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Abstract

Fluorescence energy transfer (FRET) experiments of site-specifically labelled proteins allow one to determine distances
between residues at the single molecule level, which provide information on the three-dimensional structural dynamics of the
biomolecule. To systematically extract this information from the experimental data, we describe a program that generates an
ensemble of configurations of residues in space that agree with the experimental distances between these positions. Furthermore,
a fluctuation analysis allows to determine the structural accuracy from the experimental error.

Program summary

Title of program: FRETsg

Catalogue identifierADTU

Program obtainable from:CPC Program Library, Queen’s University of Belfast, N. Ireland

Program summary URLhttp://cpc.cs.qub.ac.uk/summaries/ADTU

Computer: SGI Octane, Pentium II/11l, Athlon MP, DEC Alpha

Operating systeminix, Linux, Windows98/NT/XP

Programming language usedANSI C

No. of bits in a word: 32 or 64

No. of processors used:

No. of bytes in distributed program, including test data, ett1407

No. of lines in distributed program, including test data, ett647

Distribution format: gzipped tar file

Nature of the physical problemGiven an arbitrary number of distance distributions between an arbitrary number of points in
three-dimensional space, find all configuratiores @ coordinates) that obey the given distances.

Method of solution:Each distance is described by a hanit potential. Starting from randomitial configurations, their total
energy is minimized by steepest descent. Fluctuations of positions are chosen to generate distance distribution widths that best
fit the given values.
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1. Introduction

Fluorescence Resonance Energy Transfer (FRET) is a powerful tool to investigate the structure of biomolecules,
such as DNA or proteins. FRET experiments yield the distance between two fluorescent dyes, a donor and an
acceptor, which can be covalently attached at specific positions to the biomolecule and thus provide information
on the structure of that biomolecule [1-3]. Recent adeanin both, spectroscopy and molecular biology, allow
to carry out multiple FRET experiments, that yield a whole set of distances between different positions in the
biomolecule [4]. In a typical experiment to investigate the conformation of a protein, double cysteine mutants of
the protein, produced by site directed mutagenesis,labelled with cysteine binding donor and acceptor dyes,
e.g., Alexa488 and Alexa594, respectively. This methalbeen applied, e.g., to the protein Syntaxin 1A, where
15 site directed double mutants have been produced. These allowed to measure 15 intramolecular distances, which
were used to build a model of the protein structure [5].

Single molecule FRET experiments additionally contain information on distance distributions. The widths
of these distributions originate from the flexibilities of the dyes, from the conformational flexibility of the
biomolecule, and from shot noise. To transform these distances into three-dimensional models of the biomolecule,
we implemented an approach similar in spirit to the one widely applied in structure determination from NMR
experiments [6]. However, severgéneralizations were necessary, beaeasingle molecule FRET experiments
yield distances over a much larger range than NMR and additionally give information on distance distributions.
Thus, a strict fluctuation analysis is provided to obtain also a more detailed description of the conformational
flexibility of the biomolecule and of the dye. Furthermore, the Forster radius, which is a crucial parameter in the
calculation of the distance from the measured donor and smciepensities, often cannot be determined exactly.
Therefore, the dependence of the resulting model on the chosen Forster radius can be studied.

2. Theory
2.1. Fluorescence resonance energy transfer

If a fluorescent dye, called a donor, is excited, energyansferred to a nearby acceptor dye by the Forster
mechanism [7]. This energy transfer depends on the overlap of the emission spectrum of the donor and the
absorption spectrum of the acceptor as well as on thartist between the dyes anckithrelative orientation.
Accordingly, by measuring donor dracceptor fluorescence intensitiés,and/,, the distance between the two
dyes is obtained, usually via

Ix _ 1
Ia+1Ip 1+ (r/rg)¥

(1)

whererg is the dye-specific effective Forster radius, which typically also includes (averaged) dye orientation
effects [8].
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2.2. Outline of method

Here, each distance is assigned a harmonic potential term, resulting in a potential fifiction

V(X1,...,XN) = Z (Ixi —le—dij)z, (2)

FRET pairsi, j

wherex; denotes the position of the dye at residuandd;; is the measured distance between positiamd j,
determined from (1). Subsequently, the poteritiaé minimized by varying the positions using gradient descent.

Depending on the number and values of the provided distances, the optimum is usually not unique. To sample
these possible multiple solutioniet minimization is repeated many &% from random initial configurations.
Thereby, a sufficiently large ensemble of configurations obeying the given distances is obtained.

If some positions are already known, e.g., from X-ray experiments, the distances between them can be used
to further improve the model. With FRETsg, this is achieved by setting “known” flags of the respective positions
in the positions file £.pos). The distances between all “known” positions are then calculated and override those
distances given in the FRET distances fited{s) (see below). Note that after conversion into distances, these
optional coordinates in the positions file are discarded and not used for the further calculations.

Optionally, donor and acceptdmtensitiescan be given together with a Forster radiRs in which case the
respective distance is calculated using (1). This provides a convenient way to study the dependency of the model
on the chosen Forster radius.

2.2.1. Representation of the ensemble of configurations

The above described algorithm yields an ensemble of configurations. A common way to represent such an
ensemble is to fit the individual configurations onto each other. To optimize the resulting representation and
depending on the kind of structural information the user is interested in, it can be useful to select only a subset
of atoms to be used for the fitting procedure. This is achieved by “fit” flags.

2.2.2. Handedness

Since only distances are available, for each solutiarctire also its mirror image is a valid solution. To avoid
the resulting mixing of configurations with differing handedness, the following procedure has been implemented.
First, for each obtained structure, the rmsd (root megrage deviation) oboth the original and the mirrored
structure from the first configuratiomhich defines the reference handesmas calculated. Then, from each pair
of configurations, the one with the lower rmsd value is selected and added to the set of resulting configurations.

2.3. Fluctuation analysis

Within the usual approximation of isotropic fluctuatiosfghe residue positions, the standard deviations of the
distances are transformed into standard deviations of position fluctuations according to

1 012/9 2 _1x.—x012/952
ohij = 7/|Xi — x; |2 e mxi/207 e P20 iy iy = 02 + 02, (3)
’ 2mwoi0;

Whereog,ij is the measured variance of the distance between positowl ;, andal.2 andcrj2 are the variances
(which are to be determined) of the fluctuations of positioasdj, respectively, and? denotes the configuration

obtained by minimizing/ as defined in (2). Note that the obtained variances are independenb(?f the
To calculate the position fluctuations of each positiork, the following scoring functiors,

2
S= Z [(Uiz + sz) - U[Z),ij] . (4)
FRET pairsi, j
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is minimized using gradient descent.

Note that the widths of the intensity distributions originate from both, uncorrelated fluctuations like shot noise
or detector noise, and from the conformational flexibility of the dyes and the biomolecule, which leads to correlated
intensity fluctuations. Therefore, to infer the width of a distance distribution from the widths of the intensity
distributions, the correlation beegn the donor and the acceptor intensityuld have to be considered. Because
such correlation analysis is outside the scope of this program, and to avoid over-interpretation of the data, no
fluctuation analysis is performed, if any the distances is input via intensities.

2.4. Input data
FRETSsg reads three input files:
2.4.1. The parameter file

The parameter filexinp) contains filenames of further input and output files as well as all parameters used in
the program.

#
# This is a sanple input file for
# FRETsg v1.0

#

sanpl e. pos Posi ti ons

sampl e.di s Di st ances

sanpl e. pdb Qut put PDB-File

50 Nurmber of Configurations to create (nax. 2000)
0. 005 Gradient Threshold of Mnimzation (0.0 - 1.0)
TRUE Fl uctuation Anal ysis [ TRUE/ FALSE]

TRUE Wite Mrror Structure [ TRUE/ FALSE]

FALSE Wite POV-Ray output [ TRUE/ FALSE]

2.4.2. The positions file

In the positions file £.pos) all position labels must be defined. Positions that should be used to fit the resulting
configurations to each other are marked here by setting the “fit” flag to “1”. The distances between all positions
with given coordinates (in A) and “known” flag set are used in the model building. The respective distances in the
distances file are then ignored.

# This is a sanple positions file

# for FRETsg v1.0

#

# known fit X Y z
#Label [ only if known=1 ]
#
10
20
30
40
50

COoOOR K
ORrRREPR
1
w o1 w
~hOO
ok
hOO
N
o’
cooo

Note that for label 30 the xyz coordinates are ignored.
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2.4.3. The distances file
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The distances fileq dis) contains the given distances (in A) and their standard deviations.

# This is a sanple Distances File

# for FRETsg v1.0
#
#
# Mbode = D : using Distance
# Mode = | using Intensities
#
#
# Id : Donor Intensity
# la : Acceptor Intensity
# RO : Forster Radius (in Ang)
#
# Label 2 Mode Di stance Wdth Id la RO
#Label 1
10 20 I 30.0 2.3 178 1000 40.0
10 30 D 30.0 2.2 1445 654 47.0
20 30 D 30.0 1.4
10 40 D 25.0 2.2
20 40 D 25.0 1.2
30 40 D 25.0 0.7
10 50 D 40.0 2.0
20 50 I 40.0 1.1 312 1190 50.0
30 50 D 40.0 0.9
If Mode="1", then the distance is calculated via (1) using the given/, and Rp values. This overrides the value

given in the “Distance”-column. Note, if any of the distances are defined by the intensities, no fluctuation analysis
is performed.

‘50

1nm

30
50
gow IS

Fig. 1. Output of FRETsgs@mple.pdpusing the sample input files (see text). The colowkiters represent the determined positions. The
cluster labels correspond to the example positions sgenple.pos Note that position 50 falls into two clusters, as explained in the text. The
sizes of the clusters are determined by the fluctuation analysis (see text).
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2.5. Output data

The main output is in PDB-format [9], which is the common format to represent protein structures. The output-
file contains all calculated configurations. Thus, the three-dimensional structure can be viewed with any available
protein structure viewer, e.g., Rasmol [10]. The potéeti@rgy (or “strain”) of each position appearing in (2) after
the minimization is given in columns 10 and 11 (designated for occupancy and temperature factor), such that high
values, which show inconsistencies in the set of distances, can be highlighted by color. Fig. 1 shows an example
obtained from the given input files shown above.

Optionally, the mirror images of all configurations can be written out. These represent also a solution, which
possibly has to be taken into account.

For the preparation of high qualilnages, an input file for the raytrade®V-Ray" [11] is optionally produced.
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Appendix A. Test run

The input files for the test run aampleinp, sample.posind sampledis. In this example, five labels and
nine distances are defined. Apparently, with the given distances, two different clusters fulfill the experimental
constraints. Depending on which atom positions are used for fitting the structures onto each other, this ambiguity
will show up at different positions. In the given example, position 50 is not used for the fit, and therefore falls into
two clusters (see Fig. 1).

The following output is produced by FRETsg:

$ fretsg sample.inp

FRETsg 1.0
(C 2003 Gunnar F. Schroder
3D Model Builder frommultiple FRET di stances.

Readi ng i nput paraneters fromfile sanmple.inp ...
Readi ng position | abels fromfile sanple.pos ...
Readi ng di stance pairs fromfile sanple.dis ...

Creating 50 mininm zed Configurations .... Done.
Run Fluctuation Analysis ................ Done.

standard devi ations of fluctuating positions :
Position 10 : 2.048
Position 20 : 1.080
Position 30 : 0.747
Position 40 : 0.572
Position 50 : 0.382
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Witing Qutput to file sanple. pdb.
Witing Mrror Qutput to file sanple.mrror. pdb.

$

This test run should output two filesample.pdlandsample_mirror.pdb.

sanpl e. pdb:

MODEL 1

ATOM 1 C GN 10 1.187 -14.382 6.479 0.00 0.00 A
ATOM 2 CGN20 -14.922 1.427 -9.318 0.00 0.00 A
ATOM 3 CGN30 14.889 5.028 -8.718 0.00 0.00 A
ATOM 4 C GLN 40 -1.826 7.126 8.472 0.00 0.00 A
ATOM 5 C GLN 50 -3.822 22.166 22.112 0.00 0.00 A
ENDIVDL

MODEL 2

ATOM 1 CGN10 3.622 -18.229 7.539 0.00 0.00 A
ATOM 2 C GN 20 -15.310 2.107 -9.489 0.00 0.00 A

ATOM 3 C GLN 30 15.022 5.419 -8.009 0.00 0.00 A

sampl e_mrror. pdb:

MODEL 1

ATOM 1 CGN10 -1.187 -14.382 6.479 0.00 0.00 A
ATOM 2 C GLN 20 14. 922 1.427 -9.318 0.00 0.00 A
ATOM 3 CGN30 -14.889 5.028 -8.718 0.00 0.00 A

ATOM 4 C GLN 40 1.826 7.126 8.472 0.00 0.00 A
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ATOM 5 C GLN 50 3.822 22.166 22.112 0.00 0.00 A
ENDMDL

MODEL 2

ATOM 1 C GLN 10 -3.622 -18.229 7.539 0.00 0.00 A
ATOM 2 C GLN 20 15. 310 2.107 -9.489 0.00 0.00 A

ATOM 3 CGE&N 30 -15.022 5.419 -8.009 0.00 0.00 A
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