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ABSTRACT: Influenza A RNA polymerase complex is
formed from three components, PA, PB1, and PB2. PB2 is
independently imported into the nucleus prior to polymerase
reconstitution. All crystallographic structures of the PB2 C-
terminus (residues 536—759) reveal two globular domains,
627 and NLS, that form a tightly packed heterodimer. The
molecular basis of the affinity of 627-NLS for importins
remained unclear from these structures, apparently requiring
large-scale conformational changes prior to importin binding.
Using a combination of solution-state NMR, small-angle
neutron scattering, small-angle X-ray scattering (SAXS), and
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Forster resonance energy transfer (FRET), we show that 627-NLS populates a temperature-dependent dynamic equilibrium
between closed and open states. The closed state is stabilized by a tripartite salt bridge involving the 627-NLS interface and the
linker, that becomes flexible in the open state, with 627 and NLS dislocating into a highly dynamic ensemble. Activation
enthalpies and entropies associated with the rupture of this interface were derived from simultaneous analysis of temperature-
dependent chemical exchange saturation transfer measurements, revealing a strong temperature dependence of both open-state
population and exchange rate. Single-molecule FRET and SAXS demonstrate that only the open-form is capable of binding to
importin ¢ and that, upon binding, the 627 domain samples a dynamic conformational equilibrium in the vicinity of the C-
terminus of importin a. This intrinsic large-scale conformational flexibility therefore enables 627-NLS to bind importin through
conformational selection from a temperature-dependent equilibrium comprising both functional forms of the protein.

B INTRODUCTION

Influenza A viruses are a major concern for human health,
causing both annual epidemics and less frequent pandemics.
Influenza A is a member of the Orthomyxoviridae family, with a
segmented genome that comprises eight negative-sense RNA
strands, encoding 10 major proteins and 5 auxiliary
polypeptides." The eight negative-polarity RNA genomic
segments are each complexed with many copies of the
nucleoprotein (NP) and one copy of the viral polymerase,
forming the viral RNP that is packaged into a membrane-

enveloped viral particle.’”> The RNA polymerase complex
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comprises three subunits: PA (acidic protein), PB1 (basic
protein 1), and PB2 (basic protein 2). Following infection of
the host cell, the RNP is imported into the nucleus where it
performs the first cycle of transcription. The resulting viral
mRNAs are translated in the cytoplasm to produce new viral
proteins, of which PB2° and the PA—PB1’ heterodimer are

imported into the nucleus where they assemble into new
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Figure 1. Crystallographic structure of 627-NLS is incompatible with

'V Linker region

importin binding. (a) Superposition of the crystal structures of 627-NLS of

influenza A from human (PDB 2VY6, blue), avian (this work, green) together with the domain from bat influenza virus present in full heterotrimeric
polymerase (PDB 4WSB, red). (b) Crystal structure of bat 627-NLS showing the linker peptide (magenta) connecting the 627 and NLS domains.
(c) Crystal structure of human importin aS (green) in complex with NLS (red) (PDB 2JDQ). Superposition of the human 627-NLS structure
(blue) on the importin:NLS structure reveals a steric clash between importin and the 627 domain (transparent blue surface).

functional polymerase heterotrimers that catalyze further
rounds of viral RNA replication and transcription.

The C-terminus of PB2 comprises two domains, the 627
(residues 538—677) and the NLS (residues 689—759)
domains, showing negligible sequence or structural similarities
with known proteins.”” The linear nuclear localization signal
(NLS) peptide, located at the C-terminus of 627-NLS interacts
with importin a in vivo, resulting in transfer of PB2 to the
nucleus. Insight into the structural basis of the interaction of
627-NLS with importin @ was initially obtained from the
structure of the NLS domain free and in complex with importin
as,® showing how the bipartite NLS peptide 736-
RKRX,KRIR-755 binds importin @. The structure of a
construct comprising both 627 and NLS (residues 538—759)
revealed a single well-packed conformation (Figure 1),
although both domains are stable and soluble separately.”’
The recent determination of the structure of bat influenza A
polymerase complex, comprising subunits PA, PB1, and PB2,
bound to its viral RNA promoter, revealed identical quaternary
structure of these two PB2 domains within the context of the
functional polymerase, where 627-NLS constitutes part of the
putative basic exit channel for capped transcript RNA.'

Adaptation of avian viruses to human hosts is characterized
by accumulation of mutations, especially in the PB2 C-terminal
region comprising the 627-NLS domain, where surface residues
exhibit positively charged clusters.”'" Temperature-dependent
replication has been observed'” in line with adaptation of the
viral proteins from the warmer environment of the bird
intestine to the cooler mammalian respiratory tract, but the
molecular basis of this effect is unknown. There is however
evidence that mutations in this region directly modulate
importin binding,''* while variations in the NLS peptide
sequence have been shown to disrupt active polymerase
assembly suggesting a second chaperone-like role for
importins.

Studying the interaction of 627-NLS with importin is
therefore crucial to understanding the mechanistic role of this
domain in nuclear import. The interaction is particularly
intriguing since attempts to model the complex on the basis of
the 627-NLS and NLS:importin aS crystal structures predict a
severe steric clash between the 627 domain and importin
(Figure 1c), although 627-NLS binds importin with similar
affinity to the NLS domain alone.'® These observations suggest
that large scale conformational changes in importin or 627-NLS
are necessary to allow formation of the complex in solution.

In the current study we investigate the molecular basis of the
interaction between 627-NLS from avian influenza and
importin al in solution using nuclear magnetic resonance
(NMR), small-angle X-ray scattering (SAXS), and single-
molecule Forster resonance energy transfer (SmFRET). These
complementary methods reveal the coexistence of two very
different conformations of 627-NLS in solution corresponding
to open and closed states. The two forms interchange in a
highly dynamic equilibrium with a slow characteristic exchange
rate (k.. = 30 s™" at 15 °C). The closed form is stabilized by a
tripartite salt bridge in the interface, implicating highly
conserved basic and acidic amino acids in the 627 and NLS
domains and the inter-domain linker.” Mutation of one of these
amino acids results in suppression of the closed form in
solution. The population of the open form, in which the NLS
domain is free to interact with importin, increases as
temperature increases toward the physiological range. Analysis
of the 627-NLS:importin complex using SAXS and smFRET
shows that 627-NLS adopts an open conformation when
binding importin, with the 627 domain remaining flexible on
the surface of importin. These observations therefore present a
structural, dynamic, and thermodynamic paradigm for under-
standing how the C-terminal region of PB2 interacts with
importin and how the polymerase subunit is shuttled into the
nucleus, identifying a role for conformational selection from a
pre-existing equilibrium, and suggesting a possible role for
temperature regulation of this essential equilibrium during
inter-species adaptation.

B RESULTS

627-NLS Exchanges between Open and Closed
Conformations in Solution. We have determined the
crystalline structure of 627-NLS from avian HSNI influenza
virus, which is found to be very similar (backbone rmsd 0.4 A)
to the previously determined human form,” and the recently
determined bat influenza B 627-NLS from the complete
polymerase complex (Figure 1a)'? as well as other known 627-
NLS structures.”'”"® In most crystal structures it is possible to
trace part or all of the peptide linking the two domains
(residues 674—693), revealing strong similarity of the visible
parts of the linker in human and avian forms (Figure 1b). As
shown previously for human 627-NLS,” superposition of the
structure of avian 627-NLS with the NLS:importin a5°
structure via their common NLS domain results in a significant
clash between the 627 domain and the C-terminal region of
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Figure 2. 627-NLS samples an equilibrium between closed and open conformations. (a) Comparison of "H—'*N TROSY spectra of avian 627-NLS
(red), 627 (blue), and NLS (green) at 25 °C. (b) Expanded region of the spectra displayed in (a) with assignments shown for the two separate
domains 627 and NLS. (c) 627-NLS populates a dynamic equilibrium of closed and open conformations in slow exchange on the NMR chemical

shift time scale.

importin @,'® indicating that the conformation observed in the
crystal structure is not binding-competent (Figure Ic).
Attempts to crystallize the 627-NLS:importin complex were
also unsuccessful (data not shown). Based on highly similar
NLS-domain-bound structures of importin al, a3, a7,” and
as,’ identical clashes would be predicted with the 627 domain,
although all isoforms have been shown to import PB2 in vivo,”’
including importin a1 studied here."

To resolve this issue, we have investigated the conforma-
tional behavior of avian 627-NLS in solution using high-
resolution NMR spectroscopy. Remarkably, '"H—""N transverse
relaxation optimized spectroscopy (TROSY) spectra of 627-
NLS at 25 °C show around 350 peaks corresponding to
backbone amides (Figure 2a), where only 213 are expected,
indicating a conformational exchange of the protein on a slow
NMR time scale. Comparison of TROSY spectra of isolated
627 and NLS domains with the spectrum of 627-NLS, shows a
near-perfect superposition of the vast majority of resonances of
627 and NLS with one set of the 627-NLS resonances (Figure
2b). Assignment of the 627 and NLS domains and the two sets
of peaks in the 627-NLS construct (Tables S1—S3) allows
comparison of '*C chemical shifts, demonstrating that the
secondary structures of both sets of peaks are highly similar and
largely coincident with that of the crystal structure (Figure 3a
and Figure S1). Nearly all significant deviations localized to the
linker region. "N chemical shifts are more sensitive to the local
environment, and comparison of these shifts in the two forms
maps predominantly to the interface between the two domains
as well as the linker (Figure 3b,c and Figure S1d).

On the basis of these observations, we propose that 627-NLS
undergoes slow exchange between a closed form, most likely
the conformation found in the crystal lattice, and an open form
in which the linker becomes flexible, and the two sub-domains,
while retaining secondary and tertiary structure, dislocate and
evolve more or less independently (Figure 2c). The open state
is therefore highly dynamic, rapidly sampling the extensive
degrees of conformational freedom allowed by the linker
peptide, on a time scale that is fast enough to give rise to a
single set of narrow NMR resonances (7o < 50 pis). We note
that a similar behavior is observed for the human 627-NLS
domain, which also displays sets of resonances corresponding
to closed and open conformations (Figure Sle).

The Closed Form of 627-NLS Is Stabilized by a
Tripartite Salt Bridge. Examination of the crystal structure of
avian, human, and bat 627-NLS identifies a tripartite salt bridge
in the interface between the two domains (Figure 4a),
implicating a basic side chain from the 627 domain (R650)
an acidic side chain from the NLS domain (D730), and an
acidic side chain from the linker peptide (E687). This
configuration is conserved in all available crystal structures of
627-NLS from different strains of influenza A and B,*~'!71® a5
is the presence of acidic and basic side chains at these positions
(Figure S2). The implication of the linker peptide in this
stabilizing interaction, resulting in structuring of the peptide
and an uncommon insertion of the linker into the inter-domain
interface, explains why this region of the peptide is structured
and partially or fully resolved in the different crystal structures.
A mutation of R650 to an alanine (R650A) removes all visible
evidence of the closed form on the basis of NMR spectroscopy,
with the only remaining peaks coinciding with the resonances
of the individual domains (and therefore the open form)
(Figure 4b). Spin relaxation demonstrates that the linker
peptide (residues 676—689) of 627-NLS exhibits increased
dynamics (Figure 4c), while the two domains present
differential rotational correlation properties, related to their
different molecular dimensions (130 compared to 60 amino
acids) as determined from transverse auto- and cross-correlated
relaxation rates (Figure S3). We note that the specific exchange
regime characterizing the interchange between open and closed
forms severely complicates interpretation of relaxation rates
measured in wild-type protein due to averaging of dynamic
characteristics of the open and closed states.

Equilibrium between Open and Closed 627-NLS
Conformations Is Temperature-Dependent. We have
used NMR spectroscopy to investigate the temperature
dependence of the equilibrium between open and closed
conformations. TROSY spectra of '*N-labeled avian 627-NLS
at 5, 10, 15, 20, 25, 30, and 35 °C were recorded. As
temperature increases, the intensity of signals corresponding to
the open conformation increases while that of the closed
conformation decreases (Figure Sa). A representative sample of
residues displaying well-resolved peaks, corresponding to open
and closed conformations were quantified using a line shape
analysis at the different temperatures, resulting in a population
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Figure 3. Chemical shift differences between individual domains and
627-NLS. (a) Secondary structure propensities (SSP) of 627 (blue, 25
°C), NLS (green, 25 °C), and 627-NLS (red, 10 °C) calculated from
experimental *Car and *Cf chemical shifts.”” The chemical shifts of
627 were obtained using a deuterated sample, while the chemical shifts
of 627-NLS were obtained using a perdeuterated sample. Corrections
were made for isotope effects on experimental chemical shifts of
perdeuterated 627-NLS using the corrections recently published by
Maltsev et al.* In the case of 627-NLS, the SSP score is reported for
the set of resonances corresponding to the closed form of 627-NLS or,
if applicable, the resonances where the open and closed forms are
indistinguishable. Horizontal bars in the bottom panel indicate the
position of helices (red bars) and sheets (blue bars) as observed in the
crystal structure of avian 627-NLS. (b) N chemical shift differences
between the resonances corresponding to open and closed
conformations as a function of the sequence of 627-NLS. (c) N
chemical shift differences mapped onto the crystallographic structure
of 627-NLS showing that the largest shifts correspond to the
crystallographic interface between 627 and NLS.

shift from predominantly closed at 10 °C to approximately
equal populations at 30 °C (Figure Sc). Chemical exchange
saturation transfer (CEST)21 experiments were used to
examine the conformational equilibrium in more detail,
providing a precise determination of the variation of the
exchange rate and population with temperature (Figure Sc,d).
Activation enthalpies and entropies associated with breaking
the stabilizing interface between the domains (Table 1) were
derived from simultaneous analysis of CEST data from a series
of eight well-resolved resonances corresponding to the closed
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Figure 4. A salt bridge stabilizes the closed conformation of 627-NLS.
(a) Crystal structure of avian 627-NLS showing that R650 stabilizes
the closed conformation of 627-NLS via interactions with E687 of the
linker region and D730 of the NLS domain. (b) Expanded region of
the '"H—'>N TROSY spectra of 627-NLS R650A (red), 627 (blue),
and NLS (green) obtained at 25 °C. (c) "N R, relaxation rates of 627-
NLS R650A at a 'H frequency of 600 MHz and 10 °C.

state of 627-NLS at temperatures ranging from S to 20 °C (two
resonances reporting on residues from either the 627 or NLS
domains are shown in Figure Sb) assuming an Eyring
relationship (see Methods). All individual CEST traces are
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Figure S. Characterization of the conformational exchange between open and closed conformations of 627-NLS. (a) Expanded regions of the
"H—"SN TROSY spectra of 627-NLS at multiple temperatures showing two resonances corresponding to open and closed conformations of the
amide group of T569. (b) Experimental "N CEST profiles (red points) for the residues R692 and R650 obtained at multiple temperatures. The
black lines correspond to a fit to a two-site exchange model by analyzing simultaneously data for multiple selected residues (Figure S4) at S, 10, 15,
and 20 °C assuming an Eyring relationship. (c) Population of open conformation (py.,) as a function of temperature derived from a line shape
analysis of TROSY spectra at different temperatures (black points) or extracted from CEST experiments (red line). The full-drawn red line indicates
the temperature range where CEST experiments were recorded. The shaded red area shows the 68% confidence interval as obtained by 500 Monte
Carlo simulations. (d) Exchange rate (k) between open and closed conformations of 627-NLS obtained from CEST experiments (blue line). The
full-drawn blue line indicates the temperature range where CEST experiments were recorded. The shaded blue area shows the 68% confidence
interval as obtained by 500 Monte Carlo simulations. (e) Schematic representation of the energy diagram of the open and closed states of 627-NLS

at 10 °C with AG values derived from CEST experiments (see Methods).

Table 1. Thermodynamic Parameters of the Conformational
Equilibrium between Open and Closed Conformations of
627-NLS Derived from CEST Experiments Recorded at Four
Different Temperatures”

AH AS AGjc
(IJ mol™")  (J mol™K") (kJ mol™")
energies of open state 36 +4 117 £ 1§ 2.66 + 0.06
energies of activation 74 £2 32+7 65.44 + 0.02

“Recorded at S, 10, 15, and 20°C. The CEST experiments were
analyzed simultaneously at all temperatures by including experimental
data for selected residues (Figure S4) and assuming an Eyring
relationship (see Methods). Energy values are reported relative to the
energy of the closed state.

remarkably well reproduced using this simple model (Figure
S4). Not surprisingly, the activation energy required to rupture
the interactions in the interface (65 kJ/mol at 10 °C), is largely
dominated by enthalpic contributions, while the free energy
difference of the open compared to the closed state (2.67 kJ/
mol at 10 °C) reports on dominant enthalpic contributions at
lower temperatures that are matched by entropic effects as
temperature increases (Figure Se). Overall these results provide
an unambiguous description of the thermodynamic origin of
the increase of the exchange rate and open-state population
with temperature. We note that the population dependence
coincides very closely with the values derived from line shape
analysis (Figure Sc). Additional CEST-based analyses were
performed using human 627-NLS, the more common partner
of importin a1 but which shows higher levels of instability in

15126

vitro compared to the avian form, resulting in population and
exchange rate dependences that were identical within
experimental uncertainty (data not shown).

SAXS Measurements Confirm the Temperature
Dependence of the Equilibrium. Open and closed forms
were further characterized using SAXS. Data were collected for
avian 627-NLS at concentrations of 4.9, 2.45, and 1.23 mg/mL
and over a temperature range from 5 to 30 °C. Profiles
obtained at different protein concentrations exhibited the same
shape and were flat at low g values, indicating the absence of
aggregation (Figure 6a). The radius of gyration, R,, values
derived from the Guinier approximation at low ¢ value
exhibited clear temperature dependence, with higher R, at
higher temperatures (Figure 6a). SAXS curves were simulated
for the closed conformation and the open state using the
flexible-meccano statistical coil description””*” for the linker
region and the CRYSOL’* algorithm for prediction of
scattering profiles. Combination of these limiting curves in
proportions coincident with those determined using NMR
spectroscopy (CEST) results in excellent reproduction of the
experimental SAXS curves obtained at the limiting temper-
atures (S and 30 °C) (Figure 6b,c).

The Open Conformation of 627-NLS Binds Importin
al. The 627-NLS:importin al complex was investigated using
small angle scattering. SAXS profiles from the complex were
analyzed using two procedures. First, flexible-meccano was used
to sample the conformational space available to the 627
domain, assuming that the linker peptide (residues 676—689)
can sample all statistical coil conformations available to this
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Figure 6. Small-angle X-ray scattering from 627-NLS in solution. (a)
Temperature dependence of SAXS curves of the same 627-NLS
sample measured at S, 10, 20, 25, and 30 °C. Inset: Guinier region of
the SAXS curve plotted as log.(I) vs ¢°, showing that the slope gets
steeper in this region as temperature increases. The extracted radii of
gyration are 20.4, 20.8, 21.1, 21.3, and 21.7 A for 5, 10, 20, 25, and 30
°C, respectively. (b,c) Comparison of experimental SAXS data to an
admixture of scattering curves calculated using Crysol for the closed
form and averaged over an open ensemble calculated using flexible-
meccano (limiting curves shown in gray). The ratios of open and closed
curves were taken from the populations determined from NMR line
shape and CEST analyses: (b) 0.2:0.8 at 5 °C and (c) 0.5:0.5 at 30 °C.

peptide sequence. Conformations were built onto the X-ray
crystal structure of the NLS domain bound to importin al,
assuming that the NLS domain, whose conformation is
conserved in all four complexes with importin, retains this
crystallographic position, an assumption supported by muta-
genesis and crystallographic studies.'” SAXS curves were
predicted from each of these 25000 conformers. Note that
the reproduction of experimental data by individual curves
provides significant improvement over the average of all curves,
indicating that the sterically available conformational space is
not sampled uniformly. Conformers were then ranked with
respect to their ability to reproduce the experimental SAXS
curves (Figure 7a), revealing that all high-ranking solutions are
positioned near the C-terminal end of importin (Figure 7b).
The data reproduction derived from this procedure is already of
high quality (Figure 7d); nevertheless, sub-ensembles of
conformers may be selected from all possible available positions
(Figure 7a), thereby accounting explicitly for the flexibility of
627 relative to NLS-importin. Not surprisingly this approach
results in ensembles with a high density of states in the same
region of three-dimensional space relative to importin as the
single-conformation solutions (Figure 8).

Single-conformer and ensemble solutions that best reproduce
the experimental SAXS curve also provide a significantly better

ﬁu'y.; b Importin o
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0.0 0.1 0.2 0.3 0.4

Figure 7. Structural analysis of the 627-NLS:importin @l complex
from small-angle X-ray scattering. (a) Representative depiction of the
25000 centers-of-mass of different conformers of 627-NLS calculated
using the flexible-meccano statistical coil algorithm to model the
conformational space available to the 627 domain when the NLS
domain is bound to importin. The center-of-mass spheres are colored
with respect to the ability of the associated conformation to reproduce
experimental SAXS data: red, y > 4; yellow, 4 > y > 3; green, 3 > y > 2;
light blue, 2 > y > 1; and dark blue, y < 1. (b) Representative
conformations of 627 that best reproduce the experimental data are
shown in cartoon representation. The position of the C-terminal
disordered tail of importin al is also shown. (c) Comparison of the
position of the best-fitting conformations with the ab initio SAXS
envelope determined using DAMMIF and DAMAVER (blue). (d)
Comparison of experimental SAXS data (red) with scattering profile
predicted from the best fitting conformation (blue).

reproduction of independently measured small-angle neutron
scattering (SANS) data (hydrogenated protein in buffer
containing 100% D,0) than the average over all conforma-
tional space (Figure SS). Under these conditions, SANS data
report more faithfully on the scattering properties of the
proteins alone,”*”® whereas SAXS data report on a combination
of the solvent shell and the protein, making the two sources of
information complementary and thereby further substantiating
the model of the complex.

Second, an ab initio reconstruction was performed using
DAMMIF”” to produce a space-filling envelope of the
scattering object. Although some empty density can be seen
in this model, possibly due to flexibility of either importin a1 or
the 627 domain, the envelope encompasses very well the single
conformation solutions derived from broad sampling of
conformational space, showing good overall agreement of the
two approaches (Figure 7c).

smFRET Analysis of the Dynamic Properties and
Importin a Binding Mode of 627-NLS. The conformational
equilibria sampled in the free and bound forms of 627-NLS
were also investigated by smFRET, using a double-cysteine
mutant of 627-NLS (residues 539 and 707, positioned at either
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Figure 8. Ensemble selections of the 627-NLS:importin @1 complex. Comparison between centers-of-mass of the 627 domain in ASTEROIDS-
selected ensembles of 627-NLS-importin al containing (a) 5, (b) 10, (c) 20, and (d) the 100 conformers presenting the lowest y* of individual
conformations against the experimental data. The ensembles shown in (a-c) were selected from the entire 25000 orientations represented in Figure
7a.
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Figure 9. 627-NLS interaction with importin a1 probed by smFRET. (a) Structure of 627-NLS with labeling sites marked as spheres. (b) Donor
fluorescence lifetime (z) versus FRET efficiency histograms of 627-NLS double-cysteine mutant IS39C A707C in the presence and absence of 0.6
uM importin @l with corresponding two-dimensional triple-Gaussian fits (black dashed curves) and the black line describing the relationship
between 7 and Egggr for a static molecule. The blue dashed lines are centered at the FRET efficiencies of open and closed conformations of the
unbound state. (See Figure S7 for the triple Gaussian fits of the corresponding titration.) (c) Typical one-dimensional Eppgy histograms of 627-NLS
double-cysteine mutant 1539C A707C at varying importin a1 concentrations with corresponding Gaussian fits (red curves). The blue dashed lines
illustrate Epggr at 0 M (right) and 0.6 M importin a1 (left). The green histogram stems from 627-NLS R650A I539C A707C. The histogram at 0
uM importin @l was accumulated from four independent measurements. (d) Epggr as obtained from a titration of 627-NLS IS39C A707C with
importin al. Fitted values (black spheres) were obtained from double Gaussian fits of two-dimensional Egggr versus 7 histograms, allowing a tilt
between the Epggy and 7 axes within one population (Figure S6). Egpgy relation with importin a1 concentration was described using a simple binding
model, [AB] = A, B/(Ky + B) + offset, where A is 627-NLS and B is importin a1, under the assumption that importin a1 was added at large excess
at every titration step (black line). The green line illustrates Egppy as obtained from 627-NLS R65S0A double-cysteine mutant 1539C A707C.

extreme of the closed 627-NLS structure) randomly labeled
with Alexa488 and Alexa594 (Figure 9a). 627-NLS was
subjected to multi-parameter smFRET analysis”>*’ and yielded
a donor (Do, Alexa488)-only population, which lacked active
acceptor (Ac, AlexaS94) fluorophores, at a FRET efficiency
(Eprer) of 0, as well as a FRET population (Epggr) reporting
on distance and dynamics between Do and Ac. Quantitative
analysis of the width of the FRET population (Table S4)

together with fluorescence lifetime (7, Figure S6) and
observation time analysis (Figure S7) points toward the
existence of more than one conformation that is underlying
the FRET geak (see Methods for a more detailed
description).”™** This is in agreement with the existence of
open and closed states in 627-NLS and an exchange rate
between these states (50 s™" at 25 °C, as determined by NMR)
that is significantly slower than the average single-molecule
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observation time (up to ~S ms). It is likely therefore that the
FRET population in the unbound state is built up from these
two states. Following this logic, fitting of the Epppy versus
histogram with a triple Gaussian function (one Gaussian
describing the Do-only population, two describing the FRET
population) results in average Eppgr = 0.62 and 0.77 (Figure
9b,c). With an approximate dye-to-dye distance of 47 A, the
molecules giving rise to Egggr = 0.77 likely reflect the closed
conformation of 627-NLS as observed in the crystal structure
(44 A Ca—Ca distance), and behave similarly to static
molecules, as can be seen from the corresponding Epppr/7
relationship that follows the “static FRET line” (Figure 9b).
Although we do not resolve quantitative modes of 627-NLS
dynamics***>** from these data, we observe that molecules in
the open state, giving rise to Epzpr = 0.62, deviate from static
behavior,>"*> indicating sub-microsecond averaging of different
conformations within this state. The two states, open and
closed, are occupied with a similar number of molecules at the
smFRET temperature of 23 °C, approximately reflecting the
occupancy ratios observed by NMR (45:55 compared to 40:60
from NMR). NMR and smFRET are therefore shown to be
highly complementary; while NMR provides a clear separation
of time scales of interconversion between conformers in the
open-form, and between the open and closed states, smnFRET
can be used to probe the distance distribution functions present
within the two states.

When importin o was added, the FRET population shifted
gradually to lower FRET efficiencies (longer distances) in
agreement with an increase in the open conformation when
compared to the unbound form of the 627-NLS domain
(Figure 9c,d and Figure S6). A fit of the corresponding 7 versus
Eprgr histograms with a triple Gaussian function, as was done
for the unbound 627-NLS (Figure 9b), suggests that the closed
form gradually disappears from the distribution, substantiating
the suggestion, obtained from SAXS, that only the open form is
capable of binding importin (Figure 9b, Figure S7, and Table
SS). It is striking that, even in the bound form, the events
coming from the 627-NLS open conformation deviate from the
static FRET line, indicating that 627-NLS remains flexible when
bound (Figure 9b).

Single-molecule FRET of the R650A mutant confirms that
the closed form is barely detectable in the ensemble in the
absence of the stabilizing salt bridge, leading to slightly more
extended distances compared to the open form measured in the
native protein (Figure 9c and Figure S$6). Single-molecule
FRET on 627-NLS in the presence 5 yuM importin a3, a5, and
a7 gave effectively identical results to those found for importin
al, again revealing an undetectably low population of the
closed form of 627-NLS, and very similar FRET efficiencies for
the open form (Figure S8). This suggests the 627-NLS binding
mode detected for importin al is indeed general across the
importin a family.

B DISCUSSION

Although the three-dimensional structure of influenza virus
polymerase has recently been determined to atomic reso-
lution,'® the molecular basis of import into the nucleus of the
constituent PB2 subunit prior to reconstitution of the
functional polymerase remains poorly understood. The C-
terminal 627-NLS region of influenza PB2 polymerase is crucial
for this interaction, as it is terminated by the NLS peptide that
interacts with nuclear import receptors. This domain also
contains a high density of mutations that are important for

inter-species transmission, suggesting that nuclear import may
play an important role in adaptation. Here we have determined
the crystal structure of a fully avian HSN1 627-NLS domain
that is essentially indistinguishable from human 627-NLS and
from the structure of bat influenza 627-NLS in the context of
the full-length polymerase. In all available structures® """
627-NLS is stabilized in a compact conformation by a tripartite
salt bridge, implicating charged amino acids in the interface
between the two domains, and a third amino acid in the peptide
linking the independently folded domains. On the basis of the
crystal structure of the NLS domain in complex with importin,
it was previously predicted that this closed conformation could
not bind importin @ unless 627-NLS or importin a undergo
large scale conformational changes that may be further
implicated in active trimeric polymerase assembly.'®

Multi-domain proteins comprise 80% of eukaryotic pro-
teomes, where inter-domain dynamics play key roles in a
multitude of molecular recognition, transport, and signaling
processes.”® These complex dynamic modes cannot be
understood from static structures of either the entire protein
or individual domains. Indeed intrinsically disordered linkers
connecting folded subunits often encode the degrees of
conformational flexibility essential to protein function,
requiring solution state methods to describe the mechanisms
underlying their function.’*® We have therefore used NMR
spectroscopy, small angle scattering and smFRET to character-
ize the behavior of avian 627-NLS in solution and its binding to
importin a.

NMR unambiguously detects large-scale conformational
changes of 627-NLS in solution, comprising exchange between
a closed form and a previously uncharacterized open state that
is highly dynamic. The chemical shifts of the open state very
closely resemble the independent domains, indicating that the
domains evolve more or less independently of each other in
solution, sampling multiple conformational states with
characteristic exchange time scales faster than 50 ps. The two
domains are separated by a short 12—14 amino acid linker that
is partially structured in the closed state, participating in the
electrostatic interaction that stabilizes the closed form, but that
becomes flexible in the open state, providing the degrees of
freedom necessary for the large-scale domain dynamics.
Mutation of one of the highly conserved amino acids that
constitutes the core of the stabilizing interaction results in a
conformational equilibrium comprising only the open-state
equilibrium, as demonstrated by both NMR and smFRET.

Exchange between the open and closed forms of 627-NLS
occurs on a very slow time scale (k. = 30 s™' at 15 °C),
exhibiting clear temperature dependence, rising to 80 s~ at 25
°C. Equally importantly, the population of the open state is
strongly temperature-dependent, characterized by a predom-
inantly closed form at S °C (20%:80% open:closed population)
with population of the open form rising to approximately 50%
at 30 °C. NMR exchange and small angle scattering measured
over a physiological range concord very closely with this
description. A precise investigation of the thermodynamics
governing the temperature-dependent equilibrium, derived
from simultaneous analysis of CEST as a function of
temperature, indicates that although enthalpic differences
dominate the activation energy, the free form exhibits both
entropic and enthalpic contributions compared to the closed
state, suggesting that the open state may exhibit nonspecific
nonbonding interactions between the surfaces.
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The unambiguous identification of interconversion time-
ranges within the open state (7., < S0 us) and between the
open and the closed states (7., > 20 ms) provides a clear
framework within which smFRET can be used to probe the
distance distributions between chromophores present in the
two domains. This allows us to support the suggestion that the
closed state indeed corresponds to the crystal conformation,
and identifies significant domain dynamics in the open state,
again in agreement with the model derived from NMR and
SAXS.

Solution state approaches were also used to probe the
interactions with importin al, demonstrating that the 627
domain is detached from the NLS domain in the complex,
sampling conformations in the vicinity of the C-terminus of
importin a. The 627 domain clearly does not sample all of the
available space provided by the flexible linker, possibly due to
interactions with the surface of importin « in this region, or via
interactions with the 34 amino acid long flexible C-terminal tail
of importin a. This domain clearly remains flexible when the
NLS domain is bound to importin as shown from both SAXS
and smFRET. We note that the C-terminal tail of importin o
presents a highly conserved acidic strand at its N-terminus, and
a conserved cluster of aromatic moieties at its C—terminus,}7
which may interact with the surface of 627. The smFRET
results suggest that the population of the closed state of 627-
NLS is reduced to very low levels in complex with importin @,
corroborating the model by which the open state is the binding
competent form. Experiments carried out on four importin o
isoforms (a1, a3, aS, and a7) indicate that this mechanism is
general for PB2 binding to all members of the importin «
family.

A recent study of residues involved in enhanced polymerase
activity in 627-NLS found that mutation of the basic 650
residue, an essential constituent of the stabilizing salt bridge,
resulted in efficient nuclear import but reported a lack of
polymerase activity in the nucleus.”® This supports our
observation that the open form mediates interaction with
importin @, and further supports the recent observation that the
closed form is essential for function within the context of the
reconstituted polymerase-RNA complex, where it has been
proposed to play a crucial role in interaction with transcribed
RNA in the polymerase exit tunnel."’

Although NMR exchange experiments comparing the avian
and human forms were not able to detect any significant
difference in the thermodynamics of the equilibrium, it is
possible that the thermodynamic dependence of the solution
state equilibrium of 627-NLS is related to temperature
adaptation from the warmer environment of the bird intestine
(40 °C) to the cooler mammalian respiratory tract (33 °C).
Further studies are required to substantiate this possibility.

B CONCLUSION

A combination of complementary solution-state approaches
reporting on local and long-range protein dynamics is used to
characterize the conformational behavior of the C-terminal 627-
NLS domain of influenza polymerase PB2. Although in the
crystalline form 627-NLS systematically adopts a closed,
compact conformation, in solution the protein samples a
dynamic equilibrium between the closed state and an open
state, in which the two domains dislocate when a highly
conserved tripartite salt bridge in the 627-NLS interface is
ruptured. The open state is highly dynamic, comprising
independent domains joined by the linker that also becomes

flexible. Open and closed states are present in equilibrium in
slow exchange, with the open-state population, and the
exchange rate, both increasing with temperature. Crucially
only the open-form is capable of binding to the nuclear import
receptor, and upon binding the 627 domain samples a dynamic
conformational equilibrium in the vicinity of the C-terminus of
importin a. This study demonstrates the functional importance
of large-scale domain dynamics, mediated by the intrinsically
disordered linker peptide connecting the two domains, and
thereby provides a framework for understanding nuclear import
of influenza polymerase. In particular we observe that the
interaction of PB2 with importin a likely occurs via
conformational selection from the intrinsic pre-existing
equilibrium, rather than induced fit. More generally, this
study provides a fascinating example of how a combination of
solution-state approaches can precisely report on dynamic
conformational equilibria, and as such offer the possibility to
study the function of proteins exhibiting extensive and
functionally important domain dynamics.*”*’

B METHODS

Protein Expression and Purification. Codon-optimized pb2
synthetic genes were synthesized encoding amino acids 538-759
(627-NLS domain) from human H3N2 A/Victoria/3/1975 and avian
HSN1 A/duck/Shantou/4610/2003 for optimal expression in E. coli
(Geneart, Regensburg, Germany). Two additional PB2 constructs
from both human H3N2 A/Victoria/3/1975 and avian HSN1 A/
duck/Shantou/4610/2003 were used: the 627 domain, aa 538—693
and the NLS domain, aa 678—759. The human importin-a1 isoform
lacking the autoinhibitory N-terminal importin-$-binding domain, but
with native C-terminus (KPNA2; Uniprot P52292, aa 60—529) was
also expressed from a synthetic gene as above. All constructs were
subcloned into a pET9a-derived vector with an N-terminal
hexahistidine tag and TEV protease cleavage sequence (MGHHH-
HHHDYDIPTTENLYFQG).

The plasmids were transformed into E. coli BL21(DE3)RIL cells
(Agilent), and the expression of the recombinant proteins was induced
with 1 mM isopropyl-1-thio-f-p-galactopyranoside (IPTG) for 18 h at
16 °C. Cells were harvested by centrifugation, suspended in buffer A
(50 mM Tris-HCl, 200 mM NaCl), pH 7.5, containing protease
inhibitors (Complete EDTA-Free, Roche Diagnostics) and disrupted
by sonication. The extract was centrifuged at 20000g for 30 min at 4
°C. All proteins were purified by affinity chromatography on a Ni**
resin column (Qiagen) followed by incubation with TEV protease
overnight at 4 °C coupled with a dialysis against buffer A, pH 7. A
second affinity chromatography on a Ni** resin column was
performed. The flow-through was then further purified using SEC
with a Superdex S75 column (GE Healthcare) equilibrated in buffer A
at pH 6.5.

Samples for NMR spectroscopy were produced in M9 minimal
medium containing MEM vitamins (Gibco). For producing “N-
labeled or *N,'3C-labeled 627-NLS, 627, and NLS domains, the
medium was supplemented with 1.0 g/L of 15NH4C1 and 2.0 g/L of
unlabeled glucose or 1.0 g/L of *NH,CI and 2.0 g/L of *C-glucose,
while for producing I5N,13C,*H-labeled 627-NLS, the minimal medium
was prepared in D,O and supplemented with 1.0 g/L of "*'NH,CI and
2.0 g/L of deuterated *C-glucose. The purity and monodispersity of
the samples were checked by SDS-PAGE, dynamic light scattering, and
mass spectrometry.

The avian 627-NLS:human importin al complex was obtained by
mixing both purified proteins in a ratio 1.5:1. Because SAXS
experiments require a very high quality sample in term of
monodispersity, the obtained complex was further purified using
SEC on Superdex 75 (GE Healthcare) equilibrated with SO mM Tris-
HCl, pH 6.5, 200 mM NaCl, and the subsequent sample was
ultracentrifuged at 50000g during 20 min. The quality of the sample
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containing the complex and the monodispersity were assessed by SDS-
PAGE and dynamic light scattering, respectively.

Mutants of avian 627-NLS were made using the QuikChange site-
directed mutagenesis kit (Agilent). A single mutant (R650A) was
made for NMR measurements of the open conformation of 627-NLS,
a double mutant I539C/A707C and a triple mutant R650A/1539C/
A707C were made for smFRET measurements. All mutants were
expressed and purified as described above for the wild-type protein.
For the cysteine mutations, 10 mM dithiothreitol (DTT) was added
after the second Ni-NTA column to keep the proteins in a monomeric
state until labeling them for smFRET.

Structure Determination of the Avian 627-NLS Domain.
Hanging drop vapor diffusion trials were carried out at 20 °C. Native
crystals of avian 627-NLS were obtained by mixing 1 uL of protein
solution at 12 mg/mL in 20 mM HEPES (pH 7.5), 200 mM NaCl,
with an equal volume of a solution containing 0.1 M Bis-Tris (pH 6.5),
30% (w/v) PEG 4000, and 0.08 M magnesium acetate tetrahydrate.
Crystals were washed in crystallization solution supplemented with
30% glycerol and frozen in liquid nitrogen.

Data were collected to 1.4 A resolution on beamline BM14 at the
European Synchrotron Radiation Facility (ESRF). All data collection
and refinement statistics are given in Table S6. All data were integrated
with XDS*' and analyzed using the CCP4i package.”” The structure
was determined by molecular replacement using PHASER* with the
human PB2 627-NLS domain (PDB 2VY6) as search model. ARP/
wWARP™ was used for automatic model building. All refinements were
performed with REFMAC.* According to MOLPROBITY (http://
molprobity.biochem.duke.edu/), all structures have excellent geome-
try.
NMR Measurements. All samples for NMR contained 50 mM
Tris-HCI pH 6.5, 200 mM NaCl, and 10% D,O. The assignment of
the avian NLS domain was obtained at 25 °C using a "*N,"*C-labeled
sample (1.0 mM) using BEST-type triple-resonance experiments*®
recorded on a Varian spectrometer operating at a 'H frequency of 600
MHz, equipped with a cryoprobe. The assignment of the avian 627
domain was obtained at 25 °C using a '*N,"*C-labeled sample (0.66
mM) using standard triple-resonance experiments recorded on a
Varian spectrometer operating at a 'H frequency of 800 MHg,
equipped with cryoprobe.

The assignment of the avian 627-NLS domain was obtained at 10
°C using a *N,"*C,*H-labeled sample (0.5 mM) using BEST-TROSY
triple-resonance experiments®’ recorded on a Bruker spectrometer
operating at a 'H frequency of 950 MHz. The assignment of 627-NLS
was carried out at 10 °C to minimize line broadening due to exchange
between open and closed conformations. The assignment of the
RS60A mutant of the avian 627-NLS domain was obtained at 10 °C
using a '*N,'*C-labeled sample (2.0 mM) using BEST-TROSY triple-
resonance experiments recorded on a Bruker spectrometer operating
at a 'H frequency of 950 MHz. For all four proteins the spectra were
processed in NMRPipe,”® manually peak-picked in Sparky," and
MARS>® was used for identification of spin systems followed by
manual verification.

The evolution of the spectra with temperature was investigated by
performing a series of 'H—"*N TROSY (627-NLS) or '"H-""N HSQC
(627 and NLS) spectra at S, 10, 15, 20, 25, 30, and 35S °C. Intensities
of the resonances corresponding to the open and closed
conformations of 627-NLS were obtained by a line shape analysis
(Lorentzian) at each temperature using the program FuDA (http://
www.biochem.ucl.ac.uk/hansen/fuda/). The populations of the open
and closed forms at each temperature were calculated from the
extracted intensities.

CEST experiments”' were performed on a sample of 627-NLS (0.8
mM) at 5, 10, 15, and 20 °C on a Bruker spectrometer operating at a
'H frequency of 700 MHz. The experiments were recorded with a >N
B, saturating field of 22 Hz (5, 10, 15, and 20 °C) and an additional
CEST experiment was recorded at 10 °C using a B, field of 44 Hz.
The B, field was applied during a constant period of 0.3 s. The
experiments were recorded with 84 two-dimensional planes with the
position of the N B, field ranging from 100 to 136 ppm in steps of
30 Hz. The CEST data were analyzed using ChemEx assuming a two-
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site exchange model. To increase the robustness of the analysis of the
CEST experiments, data at S, 10, 15, and 20 °C were analyzed
simultaneously assuming an Eyring relationship,

kyT ( AH — TAS)
€X] -
n P RT (1)

where k is the rate constant, AH (in J/mol) and AS (in J/mol/K) are
the enthalpy and entropy of activation, respectively, kz is the
Boltzmann’ constant, h is Planck’s constant, and R is the gas constant.
Multiple resonances corresponding to the closed conformation of 627-
NLS were included in the global fit (R650N, G651N, G682N, S688N,
R692N, G693N, F694N, and 1726N) at each temperature, and
uncertainties in the entire fitting procedure were determined using 500
noise-based Monte Carlo simulations. The global fit of the CEST data
thus characterizes the thermodynamic properties of the exchange
process between the open and closed state of 627-NLS.

Nuclear relaxation rates of the 627-NLS R650A mutant were
measured at 10 °C on a Bruker spectrometer operating at a 'H
frequency of 600 MHz. The *N longitudinal relaxation rates (R;) and
{'"H}"*N heteronuclear NOEs were measured using the methods of
Lakomek et al,>' the N transverse relaxation rates (R,) were
measured using the method of Kay et al.>? and the *N—'H CSA/DD
cross-correlated transverse cross-relaxation rates (ny) were measured
using the pulse scheme of Wang et al.>* All spectra were processed in
NMRPipe,** and in-house scripts were used to extract peak heights
and calculate the relaxation rates.

Small-Angle X-ray Scattering of Avian 627-NLS. SAXS
experiments of avian 627-NLS were obtained at S, 10, 20, 25, and
30 °C at the BM29 beamline, ESRF, Grenoble** using an energy of
12.5 keV, 4 = 0.9918 A. All samples were purified as described above.
Fifty uL of protein solution at three different concentrations (4.9, 2.4S,
and 1.23 mg/mL) and the corresponding buffers were exposed to X-
rays and scattering data collected using the robotic sample handling
available at the beamline.” Ten individual frames were collected for
every exposure, each 1 s in duration using the Pilatus 1M detector
(Dectris) placed 2.864 m from the sample. Individual frames were
processed automatically and independently using the EDNA
processing pipeline incorporating the ATSAS tools form EMBL-
Hamburg, yielding individual radially averaged curves of normalized
intensity versus scattering angle q = 4z sin 6/A. Time frames were
combined, excluding any data points affected by aggregation induced
by radiation damage, to give the average scattering curve for each
measurement (buffer was measured before and after every sample and
averaged for backsground subtraction). Data were processed using the
ATSAS package®® and in-house software.

To analyze the experimental SAXS data of 627-NLS at the different
temperatures, two different ensembles were created corresponding to
the closed and open conformation of 627-NLS. For the “closed”
ensemble, the crystal structure of avian 627-NLS (encompassing
residues 541—741) was used and flexible-meccano®>** was employed to
add the flexible NLS peptide to the crystal structure assuming
statistical coil distributions for these amino acids (residues 742—759).
The “open” ensemble was generated as for the “closed” ensemble, but
in addition the inter-domain linker between the 627 and the NLS
domain 677—689) was also constructed using flexible-meccano, thereby
obtaining an ensemble of structures where the 627 and the NLS
domain are dislocated and can evolve freely within the limits of the
conformational degrees of freedom allowed by the linker peptide.
SAXS curves were predicted for each of the two ensembles (“open”
and “closed”) by averaging predicted SAXS curves for individual
structures over the entire ensembles. The two predicted SAXS curves
were then combined in a population-weighted average using the
populations of the open and closed conformations extracted from the
line shape analysis of the TROSY spectra or the CEST experiments at
the different temperatures. These population-weighted averages were
then compared to the experimental SAXS curves at the different
temperatures (Figure 6b,c).

Small-Angle X-ray Scattering of Avian 627-NLS in Complex
with Human Importin a1. SAXS experiments of the complex of
avian 627-NLS and human importin a1 were obtained at 5 °C at the
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ID14-3 beamline, ESRF, Grenoble, which operated at a fixed energy
(13.32keV, 2 = 0.931 A). All samples were purified as described above
and checked for monodispersity by dynamic light scattering. Aliquots
of 30 yL of protein solution at three different concentrations (1, 0.5,
and 0.2 mg/mL) for each sample (and buffer) were exposed to X-rays,
and scattering data were collected using the robotic sample handling
available at the beamline. Ten individual frames were collected for
every exposure, each 30 s in duration using the Pilatus 1M detector
(Dectris) placed 1.83 m from the sample. Individual frames were
processed automatically and independently using the EDNA
processing pipeline using the ATSAS tools from EMBL-Hamburg,
yielding individual radially averaged curves of normalized intensity
versus scattering angle q = 47 sin /4. Time frames were combined,
excluding any data points affected by aggregation induced by radiation
damage, to give the average scattering curve for each measurement
(buffer was measured before and after every sample and averaged for
background subtraction). Data were processed and analysis steps were
performed using the ATSAS package.*® Forty ab initio models were
calculated using DAMMIF,*’ and then averaged and aligned using
DAMAVER.*

In order to analyze the experimental SAXS curve of the avian 627-
NLS:human importin a1 complex in more detail, an ensemble of
structures was generated on the basis of the crystal structure of the
human NLS domain in complex with importin a1."® Flexible-meccano
was used to construct the linker peptide between the NLS and the 627
domain providing an ensemble of structures of the 627-NLS:importin
complex where the 627 domain samples a large number of
conformations as allowed by statistical coil sampling of the linker
peptide (Figure 7a). Compared to the available crystal coordinates, the
experimental construct comprised 13 amino acids at the N terminus
and 34 amino acids at the C terminus that are predicted to be
disordered and were built using flexible-meccano (residues 60—72 and
496—529, respectively). For each structure of the generated ensemble,
the SAXS curve was predicted and compared to the experimental
scattering curve (Figure 7a). In addition, sub-ensembles of structures
(of sizes ranging from S to 25) that agree with the experimental SAXS
curve were selected from the entire 25 000 orientations represented in
Figure 7a, using the genetic algorithm ASTEROIDS.**~%!

Small-Angle Neutron Scattering of Avian 627-NLS in
Complex with Human Importin a1. SANS experiments of the
complex of avian 627-NLS and human importin a1 were obtained at 8
°C at the D33 beamline, Institut Laue-Langevin (ILL), Grenoble. The
neutron beam had a wavelength 1 = 6 A + 10%, and was passed
through a 2 or 144 m rectangular collimator. Sample-to-detector
distances were 2 and 14 m. The q range covered in this experiment
extended from 0.004 to 0.048 nm™". The complex, at 2.45 mg/mL in
100% D,O buffer, and the corresponding buffer were measured in 2
mm thick rectangular cuvettes.

The SANS data were used to validate the SAXS-derived structure/
ensemble of the 627-NLS:importin al complex. Thus, SANS curves
were calculated using CRYSON™® from (1) the best-fitting structure of
the complex (Figure 7b) and (2) the ensemble sampling all possible
conformations of 627 on the surface of the NLS:importin complex
(Figure 7a). The calculated SANS curves for the three cases were
subsequently compared to the experimental SANS data (Figure SS).

Single-Molecule FRET of 627-NLS. Double-cysteine mutants of
627-NLS were randomly labeled with Alexa488- and Alexa$94-
maleimide in a 1:1 ratio, following previously described protocols.”
Briefly, the protein was buffer exchanged into S0 mM Tris pH 7, 200
mM NaCl with 10 mM DTT, and transferred quickly into DTT-free
buffer prior to labeling. Free cysteines were labeled with a 3—5-fold
molar excess of dye, with unincorporated dye being removed by size
exclusion chromatography. The buffer was exchanged into 50 mM Tris
pH 6.5, 200 mM NaCl, 2 mM DTT for single-molecule measure-
ments.

The smFRET measurements were performed at 627-NLS
concentrations of S0 pM on a custom-built multi-parameter
fluorescence spectrometer with a confocal detection geometry, as
described previously.”> A laser diode (LDH 485, Picoquant, Berlin,
Germany) and a white light laser (SuperK Extreme, NKT Photonics,
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Denmark) filtered through a $72/1S excitation filter were pulsed
alternatingly with a repetition frequency of 27 MHz each to excite
Alexa488 and Alexa594, respectively. Excitation light was linearly
polarized. Fluorescence light was spatially filtered by a 100 ym pinhole,
split into parallel and perpendicular polarized light, and then into
Alexa488 (Do) and Alexa594 (Ac) fluorescence.

Fluorescence time traces were subjected to a burst recognition
algorithm,*® and all bursts with a Do+Ac intensity of more than 50
photons arising from excitation with the green laser were then further
analyzed by multi-parameter analysis. FRET efficiencies (Egpgr) were
calculated from fluorescence Do and Ac signals that were corrected for
leakage and direct excitation according to

IAc

EFRET =T
IAc + yIDo

@)

with the correction for differences in detection efficiencies and
quantum yields y = 1.14. y for 627-NLS was determined using
established protocols.””** An independent validation of the measured
7 can be obtained from considering the closed conformation of 627-
NLS, which does not exhibit domain dynamics according to NMR and
SAXS. For such a static molecule, y can also be obtained from the
following relationship:

IAc

_Ae oy Toa
IAC + yIDn

Epger =
) (3)
with 7, and 7p, being the Do lifetimes in the absence and presence of
an active Ac. Indeed, the closed conformation of 627-NLS follows this
behavior with the y used (Figure 9 and Figure S7).

Labeling stoichiometries (S) were calculated according to

- T
IDo + IAc + Izilcr

(4)
with I3" being the intensity of Ac arising from direct excitation with the
Ac laser. In most cases (Figures S6 and S7, and all derived analyses),
only bursts of S = 0.2—1.2 were selected for further analysis.”®

Fluorescence lifetimes were fit using a maximum likelihood
estimator.® E and 7 were then plotted in two-dimensional histograms
and fit with double (x = 1) or triple (x = 2) Gaussian functions
according to

1

S, 7) = XAy gl — sy

2 2
T
o))

()
with the widths of the populations o, and the centers E, and 7,. The
parameter c describes a tilt of the Gaussian fit in the 7—E plane and
was set to 0 when x = 2 was selected, unless noted otherwise.

Single-molecule lifetime fits yielding 7 < 500 ps arose from
background bursts, as could be shown by more restrictive burst
recognition parameters, and were excluded from consideration when
triple Gaussian fits were attempted.

Three different approaches were taken up to analyze the presence of
slow dynamics within the 627-NLS FRET histograms:

(a) FRET peaks resulting from a titration of 627-NLS IS39C
A707C with importin al were first fit with two two-
dimensional Gaussian functions, allowing a tilt in the 7 versus
Epggr histogram (x = 1 and ¢, # 0 in the fitting equation). The
peak widths of the FRET populations (o, in the fitting
equation, corresponding to oy in Table S4) were then
compared with the widths as expected from a shot-noise
(sn)-limited FRET peak according to

E—E,

Of

-1,

_ 2(E-E)r-1)

O,

M T,n GE,no-‘[,n
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o-sn =
JEier) (1 = (Efer))(NY

< \/(E;nRETxl — (Efrer))Nr ! (6)

where (N) is the average number of photons per burst and Ny

the minimum number of photons per burst, corresponding to
the threshold applied. (Efger) is the average FRET efficiency
without 7 correction.®®® Np was used for a conservative
approximation of 6,,. o, that were significantly larger than o,
(as was the case throughout the whole importin a1 titration of
627-NLS, but particularly for 627-NLS alone and with low
concentrations of the transport receptor) were indicative of
slow dynamics of the dye-to-dye distance or the existence of
multiple overlaid populations.®*®

(b) A tilt between Epggr and 7 within the FRET population of 627-
NLS 1539C A707C was necessary to reasonably fit the two-
dimensional histograms with a double Gaussian (x = 1)
population. However, for folded proteins with a clearly defined
dye-to-dye distance, and for fast-fluctuating dye-to-dye distance
distributions (much faster than inter-photon times, ~50 s in
our case), no tilt would be expected within the same population
in the Epppr Vs 7 histogram.so’n'66

(c) Analyses considering different single-molecule observation
times (binning analysis, Figure S6, shown for 0.5, 1, and 2
ms as well as resulting from burst recognition, i.e., up to ~5 ms)
that yield similar peak widths and FRET positions are indicative
of dynamics that are considerably slower than the time of a
burst, or for two/several static molecules contributing to the
observed FRET populations. Note that fast dynamics (<us) are
not covered by this analysis and can still be present.*”

Approaches (a)—(c) all point toward the existence of very slowly
(>S5 ms) interconverting states, or static states contributing to the
widths of the FRET histogram. The exchange rate between open and
closed conformations in the unbound 627-NLS was estimated to be 50
s™' at 25 °C by NMR. Fast interconversion rates within the open
population of 627-NLS were found to be smaller than ~10 ps, whereas
the closed population appears devoid of significant inter-domain
fluctuations. All dynamics observed by NMR were therefore shorter
than the inter-photon time (~S50 us), or much longer than the
observation time (up to ~S ms), which suggests that a triple Gaussian
function (x = 2, Figure S7c), without allowing tilt between 7 and Epggr
within the same population (¢, = 0), should describe the two-
dimensional 7 versus Egpggr histograms reasonably well, which is indeed
the case. However, in case small amounts of microsecond to
millisecond time scale dynamics were present, we also allowed ¢, #
0 in the fit. Under this scenario we determined FRET efliciencies for
the open and closed forms, and both methods of fitting three Gaussian
populations gave rise to the observation that the closed form was on
the static Egpgy line, whereas the open form showed fast dynamics,
leading to a deviation from the static FRET line (Figure S7d, Table
§5).>"** Additionally, both approaches yield a similar occupancy ratio
between open and closed conformations to that found by NMR.

While determining distances for FRET populations that are
dynamically averaged from a conformational ensemble requires the
input of a specific model, the dye-to-dye distance Rp, for the closed,
static, conformation could be calculated using

Epper = 1/(1 + (RDA/RO)é) (7)

The Forster distance R, was determined using quantum yields and the
overlap integral determined from singly labeled 627-NLS to be 58 + 1
A28
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