polypeptides, oligonucleotides (even complete transfer RNAs!) and saccharides,
amongst other complex biomolecules.

A mass spectrometer is usually described by giving to its three main different
“regions” a name suggestive of their function:

% the source, where production of ionized analytes takes place;
% the analyzer, where the ions are electrically /magnetically “tortured”;
* the detector, where the ions arrive, are detected and counted.
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IoN PRODUCTION: THE SOURCE

Mass spectrometry can do nothing if the molecule to analyze (the analyte) is
not in an electrically charged state. The process of creating an ion from an un-
charged analyte is called ‘onization. Most of the times the ionization is favored
by adapting the sample’s pH to a value lower than the isoelectric pH of the
analyte, which will elicit the appearance of charge(s) onto it. In cases where the
analyte cannot be charged by simple pH variations (small molecule that does
not bear any ionizable chemical group), the ionization step might require—on
the massist’s part—use of starker ionization techniques, like electronic impact
ionization or chemical ionization. In biopolymer mass spectrometry, the pH
strategy is usually considered the right way to proceed. The ionization process
might involve complex charge transfer mechanisms (not fully understood yet, at
least for certain ionization/desorption methods) which tend to ionize the analyte
in a way not predictable by looking at the analyte’s chemical structure.

Ton production should not be uncoupled from one important feature of mass
spectrometry: solvent evaporation—desolvation, in case of liquid sample delivery
to the mass spectrometer—and sample desorption—in case of solid state sample
introduction. The general idea is that mass spectrometry works on gas phase
ions. This is because it is of crucial importance, for a correct mass measure-
ment to take place, that the analyte be totally freed of its chemical immediate
environment. That is, it should be “naked” in the gas phase. Equally important
is the fact that ions must be capable of travelling long distances without ever
encountering any other molecule in their way. This is achieved by pumping
very hard in the two regions called “analyzer” and “detector”. In this respect,
the source is a special region because, depending on the design of the mass
spectrometer, it might be partially at the atmospheric pressure during mass
spectrometer operation. It is not the aim of this manual to provide insights into
mass spectrometer design topics, but the general principle is that mass spec-
trometry involves working on gas phase ions. This is why a mass spectrometer
is usually built on extremely reliable pumping technology aimed at maintaining
for long periods of time (with no sudden interruption, otherwise the detector
might suffer seriously) a good vacuum in the conduit in which ions must flow
during operation.

THE ANALYZER

Once an ion has been generated in the gas phase, its mass should be measured.
This is a complex physical process. Depending on the mass spectrometer design,
the mass measurement is based on more or less complex physical events. Mag-
netic mass spectrometers are usually thought of as pretty complex devices; this
is also the case for the Fourier transform ion cyclotronic resonance devices. An
analyzer like the time of flight analyzer is much simpler. I will refrain from try-
ing to explain the physics of the mass measurement, just limit myself to saying
that—at some stage of the mass measurement process—forces are exerted on the
ions by electric/magnetic fields (incidentally, this explains why it is so important
that an analyte be ionized, otherwise it would not be subject to these fields).
The ionized analytes submitted to these forces have their trajectory modified
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in such a way that the detector should be able to quantify this modification.
Roughly, this is the measurement process.

WHAT IS REALLY MEASURED?

Prior to entering into some detail, it seems necessary to make a few definitions’:

* unified mass scale (u): IUPAC & TUPAP (1959-1960) agreed upon scale
with 1 u equal to 1/12 the mass of the most abundant form of carbon; the
dalton is taken as identical to u (but not accepted as standard nomencla-
ture by TUPAC or ITUPAP), it is abbreviaed in Da.

* a former unit was “a.m.u.” (i.e. “atomic mass unit”). It should be consid-
ered obsolete, since based on an old 1/16 of 160 standard;

% the mass of a molecule (also “molecular mass”) is expressed in daltons.
The symbol commonly used is “M” (not “m”), as in “M+H” or “M+Na”. ..
Symbol “m” is already employed for ion mass (as in “m/z");

% the mass-to-charge ratio (“m/z”) of an ion is the ion’s mass (in daltons)
divided by the number (z) of elementary charges. Hence “m/z” is “mass
per charge” and units of “m/z” are “daltons per charge”;

% nominal mass: the integral sum of the nucleons in an atom (it is also the
atomic mass number);

% exact (also known as accurate) mass: the sum of the masses of the protons
and neutrons plus the nuclear binding energy;

In the previous sections I used to say that a mass spectrometer’s task is to
measure masses. Well, this is not 100 % exact. A mass spectrometer actually
allows to measure something else: it measures the m to z ratio of the analyte,
which is denoted m/z. What is this “m to z ratio” all about? Well, we said
above that a mass spectrometer has to exert forces on the ions in order to
determine their m/z. Now, let us say that we have an electric field of constant
value, E. We also have two ions of identical masses, one bearing one charge (q)
and the other one bearing two charges (2¢)—positive or negative, no matter in
this discussion. These two ions, when put in the same electric field F, will “feel”
two different forces exerted on them: I and F5. It is possible to calculate these
forces (Fy = qF and F; = 2¢FE). Evidently, the ion that bears two charges is
submitted to a force that is twice as intense as the one exerted on the singly
charged ion.

What does this mean? It means simply that the numeric result provided by
the mass spectrometer is not going to be the same for both ions, since the physics
of the mass spectrometer takes into account the charge level of each different
analyte. Our two ions weigh exactly the same, but the mass spectrometer simply
can not know that; all it knows is how a given ion reacts to the electric field it
is put in. And our two ions, evidently, will react differently.

Mnteresting posting signed by Ken I. Mitchelhill in the ABRF mailing list at http://www.
abrf.org/archives, and a document published by the California Institute of Technology.
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When we say that a mass spectrometer measures a m/z ratio, the z in this
ratio represents the sum of all the charges (this is a net charge) that sit onto
the analyte. But what does the m stand for? The molecular mass? No! The m
stands for the mass of the whole analyte ion, which is—in a word—the measured
mass. This is not the molecular mass (which would be M), it is the molecular
mass plus/less the mass of the chemical entity that brings the charge to the
analyte. When ionizing a molecule, what happens is that something brings (or
removes) a charge. In biopolymer chemistry, for example, often the ionization
is a simple protonation/deprotonation. If it is a protonation, that means that
an electronic doublet (on some basic group of the analyte) captures a proton.
This brings the mass of a proton to the biopolymer (~ 1 Da). Conversely, if it
is a deprotonation (loss of a proton by some acidic group, say a carboxylic that
becomes a carboxylate) the polymer looses the mass of a proton. Of course, if
the ionization involves a single electron transfer the mass difference is going to
be so feeble as to be un-measurable on a variety of mass spectrometers. Let us
try to formalize this in a less verbose manner by using a sweet amino acid as an
example:

% the non-ionized analyte (Glycine) has the following formula: CoHszO2Ny;
the molecular mass is thus M = 75.033 Da;

* the analyte gets protonated in the mass spectrometer:
CyH505N; + H — CyHgO2N;

the measured mass of the ion is thus m = 75.033 + 1.00782 Da and the
charge beared by the ion is thus z = +1.

% the peak value read on the mass spectrum for this analyte will thus be
(with z = +1):

m M+ 1.00782
value= — = ——
Z VA

=76.04

We see here that the label on the mass spectrum does not correspond to the
nominal molecular mass of the analyte: the ionizing proton is “weighed” along
with the Glycine molecule. Imagine now that, by some magic, this same Glycine
molecule just gets protonated a second time. Let’s do exactly the same type
of calculation as above, and try to predict what value will be printed onto the
mass spectrum:

* the un-ionized analyte (Glycine) has the following formula: CoHsO5Ny;
the molecular mass is thus M = 75.033 Da;

% the analyte gets protonated in the mass spectrometer two times:
CoH505N; +2H — CoH70O5N;y

the measured mass of the ion is thus m = 75.033 4+ 2.01564 Da and the
charge beared by the ion is thus z = +2.
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% the peak value read on the mass spectrum for this analyte will thus be
(with z = +2):

m M+ 2.01564
value= — = ———
Z Z

= 38.52

At this point it is absolutely clear that a m/z is not a molecular mass. By
the way, if the Glycine happened to be ionized negatively the calculation would
have been analogous to the one above, but instead of adding the mass of the
proton(s) we would have removed it. Summing up all this in a few words: an
ionization involves one or more charge transfer(s) and in most cases (at least
in biopolymer mass spectrometry) also involves matter transfer(s). It is crucial
not to forget the matter transfer(s) when ionizing an analyte. This means that
when an ionization process is described, its description ought to be complete,
clearly stating three different pieces of information:

% the matter transfer (optional; usually a formula like “+H1”);
% the charge transfer (net charge that is brought by the ionization agent);

* the ionization level (the number of ionization event; 0 means “no ioniza-
tion”; usually this would be 1 for a single ionization, but might be as large
as 30 if, for example, a protein was ionized by electrospray. In this case
the m/z value would be computed this way (with z = 430):

m  M+30-1.00782 16959 + 30.2346

value = ~ 30 30 = 566.30

In the next chapters of this manual massXpert will be described so as to let the
user take advantage of its powerful capabilities. In a first chapter some general
concepts around the way the program behaves will be presented. Next, in the
remaining part of this manual, a chapter will be dedicated to each important
massXpert function or characteristic.
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massXpert
(zeneralities

In this chapter, I wish to introduce some general concepts around the massXpert
program.

GENERAL massXpert CONCEPTS

The massXpert mass spectrometry software suite has been designed to be able
to “work” with every linear polymer. Well, in a certain way this is true... A
more faithful account of the massXpert’s capabilities would be: “The massXpert
software suite works with whatever polymer chemistry the user cares to define;
the more accurate the polymer chemistry definition, the more massXpert will be
accurate”.

For the program to be able to cope with a variety of possibly very different
polymers, it had to be written using some abstraction layer in between the mass
calculations engine and the mere description of the polymer sequence. This ab-
straction layer is implemented with the help of “polymer chemistry definitions”,
which are files describing precisely how a given polymer type should behave in
the program and what its constitutive entities are. The way polymer chemistry
definitions are detailed by the user is the subject of a chapter of this book (see
menu XpertDef of the program). However, in order to give a quick overview,
here is a simple situation: a user is working on two polymer sequences, one of
chemistry type “protein” and another one of chemistry type “dna”. The protein
sequence reads “ATGC”, and the dna sequence reads “CGTA”. Now imagine that
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the user wants to compute the mass of these sequences. How will massXpert
know what formula (hence mass) each monomer code corresponds to? There
must be a way to inform massXpert that one of the sequences is a protein while
the other is a DNA oligonucleotide: this is done upon creation of a polymer se-
quence; the programs asks of what chemistry type the sequence to be created is.
Once this “chemical parentage” has been defined for each sequence, massXpert
will know how to handle both the graphical display of each sequence and the
calculations for each sequence.

ON ForMULE AND CHEMICAL RE-
ACTIONS

Any user of massXpert will inevitably have to perform two kinds of chemical
simulations:

% Define the formula of some chemical entity;

* Define a given chemical reaction, like a protein monomer modification, for
example.

While the definition of a formula poses no special difficulty, the definition of
a chemical reaction is less trivial, as detailed in the following example. The
lysyl residue has the following formula: CgH153N2O. If that lysyl residue gets
acetylated, the acetylation reaction will read this way:—“An acetic acid molecule
will condense onto the € amine of the lysyl side chain”. This can also read:—“An
acetyl group enters the lysyl side chain while a hydrogen atom leaves the lysyl
side chain; water is lost in the process”. The representation of that reaction is:

R — NH; + CH3COOH = R — NH — CO — CH3 + H,O

When the user wants to define that chemical reaction, she can use that represen-
tation: “—HsO + CH3COOH”, or even the more brief but chemically equivalent
one: “—H 4 CH3CO”. In massXpert, the chemical reaction representation is
considered a valid formula.

THE massXpert FRAMEWORK DATA
FORMAT

All the data dealt with in massXpert are stored on disk as XMIL-formatted files.
XML is the eXtensible Markup Language. This “language” allows to describe
the structure of a document. The structure of the data is first described in a
section of the document that is called the Document Type Definition, DTD, and
the data follow in the same file. One of the big advantages of using such XML
format in massXpert is that it is a text format, and not a binary one. This
means that any data in the massXpert package is human-readable (even if the
XML syntax makes it a bit difficult to read data, it is actually possible). Try to
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read one of the polymer chemistry definition XML files that are shipped with
this software package, and you’ll see that these files are pure text files (the same
applies for the * .mxp XML polymer sequence files. The advantages of using text
file formats, with respect to binary file formats are:

% The data in the files are readable even without the program that created
them. Data extraction is possible, even if it costs work;

* Whenever a text document gets corrupted, it remains possible to extract
some valid data bits from its uncorrupted parts. With a binary format,
data are chained from bit to bit; loosing one bit lead to automatic corrup-
tion of all the remaining bits in the file;

* Text data files are searchable with standard console tools (sed, grep...,
which make it possible to search easily text patterns in any text file or
thousands of these files in one single command line. This is not possible
with binary format, simply because reading them require the program that
knows how to decode the data and the powerful console-based tools would
prove useless.

GENERAL CHEMICAL ENTITY NAM-
ING PoLicy

Unless otherwise specified, the user is strongly advised not to insert any non-
alphanumeric-non-ASCII characters (space, %, #, $...) in the strings that
identify polymer chemistry definition entities. This means that, for example,
users must refrain from using non-alphanumeric-non-ASCII characters for the
atom names and symbols, the names, the codes or the formulee of the monomers
or of the modifications, or of the cleavage specifications, or of the fragmentation
specifications. .. Usually, the accepted delimiting characters are -’ and ‘_’. It is
important not to cripple these polymer data for two main reasons:

% So that the program performs smoothly (some file-parsing processes rely
on specific characters (like ‘#’ or ‘%’, for example) to isolate sub-strings
from larger strings);

% So that the results can be easily and clearly displayed when time comes
to print all the data.
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XpertDef:
Definition Of

Polymer
Chemistries

After having completed this chapter the reader will be able to accomplish the
very first steps needed to use massXpert’s features at best: the normal workflow,
indeed, is to first make a polymer chemistry definition, in order to be able to edit
polymer sequences of that specific definition. The XpertDef module is made
available in massXpert by pulling down the XpertDef menu item from the
program’s menu. It is possible to start a new polymer chemistry definition from
scratch, but it is certainly usually easier to first duplicate a polymer chemistry
definition shipped with massXpert and then open that copy and edit it. Please,
refer to chapter 10, page 121 for an explanation of how this is safely done.

To open a polymer chemistry definition, the user may either select one that
is already registered with the system, and that appears listed in the drop-down
list widget shown in Figure 6.1 on the next page or click the Cancel button so as
to open one definition file by browsing the filesystem. In the polymer chemistry
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" Select a Polymer Chemistry Definition or, Click Cancel to Browse @@

Polymer Chemistry Definition:

c:/progra~1/massxpert-1.6.0-rc1/datafpol-chem-defs/protein-1-letterjprotein-1-letter.xml v
c:fprogra~1fmassxpert-1.6.0-rclfdatafpol-chem-defs/protein-1-letter/protein-1-letter . xml
c:/progra~1/massxpert-1.6.0-rc1/datafpol-chem-defsjprotein-3-letters/protein-3-letters, xml
c:fprogra~1massxpert-1.6.0-rc1/datafpol-chem-defs/dnafdna.xml
c:fprogra~1/massxpert-1.6.0-rc1/datafpol-chem-defs/saccharide/saccharide. xml

Figure 6.1: Select one polymer chemistry definition file. It is possible to
immediately select a polymer chemistry definition already registered with the
system, or open an arbitrary file by browsing the filesystem (click the Cancel
button, hidden in this figure, if so desired).

definition window that shows up, the user accomplishes two different tasks:

% Define the name of the polymer chemistry definition;

* Define “singular” data like the left cap and the right cap of the polymer, the
ionization rule governing the default ionization of the polymer sequence;

% Define the atoms needed to operate the different polymer chemistry enti-
ties (these are “plural” data) ;

% Define all the polymer chemistry entities needed to work on polymer se-
quences (all these are also “plural data”) .

The definition of the atoms and of all the chemical entities belonging to a given
polymer chemistry are collectively called a polymer chemistry definition. The
polymer chemistry definition window that shows up is shown in Figure 6.2 on
the facing page.

THE ATOMS

The definition of the atoms is performed through the user interface shown in
Figure 6.3 on page 46 (Atoms button in the polymer chemistry definition win-
dow). In this dialog, the user defines chemical elements (atoms) as entities made
of isotopes (at least one isotope per atom, logically).

The design of this dialog window follows the general design for all the dia-
log windows related to the definition of plural data in the polymer chemistry
definition. The leftmost list widget (Atoms) lists the final object as defined and
available in the polymer chemistry definition (in this case the atoms), while the
second list widget (Isotopes) lists the objects that are defined in order to actu-
ally make the selected object in the first list widget (thus, atoms are made of
isotopes). We see that two isotopes were defined in order to create the Carbon
atom.

To add a new atom, the user clicks the Add button below Atoms list widget,
which triggers the insertion of a new row in the list widget. The Details groupbox
on the right side of the dialog window now shows Type name as the name of
the atom and Type symbol as its symbol. The list of isotopes is empty, because
we still did not define any. First thing to do is to actually give the atom a name
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~ massXpert - Polymer Chemistry Definition: protein-... Q@

Mame: ‘ protein-1-letter |

Singular entities

Caps Tonization rule
Left: |+H ‘ Formula: ‘+H ‘
Right: | +OH

o e

Plural entities

[ Atoms ] l Monomers ]

[ Modifications I [ CrossLinkers I

[ Cleavages I l Fragmentations I
[ Validate I [ Save ] [ Save a