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Abstract

Fluorescence-based techniques are widely used to study biomolecular conformations, intra- and
intermolecular interactions, and conformational dynamics of macromolecules. Especially for
fluorescent-based single-molecule experiments, the choice of the fluorophore and labeling position
are highly important. Here, we have studied the biophysical and structural effects that are
associated with the conjugation of fluorophores to cysteines in the splicing factor U2AF65 by
using single pair Forster resonance energy transfer (FRET) and nuclear magnetic resonance
(NMR) spectroscopy. We show that certain acceptor fluorophores are advantageous depending on
the experiments performed. The effects of dye attachment on the protein conformation were
characterized using heteronuclear NMR experiments. We find that the presence of hydrophobic
and aromatic moieties in the fluorophores can significantly affect the conformation of the
conjugated protein, presumably by transient interactions with the protein surface. Guidelines are
provided for carefully choosing fluorophores, considering their photophysical properties and
chemical features for the design of FRET experiments and for minimizing artifacts.

Introduction

Single-molecule experiments provide unique information regarding the conformational
states and subpopulations of biological macromolecules in solution. Single-molecule
fluorescence offers the advantage that individual molecules can be studied in solution or in

their cellular environment upon attaching a fluorescent dye. However, the attachment of any
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chemical moiety to a protein needs to be carefully considered as it may cause changes to its
conformation or dynamics and thereby affect its function. This problem is not unique to
labeling of proteins with fluorescent dyes [1:2] but extends to other types of protein tagging
methods as well. For example, in NMR and EPR studies, paramagnetic tagging with spin
labels (e.g. IPSL, MTSSL), lanthanide chelating tags (e.g. DOTA, DTPA, EDTA), or
lanthanide binding tags (LBTs) [3-101 are regularly used for investigation of structure,
dynamics, and function of proteins and protein ligand interactions. To date, fluorescent
proteins are frequently used in fusion constructs with proteins of interest to be studied due to
the straightforward genetic encoding for expression in cells. While potential problems
associated with the use of large fluorescent labels, such as GFP mutants have been discussed
[11-13] the conjugation of small organic fluorophores is usually thought to have negligible
effects. A few studies have already shown the effect of fluorophore attachment to nucleic
acids [8-10.14.15] and some deal with the effects of dyes on certain protein characteristics
[14.16.17] For example, Dallmann et al. modified DNA oligomers with 2-aminopurine and
investigated their structural changes by 2D NMR spectroscopy. They observed fast water
exchange in the proximity of the labels, which affected the adjacent base pairs [18]. Although
some of the reports have even used NMR to characterize the effects of fluorophores on the
conformation and dynamics of the biological macromolecules studied [7-11.18.19] 3 detailed
characterization of the effect of fluorophores on different properties of proteins is still
missing.

Here, we combine NMR and single pair FRET (SpFRET) experiments to investigate the
effect of various donor-acceptor fluorophore pairs on the structure and conformational
dynamics of the splicing factor U2AF65. U2AF65 is an essential splicing factor that
recognizes the polypyrimidine tract RNA sequences at the 3" splice site of human introns
for spliceosome assembly. Its minimal RNA binding region consists of two RNA recognition
motifs (RRMs), RRM1,2, connected by a flexible linker, which exhibit significant
conformational dynamics in the free state and undergo a large conformational transition
upon binding to cognate RNA [20-22], Due to its known conformational change and
dynamics as well as its binding affinity for RNA, U2AF65 is an ideal model protein to study
the effect of fluorophore attachment on the conformational properties. We used spFRET and
NMR to characterize conformational properties and spFRET in solution and surface
immobilized to analyze conformational dynamics.

Results

Photophysical and biochemical properties of fluorophores attached to U2AF65

In biophysical studies of biological macromolecules using fluorescence spectroscopy,
organic fluorophores are often chosen based on optimal photophysical properties [23],
Fluorophores are characterized regarding extinction coefficients, quantum yields, and
photostability (Table S1). Especially for single molecule experiments, a large number of
photons (high photostability and molecular brightness) is very important to obtain high
signal-to-noise ratios. Typical fluorophores used are rhodamine based, as they have high
quantum yields and photostability [241. Furthermore, FRET requires a combination of two
fluorophores with a certain Forster radius that depends on the spectral overlap of the
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absorption and emission spectra of donor and acceptor dyes (Table S2). Here, we investigate
commonly used FRET fluorophores with Férster radii between 57 A and 69 A. We
compared the effects of two carbocyanine dyes (Alexa647, Atto647N) and one carbopyronin
(Cyb5) as acceptor fluorophores and two different rhodamine-based dyes as donor
fluorophores (Atto532 and Atto565). Due to their advantageous photophysical or
biochemical properties, all of these fluorophores are commonly used in fluorescence-based
techniques and some of them are particularly valuable for super-resolution microscopy. The
fluorescent quantum yield of both donor fluorophores was around 90%, while the quantum
yield of the acceptors varied between 30% for Cy5 and 65% for Atto647N (Table S1).
Features that should be considered in addition to the photophysical properties of a
fluorophore are its size/molecular mass, water solubility, charge, and pH sensitivity. The
molecular mass of the fluorophores used here ranges from 0.7 kDa to 1.3 kDa and their net
charge varies from -3 for Alexa647, to -1 for Atto532, to +1 for Atto647N, Cy5, and
Atto565.

We performed spFRET experiments with multiparameter fluorescence detection and pulsed
interleaved excitation (MFD-PIE) to gather information on the behavior of the various
fluorophores[23]. Figure S1 shows how experiments using MFD-PIE can be used to gain
information on the fluorescence lifetime of the donor and acceptor molecules and thus
fluorophore quenching, and how the isomerization of cyanine-based dyes can be detected, as
discussed previously [23.26] We observed quenching of the acceptor fluorophore Alexa647
and isomerization of Cy5 bound to U2AF65, while Atto647N did not show differences in its
photophysical characteristics upon protein attachment. The lifetime of the Alexa647 bound
to U2AF65 in the presence of RNA was found to depend on the proximity ratio (Figure
S1A-B) indicating that RNA binding to the protein leads to quenching of the acceptor
fluorophore to shorter lifetimes. Alexa647 is partially quenched at this attachment position
whereas no quenching is observed with Atto647N or Cy5. Quenching of the acceptor
fluorophore leads to a decrease of the apparent FRET efficiency. Using the stoichiometry
and acceptor lifetime information obtained from MFD-PIE experiments, however, we are
able to account for this effect by adjusting the different populations with different correction
factors for the detection efficiency -y and can thus obtain correct FRET efficiency
values(Figure S1IA-C).

The cyanine dye Cy5 undergoes isomerization between cis- and frans-configurations [26],
which leads to a bright and a dark state of the fluorophore, respectively. We can observe this
isomerization in histograms of stoichiometry versus FRET efficiency as a population trailing
between the donor-only and the dual-labeled as well as the acceptor-only populations
(Figure S1D). Often, trailing between donor-only and dual-labeled populations occurs due to
photobleaching of the acceptor fluorophore or events in which multiple molecules traverse
through the focal volume simultaneously. These photobleaching or multi-molecule events
however, were removed by several filtering steps on the data displayed [2527]. In one-
dimensional FRET efficiency histograms, the c¢/s-trans-isomerization of the fluorophores
appears as a low FRET population with a FRET efficiency around 0 (Figure S1D, /nsed). It is
thus important to consider the effects described above for the choice of fluorophore, as will
be further detailed in the following.
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Effects of different conjugated fluorophores on FRET efficiency histograms ofU2AF65

To assess the potential influence of different fluorophores on FRET experiments, U2AF65
was labeled with different donor-acceptor fluorophore combinations in each of the domains
(Figure 1); the labeling positions were optimized to obtain the maximal achievable
difference in distance (and thus FRET efficiency) for the free and RNA-bound
conformations of RRM1,2 as described previously [20]. FRET efficiency histograms from
MFD-PIE experiments were compared for different donor fluorophores (Figure S2) and
different acceptor dyes (Figure 1). The donors Atto532 and Atto565, in combination with
the same acceptor fluorophore, exhibited comparable FRET efficiency distributions; keeping
in mind the expected differences in Forster radii and associated shifts in the FRET efficiency
histograms (Figure S2B, C, upper panels). Distance distributions calculated from the FRET
efficiency histograms show that the shifts in the FRET efficiency histograms reflect the
difference in Forster radius of the two pairs of fluorophores (Figure S2B, C, lower panels).
The calculated mean distances are 46.5 (£0.5) A for RRM1,2-Atto532-Alexa647 and 45.7
(+0.2) A for RRM1,2-Atto565-Alexab47 in the free form and 63.8 (+ 0.7)A and 64.9 (+0.5)
A in the RNA-bound form, respectively. We therefore continued our investigation using
Atto532 as donor fluorophore, given its lower hydrophobicity compared to Atto565.

The FRET efficiency distributions with different acceptor fluorophores (Atto647N,
Alexa647 and Cyb5) show a consistent general trend for all three combinations of FRET dye
pairs. A high FRET state (FRET efficiency 80%) is observed for the free form of U2AF65
for all the different combinations of fluorophores (Figure 1B, /ef?). This FRET state
corresponds to a population of molecules dynamically switching between a closed and an
open conformation [221, When bound to RNA, U2AF65 adopts an open conformation, which
is visible with a FRET efficiency of ~45% for all combinations of fluorophores (Figure 1B,
right). A second population of molecules with a FRET efficiency of 95% is apparent for
U2AF65 for all three acceptor fluorophores tested. However, the fraction of this population
strongly varies depending on the dye used (Figure 1B). We did not observe any significant
change in the residual anisotropy of the three acceptor fluorophores suggesting a similar
amount of rotational freedom of the fluorophores in all cases. Thus, we obtain similar results
from the spFRET experiments when labeling U2AF65 with different combinations of dye.
However, an additional high FRET population is observed whose amplitude depends on the
acceptor fluorophore used. This suggests that the dyes have an additional influence on the
SpFRET spectra. To further investigate the structural effects of the fluorophores on the
protein structure, we used heteronuclear NMR spectroscopy.

Attachment site of fluorophores affects the protein conformation

We used heteronuclear TH, 1°N NMR experiments to study the effects of dye attachment on
the conformation of U2AF65 (RRM1,2). The chemical shifts of the free and dye-conjugated
RRMZ1,2 were assigned using standard approaches [28]. As the chemical shift is a sensitive
reporter of the chemical environment around a nuclear spin, chemical shift changes between
the free and dye-labeled RRM1,2 (Figure S3, Figure S4, /ef?) are expected in the vicinity of
the dye attachment site, while perturbations farther away may indicate effects on the
conformation of the protein. The intensity of backbone amide NMR signals was used as a
qualitative assessment of dynamic effects, where a decrease in intensity due to line-

Chemistry. Author manuscript; available in PMC 2018 April 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Sanchez-Rico et al.

Page 5

broadening may indicate weak, non-specific interactions of the dye with the protein surface.
To identify sites for fluorophore attachment with little effects on the protein conformation
1H, 15N NMR correlation spectra were compared for U2AF65 RRM1,2 unlabeled and
conjugated with the Atto647N dye at different positions. The Atto647N dye was chosen here
as it has the best photophysical properties for FRET experiments but is challenging from a
biochemical perspective as it is hydrophobic and often exhibits a high anisotropy when
attached to biomolecules, suggesting non-specific interactions [2%]. Cysteine residues were
engineered at positions 318 (located within helix a2 of RRM2, 4 residues from the carboxy
terminal end), 322 (first residue following helix a2), and 326 (located in a loop connecting
a2 and p4) in the RRM2 domain. (Figure 2, Figure S6). Residue 318 was originally chosen
as a relatively rigid attachment site for paramagnetic relaxation enhancement studies by
NMR [30:31] \where minimizing the flexibility of the relatively small paramagnetic tag (for
example, proxyl spin labels have a molecular weight of ~300 Da) is desirable. The other two
locations, 322 and 326, were chosen to be further away from the helix and inmore flexible
regions.

A comparison of NMR spectra for unlabeled and dye-labeled protein shows that attachment
of Atto647N to C318 affects many amide signals that are in helix a2 or nearby regions
(V275, E277, T280, S281, 1310, V312, Q315, G319, L325, K328). NMR signals for many
of these residues exhibit an up to 90% decrease of peak heights relative to the unlabeled
protein (Figure 2B-C, /ef), indicating effects to the protein conformation in these regions.
When Atto647N is conjugated to C322, intensities of NMR signals are generally less
affected, but several residues still show strongly (50-90%) reduced signal intensities (S251,
1263, L270, V275, K276, G283, F288, A303, 1310, D314, Q315, L325, G328) (Figure 2B-
C, middle). In contrast, attachment of Atto647N to position 326 leads to an NMR spectrum
with signal intensities comparable to the unlabeled U2AF65 protein with only few residues
exhibiting minor line-broadening(L266, N271, S281, F288, S294, M323, R334).

The attachment of the dye at positions 318 and 322 causes more extensive chemical shift
changes of amide signals in the NMR spectra when compared to dye conjugation to position
326 (Figure 2B, Figure S3). The larger chemical shifts changes observed when the
fluorophore is attached at positions 318 and 322 (which are located in helix a.2) may reflect
changes to the secondary structure, while residue 326 is found in a flexible loop (Figure 2B,
Figure S3). Mapping of intensity and chemical shift differences observed between unlabeled
and dye-labeled U2AF65 to the structure of the protein indicates that the dye mainly affects
residues in spatial proximity to the dye (Figure 2A-C, Figure S3). The NMR spectral
changes induced by dye attachment decrease with increasing distance of the dye attachment
from helix a2. Thus position 326 is a preferred position for dye attachment. Moving the
attachment sites for the fluorophores farther away from the a-helical region of RRM2
reduces the conformational effects due to the presence of the dye as indicated by the NMR
fingerprint spectra.

Chemical properties of fluorophores affect the conformation of U2AF65

Next, we compared the influence of the four different fluorophores (Atto532, Atto647N,
Alexab47, and Cy5) at different positions on the protein. We first started with our optimal
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attachment site, position C326. Superimposed NMR spectra of 1°N-labeled protein
conjugated with the different dyes and of the unlabeled protein were analyzed for changes in
chemical shifts and signal intensities (Figure 3 and Figure S4). Atto532 and Alexa647
conjugation at position C326 showed very little changes in signal intensity. Those that were
detected were concentrated to flexible parts of the protein (Figure 3A, C). Attachment of
Cy5 and Atto647N induced a slight reduction of the maximum NMR signal intensities when
compared with Atto532 and Alexa647, especially near the dye attachment site and
surrounding structured region (Figure 3B, D).

Interestingly, for several of the signals in the Cy5-labeled RRM1,2 spectra, peak doubling is
observed, indicating the presence of two conformations that are slowly converting on the
NMR chemical shift time scale (>ps-ms). These double-peaks thus indicate distinct but still
dynamic contacts of the fluorophore with the surface of the protein. Similarly, the weak
intensity of a few NMR signals for Atto647N-labeled U2AF65 may be caused by transient
hydrophobic interactions of the highly aromatic dye with neighboring amino acids, among
them hydrophobic and aromatic residues(e.g. F262, 1263, V275, L278, F282, 1317, L330).
To investigate the effect of labeling on more sensitive regions of the protein structure, we
compared the effect of the fluorophore when attached to the protein at the positions C318
and C322 (Figures S5-S6). Interestingly, the attachment of Atto532 at position C318 shows
a strongly reduced effect on the local conformation as compared to Atto647N (Figure S5A).
Hence, the attachment of a bulky, hydrophobic and highly aromatic fluorophore within a
helix (position C318) can cause distortion even though conjugation of other fluorophores,
such as Atto532 (Figure S5A) or the smaller paramagnetic spin labels at this position [30:31]
did not significantly alter NMR spectra and signal properties when compared to the
unlabeled protein. A further analysis of NMR data with Atto532, Alexa647 and Cy5 labeled
at positions C322 (Figure S6) indicates that Atto532 and Alexa64 have a minimal effect on
the NMR spectra while a larger effect is observed for Cy5 and Atto647N. Moving the
attachment sites for the fluorophores farther away from the a-helical region of RRM2
reduces the conformational effects due to the presence of the dye as indicated by the NMR
fingerprint spectra.

We also investigated the effects of the Atto532 at position C187 in RRM1,2, which we used
as the second labeling position for the SpFRET experiments [22]. The NMR spectrum of
Atto532-labeled protein at position C187 is very similar to the unlabeled protein (Figure
S5B), indicating minimal effects on the protein conformation. We also performed NMR
measurements with double-labeled protein where Atto532, Alexa647 or Atto674N were
attached to both positions C187 and C326 (Figure S7). The presence of the label has a
minimal effect for Atto532 and Alexa647, whereas the intensity of the NMR signals is
reduced for labeling with Atto647N. Thus, it appears that the conjugation of fluorophores at
this position preserves the integrity of the protein.

Effects of fluorophore attachment on RNA binding of U2AF65

The U2AF65 RRM1,2 domains bind poly-pyrimidine-rich (Py-tract) RNA, which promotes
an open conformation where the two RRM domains are arranged side-by-side [29]. To
evaluate the effect of the fluorophores on U2AF65 RRM1,2 when bound to RNA, we
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labeled the protein at both positions, C187 in RRM1 and C326 in RRM2, with either
Alexab47 or Atto647N and collected heteronuclear 1H, 1°N NMR spectra. With either dye,
the structural integrity of dual-labeled U2AF65 RRM1,2 is maintained (Figure 4C, ypper
panel). Slightly reduced NMR signal intensities are observed for Atto647N-dual labeled
protein when compared to Alexa647-dual labeled protein in the absence of RNA (Figure 4C,
upper panels). When titrating a high affinity RNA ligand (U9) to the Alexa647 double-
conjugated protein, NMR spectra of RRM1,2 show chemical shift changes and line-
broadening for residues involved in RNA binding. This is expected as the presence of the
RNA changes the electronic environment of amides in spatial proximity and thus alters the
NMR chemical shifts. RNA titration to the Atto647N-dual labeled construct induce severe
line-broadening of most NMR signals beyond detection (Figure 4C, fower panel). As this
line-broadening is more severe than for the single cysteine mutant RRM1,2-C326, the
additional attachment of the hydrophobic Atto647N to C187 in RRM1 apparently leads to
significant effects by weak interactions with the protein surface and/or may partially
interfere with RNA binding by contacts with RNA bases. Additional RNA titrations were
performed on the donor Atto532-dual labeled protein (Figure S7B), which in comparison
with the titrations of the unlabeled RRM1,2 (Figure S7A) showed similar changes and
almost no intensity loss, thus the attachment of the Atto532 dye at both positions does not
affect the integrity and RNA binding capabilityof U2AF65.

Having investigated the influence of the fluorophore on the protein structure and RNA
binding, we investigated the conformation changes with spFRET experiments. U2AF65 was
labeled stochastically at positions C318 and C326 with the donor fluorophore Atto532 and
the acceptors Alexa647 or Atto647N and spFRET measurements were performed in the
absence and presence of RNA. Changing the labeling position of the fluorophore from C318
to C326 reduced the amplitudes of the high-FRET state (Figure 4B, upper panel). This
subpopulation is even further reduced in the presence of RNA (Figure 4B, middle and lower
panel), suggesting that this population of molecules can still actively bind to RNA. SpFRET
experiments show that the open conformation of U2AF65 is accessible in the presence of an
excess of RNA and that the binding affinity for RNA lies in a similar range, independent of
which of the acceptor fluorophores is attached to the positions C187 or C326. Thus, with the
exception of the high-FRET state observed for the Atto532-Atto647N FRET pair, we
observe the same conformations and RNA binding affinity with the two FRET pairs. Hence,
the structural differences we observed with NMR did not have a strong influence on the
functionality of the protein.

The influence of different acceptors on the dynamic properties of U 2AF65

Using the relationship between the FRET efficiency and the donor lifetime, we can
determine whether a molecule is dynamic, i.e. undergoes a conformational transition during
its transit time through the confocal volume [32], As shown recently, the free U2AF65
protein exhibits dynamics as observed from the deviation from the static FRET line, while
U2AF65 bound to RNA is significantly more rigid (Figure S8) [22]. Comparing these two-
dimensional histograms of U2AF65 labeled with different acceptor fluorophores, we
observe a significantly higher population of the closed state when the protein is labeled with
Atto532/Cy5 or with Atto532/Atto647N than with Atto532/Alexa647. This suggests that
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fewer Atto532/Atto647N- labeled molecules undergo conformational transitions or that the
timescale of the conformational dynamics is affected by this combination of fluorophores.
Note that free Atto532/Atto647N conjugated U2AF65 shows an additional high FRET state
with a FRET efficiency of 95%(Figure 1, Figure S8).

When bound to RNA, dynamic transitions between the closed and the open forms of the
protein are still quite pronounced with the acceptor dye Atto647N, while less visible for
molecules labeled with different acceptor fluorophores (Figure S8). The additional dynamics
observed on a slightly different timescale may be caused by transient interactions of the
fluorophores with the protein or with each other.

To investigate dynamics on the milliseconds to second scale, we performed total internal
reflection microscopy (TIRF)-based spFRET experiments. U2AF65 labeled with either
Atto532/Alexab47 or Atto532/Alexab47 was encapsulated into lipid vesicles and
immobilized on the surface of a TIRF prism. For U2AF65-Atto532/Alexa647, only 1% and
5% of the molecules observed in the absence or presence of RNA, respectively, showed a
switching between two different FRET states on the timescale of seconds (Table 1).
However, 29% and 21% of U2AF65-Atto532/Atto647N molecules (in the absence or
presence of RNA, respectively) underwent transitions between different states on the order
of seconds (Figure S8C). The FRET efficiencies of these two states correspond to the FRET
efficiencies observed for the closed and open conformation of the protein in solution
experiments. Dynamic transitions on the second timescale may be due to actual slow
dynamics of the protein or due to fluorophore-fluorophore or fluorophore-protein
interactions that transiently lock the protein into one of its conformations. In addition, recent
studies have described the high propensity of hydrophobic fluorophores to interact with
lipids [17], possibly causing additional effects.

Discussion

In single molecule fluorescence spectroscopy studies, it is necessary to collect as many
photons as possible. Therefore, whenever possible, organic fluorophores are preferred over
fluorescent proteins, which additionally have a high molecular weight and may interfere
with the function of the target protein [X]. Every fluorophore comes with its own
photophysical and biochemical properties. In this study, common FRET donor-acceptor
fluorophore combinations were investigated. Organic fluorophores in the green range of the
spectrum (typically used as FRET donors, i.e. Atto532, Atto565) usually perform well with
respect to their photophysical properties as well as hydrophilicity and other biochemical
characteristics. Finding the optimal fluorophore from the red portion of the spectrum, as
FRET acceptors (i.e. Atto647N, Alexa647 and Cy5), is more difficult. While some of the
fluorophores show rather good photophysical characteristics, they often come with
biochemical properties that are less well suited for experiments on proteins (e.g. high
hydrophobicity). Buschmann et al. tested and compared a variety of red fluorophores and
described quenching for some of these dyes [331,

Using NMR, we analyzed the conformation of U2AF65 RRM1,2 labeled with three different
acceptor fluorophores at positions C318, C322, and C326. The overall behavior of the
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protein in spFRET experiments and NMR experiments was comparable for all tested
fluorophores. However, an additional subpopulation with a high FRET efficiency was
observed with different fractional intensities depending on the acceptor fluorophore used.
NMR analysis of U2AF65 RRM1,2 labeled with these dyes suggests that this subpopulation
may reflect transient interactions of the fluorophore with the protein surface. Additionally,
we observed changes in the dynamics of U2AF65 in solution-based MFD-PIE experiments
and TIRF measurements of immobilized molecules. Presumably, transient interactions of the
fluorophore that are indicated by line-broadening in the NMR spectra affect its
conformational flexibility. In TIRF experiments, the dynamics could additionally be
influenced by interaction of the fluorophores with the surrounding lipids. This agrees with
previous studies in which aromatic rings and negative charges increased the lipophilicity of
molecules [34], or where artificial effects of hydrophobic fluorophores on single molecule
tracking experiments were described [16].

When potential artifacts are considered and corrected for by using information available
from PIE-MFD experiments, consistent results can be extracted from spFRET experiments
in solution independent of the pair of fluorophores used. Even artifacts, such as the
additional high FRET subpopulation that results from fluorophore attachment to the protein,
can be minimized when carefully choosing the labeling position and can even be avoided on
the same position when selecting a different fluorophore.

The joint fluorescence and NMR analysis of the conformational effects induced by
fluorophore labeling suggest important guidelines for FRET studies: The specific
characteristics and effects of each fluorophore should be taken into account when designing
in vitro FRET experiments and should be even more carefully considered for /n vivo studies
where interactions with other proteins or cell components might be influenced by the
fluorophore. Especially, when NMR analysis on the studied system is not possible, a number
of points should be considered to avoid artifacts and obtain high quality spFRET data:

i The position of the dye conjugation within the protein should be evaluated to
ensure that this does not affect protein integrity and function, i.e. by avoiding
steric clashes with binding ligands or active sites.

ii. The hydrophobicity and electrostatic properties of dyes should be considered to
avoid non-specific interactions with the protein or aggregation.

iii.  The fluorophore should be attached to conformationally flexible sites such as
surface exposed loops, as this may reduce potential effects on the protein
structure. In addition, flexible attachment of the fluorophores enables
quantitative FRET studies by using the approximation of the orientation factor
x2 as 2/3 for freely rotating dyes. It is interesting to note that a flexible
attachment site is not recommended with spin labels for NMR or EPR studies [6].

iv. The fluorophore’s photophysical and biochemical properties have to be
considered. While rhodamine-based fluorophores have a high photostability and
guantum vyields, they sometimes exhibit biochemical properties that are less
optimal for the conjugation to certain sites. Depending on the sample under
investigation, it is therefore important to consider all the different aspects and
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analyze the effect of several dye pairs, e.g. by comparing FRET profiles, if little
information about the system is available.

In conclusion, great care has to be taken when choosing fluorophores and their attachment
sites for single molecule studies. Although certain organic dyes have been described as the
best choice for single-molecule tracking [35] or motility assays [38], to date there is no
universal answer for the choice of a fluorescent moiety because the requirements for the
fluorophore can change for each individual system and experiment. Due to the importance of
fluorescence investigations of biological samples, the development of dyes with improved
photophysical and biochemical characteristics is ongoing. Especially in the red wavelengths
range, new fluorophores are being developed [24:37-3%1 or known fluorophores are stabilized
by additional moieties [40-42],

Here, we have shown the effect of few selected donor and acceptor molecules on the results
obtained from spFRET and NMR experiments of U2AF65. We could show that the right
choice of labeling position as well as the careful consideration of the different fluorophores
properties are highly important. However, by being aware of these effects and verifying
results with different fluorophores, one can safely gather the huge wealth of information
available from spFRET experiments.

Materials and Methods

Plasmids and constructs

The human U2AF65 (RRM1,2) truncation mutant was designed as described [20]. Cysteines
were introduced by site-directed mutagenesis at positions C187, C318, C322, C326 and
C187/C318, C187/C326 respectively using a Quick change kit (Agilent Technologies).

Expression and purification of recombinant proteins

U2AF65 mutants were expressed from £. co/iBL21(DE3) in M9 minimal media containing
15NH,CI as only source of nitrogen. Protein purification was done using IMAC
(Immobilized Metal Affinity Chromatography) for His-tag purification. Later SEC (Size
Exclusion Chromatography) was performed using a Superdex75 Highload 16/60 GE
Healthcare column. After verifying their purity with SDS-PAGE, each protein was collected,
concentrated up to 1 mM and stored at —80°C until further use. This protocol has being
described by Mackereth et al. (2011) [20],

Protein Labeling

Fluorophores were site-specifically conjugated to cysteine residues using sulfhydryl-
maleimide chemistry. U2AF65 RRM1,2 harboring single cysteine variants were introduced
by site-directed mutagenesis (Supplementary Methods).

Solution-based single-molecule FRET measurements

Single -molecule FRET measurements of fluorescently-labeled proteins in the tens of
picomolar range were performed on a custom-build confocal microscope using pulsed

Chemistry. Author manuscript; available in PMC 2018 April 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Sanchez-Rico et al.

Page 11

interleaved excitation of 532 nm/565 nm and 640 nm lasers and multiparameter fluorescence
detection (Supplementary Methods).

Single-molecule FRET measurements of immobilized molecules

Single-molecule FRET measurements of in lipid vesicles immobilized U2AF65 molecules
were performed on a custom-build prism-type total internal reflection
microscope(Supplementary Methods).

NMR spectroscopy

NMR spectra of 15N-labeled U2AF65(RRM1,2) with and without fluorophores attached
were recorded in 20 mM sodium phosphate (pH 6.5), 50 mM NaCl, 1 mM DTT, and 5-10%
D,0. The protein concentrations were between 120-270 uM. The experiments were
recorded at 298 K, using AV 111 600 MHz Cryo or AV 111 500 MHz Cryo Bruker
spectrometers. The processing and analysis of the NMR data were performed using
NMRPipe/Draw [43] and CCPN Analysis [44]- 1H, 15N chemical shifts and intensity of
backbone amide signals for residues that neighbor the fluorophore attachment site were
monitored to confirm complete labeling of the protein and rule out the presence of a mixture
with fractional dye labeling during the measurements (Figure 2, marked residues on the
spectrum).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. The effect of the acceptor fluorophore on the conformation of U2AF65 RRM 1,2-C187-
C318 studied by spFRET in solution

(A) Structure and accessible volume calculations of the fluorophores attached to positions
C187 and C318 of RRM1,2 in its closed state in the absence of RNA (PDB accession code:
2YHO) (/eft panel) and in the presence of U8 RNA (PDB accession code: 2YH1) (right
panel). (B) FRET efficiency histograms of RRM1,2 labeled with Atto532 and the acceptor
fluorophores Atto647N (green), Alexa647 (red), and Cy5 (blue) in the absence (/eft panel)
and presence (right panel) of U9 RNA.

Chemistry. Author manuscript; available in PMC 2018 April 12.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Sanchez-Rico et al. Page 15

318C: d 322C: ® 326C: o 102
¢ noDye vs Atto647N oo noDye vs Atto647N 108
106
108
10
m2
® g
ne g
HB_E
1200
122
124
126
128

130

X 85 95 920 85 80 75 70 65 95 90 85 80 75 70 65

C w2 'H/ppm w2 'H/ppm w2 H/ppm
5

3, :
g 318C mNoDye  mAttos47N 322C mNoDye  mAtto647N 326C mNoDye  mAtto647N
.§4
=2
g
Eo.uium.llm.mi. - uuuLul i i i |
S SREREErERRARS N ERRERRRARe B a0 RN AR 8RR R DR RARYARENERREREAS
= Residue Residue Residue

Figure 2. Attachment of the acceptor fluorophore Atto647N to different positions of U2AF65
RRM 1,2 studied by NMR

(A) Structural representations of RRM1,2 with the Atto647N fluorophore placed at positions
C318 (fef), C322 (middle), and C326 (righ?). The dye was modelled on every position
performing energy minimization. Red spheres indicate the residues with loss of up to 90% of
peak height upon fluorophore labeling and the pink spheres represent the residues with a
loss between 90-50%. (B) 1H,15N-HSQC spectra of unlabeled RRM1,2 (black) compared to
RRM1,2 fluorescently labeled with Atto647N (green) on the positions C318 (/ef?), C322
(middle), and C326 (righi). (C) Intensity vs. residue plots of the labeled and unlabeled
U2AF65 in the respective positions (318, 322, and 326).
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Figure 3. Effect of different fluorophoresat position C326 on the conformation of U2AF65
RRM1,2

1 H,15N-HSQC spectra and intensity versus residue plots of unlabeled RRM1,2 (black)
compared to (A) RRM1,2-C326 fluorescently labeled with Atto532 (green), (B) Atto647N
(red), (C) Alexa647 (magenta), or (D) Cy5 (pink). Next to each spectrum are the structural
formulas of the respective dyes and the structural representations of RRM1,2, where the red
spheres indicate the residues with loss of more than 60% of peak height upon fluorophore
labeling.
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Figure 4. The effect of fluorophoresat positions C187 and C326 on the RNA binding of U2AF65
RRM 1,2 studied by spFRET in solution and NMR

(A) Accessible volume calculations of the fluorophores on positions C187 and C326 of
RRM1,2 in the closed state in the absence of RNA (PDB accession code: 2YHO) (/ef?) and
in the presence of U8 RNA (PDB accession code: 2YH1) (righi). (B) FRET efficiency
histograms of RRM1,2 labeled with Atto532 and Atto647N (red) or Alexa647 (magenta) in
its free form (upper panel). SpFRET efficiency histograms of RRM1,2 labeled with Atto532
and Alexa647 (middle panel) or Atto532 and Atto647N (/ower panel) upon addition of RNA
at concentration of 0 uM black, 0.5 pM gray, 1 uM dark blue, 2uM light blue, 5 UM orange.
(C) Upper panels. 'H,15N-HSQC spectra of unlabeled RRM1,2 (black) and RRM1,2 labeled
on positions C187 and C326 with Alexa647 (magenta) or with Atto647N (red). Lower
panels. *H,15N HSQC spectra of a titration series of RRM1,2 fluorescently labeled with
Alexab47 (/efi) or Atto647N (rightf) withU9 -RNA (black to red). The ratios of RRM1,2 to
RNA are indicated in the figure legend, the protein concentration is 120 pM.
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Table 1

Conformational dynamics observed for spFRET on a TIRF microscope.

Construct Acceptor fluorophore  Number of dynamic molecules Number of static molecules Dynamic molecules[%]
RRM1-2-C187-C318 Atto647N 129 313 29
RRM1-2-C187-C318 Atto647N 35 135 21

+U9
RRM1-2-C187-C318 Alexa647 3 234 1
RRMI'Z;%1987'0318 Alexab47 5 90 5
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