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Six steps closer to FRET-driven

structural biology

Timothy D Craggs & Achillefs N Kapanidis

A new toolbox for structural biology that combines single-molecule
fluorescence and molecular modeling is used to generate high-
precision structures of protein complexes.

Atomic-resolution structures are central to
understanding the function of biological mol-
ecules. Although traditional X-ray crystallog-
raphy and nuclear magnetic resonance (NMR)
spectroscopy have been used to generate the
bulk of high-resolution structures, they are
less suitable for large, multicomponent, tran-
sient or dynamic biomolecular complexes. In
this issue, Kalinin et al.! present a compre-
hensive toolkit for determining biomolecular
structure and conformations by combining
single-molecule Forster resonance energy
transfer (smFRET) with molecular modeling.
Using this approach, the authors generated
a structure of a human immunodeficiency
virus reverse transcriptase-DNA complex that
agrees remarkably well with an X-ray structure
of the complex. This achievement marks a dra-
matic improvement in the accuracy of FRET-
derived structures, and it confirms smFRET as
a quantitative structural biology tool.

Why would conventional structural biology
methods need complementary approaches
such as smFRET? In addition to the difficulties
of applying X-ray crystallography and NMR
spectroscopy to large or dynamic structures,
both methods require significant amounts of
high-purity material, which is often difficult
and expensive to obtain. Moreover, crystallog-
raphy is limited by the need for crystal growth,
and many proteins (especially membrane pro-
teins) crystallize with difficulty, if at all. Apart
from these limitations, protein conformations
in crystals may not reflect their conformations
in solution, particularly for flexible modules
that are important for protein activity; indeed,

these modules are often missing from crystal
structures. Structures can also be obtained
using cryo-electron microscopy, but resolu-
tion is poorer and the fact that samples must
be frozen hinders the analysis of dynamics.

On the other hand, computational methods
have made strides in describing conforma-
tional ensembles of biomolecules, mainly
through molecular dynamics (MD) simula-
tions. Guidance of these ensembles using
experimentally determined distance restraints
offers a general approach to determine
three-dimensional structures of proteins and
their complexes.

FRET is a well-established interaction
between donor and acceptor dyes that serves
asamolecular ruler for the 2- to 10-nanometer
scale?. It can provide useful experimental
distance restraints because its dynamic range
matches well with the length scale of nucleic
acids and proteins. Although structural deter-
mination based on ensemble FRET has been
reported’, the method has been limited by
the many sources of heterogeneity found in
typical samples. Through the measurement of
the FRET of individual molecules?, ensemble
averaging is removed, and heterogeneity can be
directly observed and either excluded from the
analysis or understood in mechanistic terms.
However, relating measured interdye distances
to structure is complicated by the fact that the
dyes populate a range of positions relative to
their attachment points. Modeling these dis-
tributions is key for establishing FRET as an
accurate, quantitative structural tool and has
been the focus of many recent efforts.
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Several groups have successfully applied
FRET-guided rigid-body docking using
restraints derived from experiments on
immobilized molecules®~”. A complementary
probabilistic data analysis approach known
as the nano-positioning system has also been
developed®®. Kalinin et al.! extend this work
by considering the effect of averaging FRET
efficiency over donor-acceptor distance distri-
butions, using iterative docking that consid-
ers the impact of the spatial arrangement of
structural units on dye distributions, perform-
ing rigorous error analysis and model valida-
tion by comparing to a known structure, and
introducing FRET-guided screening of a large
structural ensemble generated by MD simula-
tions. Although each step represents an incre-
mental improvement over existing methods,
when taken together, the full toolbox provides
a significant advance in the accuracy and vali-
dation of FRET for structural biology.

Kalinin et al.! generate structural models in
six steps (Fig. 1): biomolecular modeling, dye
modeling, smFRET measurement, structure
docking or screening, model assessment and
model precision determination. First, an ini-
tial model is generated from known structures,
homology modeling or ab initio modeling.
The model is then used to design a network of
dye positions, which is achieved by consider-
ing the volumes accessible to dyes and their
flexible linkers, a method similar to that of the
nano-positioning system®. The authors also
correct discrepancies between the distances
spanning mean dye positions and those cal-
culated using FRET efficiency. The differences
can reach up to 30%, particularly at distances
below the Forster radius (a value that defines
the middle of the FRET dynamic range for a
specific donor-acceptor pair).

Single-molecule FRET measurements are
performed using a sophisticated confocal
microscope that records donor and acceptor
fluorescence as well as donor fluorescence
lifetime and anisotropy; the results are then
converted to interdye distances. This multi-
parameter fluorescence-detection approach!?,
pioneered by the Seidel group, has excellent
temporal resolution that can detect fast dynam-
ics and dye rotations, and because it observes
diffusing molecules, it is free from any sur-
face effects; MFD is thus complementary to
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Figure 1 | A workflow combining smFRET and computer modeling can provide accurate biomolecular
structures. In this example of a protein-DNA complex, double-stranded DNA (light and dark blue lines)

and protein (beige) are initially modeled separately. Multiparameter fluorescence detection of complexed
biomolecules conjugated to donor and acceptor fluorophores (green and red circles) then provides smFRET
data that are converted to distance restraints (yellow lines). The restraints guide rigid-body docking of

the modeled protein and DNA, and they allow the selection of best-fit solutions for unknown features

(a flexible single-stranded overhang, dotted blue lines) from among conformations generated by molecular
dynamics simulations. By considering dye spatial distributions (green and red clouds) and applying rigorous
error analysis, researchers can derive high-precision models of large complexes and flexible molecules.

approaches based on total-internal-reflection
fluorescence microscopy.

After generating smFRET data, structural
‘candidates’ are evaluated by two complemen-
tary approaches on the basis of their agreement
with the FRET measurements: rigid-body
docking of known substructures (wherein
measured distances are modeled as springs
with strengths that depend on the measure-
ment errors) and screening of a large ensemble
of putative structures generated by MD simula-
tions. The models are ranked according to how
well they fit the FRET restraints, and clustering
is used to judge their uniqueness and deter-
mine confidence intervals. Finally, the preci-
sion of the best-fit model is determined.

The authors applied this workflow to a com-
plex of human immunodeficiency virus reverse
transcriptase with a primer-template DNA.
Using eight FRET donor sites on transcriptase
and five acceptor sites on DNA, they used a
set of 20 smFRET measurements to generate
a docked, FRET-restrained model that was in
excellent agreement with an X-ray structure of
the complex (root mean square deviation was
0.5 A). The authors then determined the config-
uration of the flexible single-stranded template
overhang (missing from the crystal structure)
by screening a library of MD-generated struc-
tures against 16 distances between acceptors on
the overhang and donors on transcriptase.

Despite the promise of this new FRET-based
method, it will be challenging to turn it into a
mainstream tool. One limitation is the need
for many specific labeling positions on the

proteins of interest. Dyes are often conjugated
to proteins via surface cysteine residues, which
requires that all native surface cysteines be
removed by mutation. Many proteins contain
cysteines that cannot be removed because
they are essential for stability or function.
A potential solution uses unnatural amino
acids with chemical reactivities orthogonal
to that of cysteine, which can be genetically
encoded anywhere in the protein sequence!’.

The Kalinin et al.! method requires complex
instrumentation and analysis, although com-
mercial versions of similar microscopes are
available. The confocal geometry for single-
molecule detection also places an upper limit
on the concentration of fluorescent species
used (~500 picomolar), confining it to tight
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binding partners (K < 10 nanomolar). Vesicle
encapsulation can address this issue by effec-
tively increasing the local concentration of the
interacting species.

The smFRET methods presented here and
elsewhere® provide attractive means for study-
ing the structures of molecules not easily acces-
sible by standard structural biology, such as
large proteins and complexes, interconverting
populations in dynamic equilibrium and pro-
tein regions with increased flexibility. As FRET-
based structures accumulate, we expect further
standardization of the methodology and eas-
ier access to the structural models, perhaps
through deposition in the Protein Data Bank.
By coupling these methods with advances in
smFRET detection in live cells'?, the tantalizing
possibility arises of determining biomolecular
structure in vivo and even capturing conforma-
tional states of proteins at work in situ.
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GEM: crystal-clear DNA alignment

Gregory G Faust & Ira M Hall

The Genome Multitool (GEM) mapper rapidly and accurately provides
all alignments of a read within a user-defined number of mismatches.

Over the past several years, the flood of

data produced by second-generation DNA
sequencers has motivated the development

of a new generation of DNA alignment tools
designed for mapping short reads to large ref-
erence genomes!. These aligners have allowed
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