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Molecular basis of host-adaptation interactions
between in uenza virus polymerase PB2 subunit
and ANP32A

Aldo R. Camacho-Zaro® %, Sissy Kalay#, Damien Maurir, Nicola Salvi» L, Elise Delaforgk Sigrid Milles,
Malene Ringkjgbing JensérDarren J. Hak Stephen Cusac® 2 & Martin Blackledge® 1

Avian in uenza polymerase undergoes host adaptation in order to @éntly replicate in
human cells. Adaptive mutants are localised on the C-terminal (627-NLS) domains of the
PB2 subunit. In particular, mutation of PB2 residue 627 from E to K rescues polymerase
activity in mammalian cells. A host transcription regulator ANP32A, comprising a long C-
terminal intrinsically disordered domain (IDD), is responsible for this adaptation. Human
ANP32A IDD lacks a 33 residue insertion compared to avian ANP32A, and this deletion
restricts avian inuenza polymerase activity. We used NMR to determine conformational
ensembles of E627 and K627 forms of 627-NLS of PB2 in complex with avian and human
ANP32A. Human ANP32A IDD transiently binds to the 627 domain, exploiting multivalency
to maximise af nity. E627 interrupts the polyvalency of the interaction, an effect compen-
sated by an avian-unique motif in the IDD. The observed binding mode is maintained in the
context of heterotrimeric in uenza polymerase, placing ANP32A in the immediate vicinity of
known host-adaptive PB2 mutants.

1Univ. Grenoble Alpes, CNRS, CEA, IBS, F-38000 Grenoble, FriBoeopean Molecular Biology Laboratory - EMBL, 71, Avenue des Martyrs,
Grenoble, France.email:martin.blackledge@ibs.fr
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n uenza A virus (IAV) is responsible for3 million severe of the IDD in the function of putative ANP32A:polymerase

cases every year, resulting in 2500,000 deatAs Most complexes.

in uenza strains evolve exclusively in the large reservoir of
water birds, but some highly pathogenic avian strains (e.g., H5N1,
H5N8 and H7N9) can infect humans with lethal consequencBgsults
(up to 60% mortality) and are potential pandemic threats fdPDs of h andavANP32A and their interactions with 627-NLS
humanity if they develop human-to-human transmissalfility We have compared the two complexes using solution state NMR,
However, for these avia('av) viruses to efcienﬂy rep”cate in Inltla"y from the side of ANP32A. The IDDs hfand avANP32A .
mammalian cells, host adaptation of the viral polymerase Gemprise 63/96 and 79/129 Asp or Glu residues, respectively,
necessary. Replication of IAV is carried out by the RNAeading to extensive spectral overl&pand avANP32A IDDs
dependent RNA viral polymerase that functions as a heter@ffer principally due to a 33 amino acid insert avANP32A
trimeric complex, formed from separate components PA, P@176-209) comprising amv-unique hexapeptidé,’&/LSLVK!®],
and PB2. Few mutations are required for avian to human addpllowed by a duplication of 27 amino acids also present in
tation®, and a number of these cluster on the surface of the BANP32A IDD. Backbone resonance assignment was completed
terminal 221 amino acid section of PB2, comprising sep#afe t0 78% and 58%, respectively, revealing thand avANP32A
and‘NLS domaing’. In particular mutation of residue 627 from|DDs are indeed both intrinsically disordered (Supplementary
E to K inawWPB2 rescues polymerase activity and viral replicatifigs. 1 and 2), with a slight tendency (20%) towards helical
in mammalian celfs11 Members of the host transcription reg-conformation for the hexapeptide, but negligible secondary
ulator family ANP322 comprising a long low-complexity acidicstructural tendency elsewhere.
intrinsically” disordered domain (IDD; sometimes known as Upon addition of the 627(K) domaintH and 1N chemical
LCAR) at the C-terminus, have been shown to be responsible $9ift perturbations (CSPs) are seen for a large number of
this viral adaptatioh®> Human ANP32A KANP32A) lacks an resonances in the IDD ohANP32A (Fig.1b, Supplementary
insertion of 33 disordered residues comparedatdNP32A, Fig. 1d). NMR relaxation rates measured at increasing titration
restrictingavH5N1 polymerase activity in mammalian cells. Thigdmixtures (Figlc) show maximal effects for the acidic strand
restriction is lifted by E627K mutation, suggesting an essenfi8DEDA83 while the largest CSPs are seen for the adjacent
role for ANP32A through interaction with PB%24, although hydrophobic residues!84QVvVv186 (Fig. 1b, Supplementary
there are currently no molecular descriptions of these interdéig. 1d). Additional interactions are seen throughout the chain,
tions. The interaction between members of the ANP32 family aid particular at 164/E165 and 214yND216 Comparison of
in uenza polymerase is critical in supporting IAV replicatiorhackbonel3C shifts in the free and fully bound states reveals
and is attracting increasingly intense intete&%19, Recent stu- that only 17%DED82 shows any evidence of folding upon
dies also demonstrate that the interaction occurs in the niideusinding (Supplementary Fig. 1d), in this case into an extended
and further studies point to the importance of related members sifieet conformation, while the remainder of the chain remains
the ANP32 family, in particular ANP32822 as well as the role highly exible in the complex, retaining its random coil nature
of surface residues in the folded leucine-rich region (LRR) &upplementary Fig. 1b). Similar evidence of multiple interaction
ANP32A23 sites is seen for the IDD @vANP32A in complex with the 627

Conformationally, the 627-NLS region of PB2 exhibitE) domain (Supplementary Fig. 1d, Fig). Relaxation proper-
intriguing behaviouf2®, X-ray crystallographic structures ofties (Fig.1c, h) and more spectally CSPs (Figle) of the
both h and av-adapted 627-NLS revealed a compact twdwexapeptide are strongly inenced by the presence of both
domain structuré’, a conformation also found in full-length domains of 627-NLS, compared to constructs each comprising
transcriptionally active polymera$e Solution NMR, however, only the 627 or NLS domains and the linker. This implies that the
revealed the coexistence of two forms of 627-NLS, corspecic conformational behaviour of the linker in integral 627-
sponding to‘operi and ‘closed states that interchange in aNLS, or the relative position of the two domains, are essential for
highly dynamic equilibriurd’, while crystallographic investi- the interaction with the hexapeptide a/ANP32A IDD.
gation of the transcriptionally inactive polymerase complex Interaction of 627-NLS and ANP32A reveals similar pes
suggested a role for this open form in viral replication do those measured for the IDDs alone, with additional
polymerase assemB##°. interactions involving the LRR for both and avANP32A

Here, we combine NMR and quantitative ensemble analysis(Ebg. 1f—i). In both h and avANP32A, the largest CSPs in the
describe and compare the complexes formed beta®iP32A LRR are centred oh9.FN22 with additional shifts induced
and a-adapted 627-NLS (627-NLS(E)), and betweANP32A following the spine of the beta-helix (Fitjg). Notably, the
and h-adapted 627-NLS (627-NLS(K)). Although the complexesoss-interaction, betwedPANP32A and 627-NLS(E) shows
are both found to be highly dynamic they exhibit sigr@int much smaller shifts thanhANP32A:627-NLS(K), while
differences. Polyvalent combinations of transient interactionemparison with avANP32A:627-NLS(E) clearly iden&s
between the acidic IDD and the positively charged 627(ifcreased shifts centred on the hexapeptide (H)g.
domain stabilise th@ANP32A:627-NLS(K) complex. This poly- Although most of the IDD is involved in the interaction, the
valency is less dfient for avANP32A:627-NLS(E), due to thestrongest binding or highest populations of binding interactions,
interruption of an exposed basic surface on the 627 domain dgcur at a distance of 285 amino acids from the LRR. In the
the presence of E627. The weaker interaction is however camse 0favANP32A, this concerns the avian-unique hydrophobic
pensated by the recruitment of additional sequences on the longerapeptide, and ihANP32A the sequencEDEDAQVV186
aviDD, in particular an avian-spea hexapeptide motif that Further interactions are observed downstream of these interac-
interacts with the linker between 627 and NLS. Notably the crosi®n sites until the nuclear localisation sequence (KRKR), situated
interaction betweemANP32A and 627-NLS(E) exhibits neither~15 amino acids from the end of the chain, beyond that point no
of these possible stabilisation mechanisms, which may be relaigdi cant interactions are observed.
to the inability of IAV polymerase to function in human cells Despite the evidence of clear interaction between ANP32A and
without the E627K mutation. Importantly, we show that th&27-NLS, the complex is polyvalent, and in all cases weak
interaction exhibits the same properties in the presence of h€upplementary Table 1, Supplementary Fig. 3), with none of the
erotrimeric in uenza polymerase, providing insight into the rolendividual interactions exhibiting a stronger afty than 800 M
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Fig. 1 NMR of ANP32A with 627-NLS reveals a highly dynamic polyvalent complex Representation of the domains of ANP32A. Blue surface shows the
LRR domain, pale blue ribbon-disordered IDD (100 or 132 amino acids). Sequence distribution of IDDs shown on rightaBldit, blue= basic and
beige= hydrophobic or polarAviDD contains a 33 amino acids insert (horizontal line) comprising an avian-unique hexapeptide {f)hemical shift
titration of 627(K) into 1N-labelled IDD ohANP32A . hANP32A was 25 M throughout. 627(K) concentrations were 0 (blue), 25 (green), 50 (grey-blue),
100 (orange) and 200 (red) M. Measurement at 850 MHz, 293 K (seéMethods section).c 1™ rotating frame relaxation R, ) of free (blue) N-labelled
IDD of hANP32A at 300 M, and upon mixing with 627(K) at 1:1 (orange) and 1:4 (red) ratio. Measurement at 850 MHz, 298 KN rotating frame
relaxation R, ) of free (blue) 1N-labelled IDD ofavANP32A at 300 M, and upon mixing with 627(E) at 1:1 (orange) and 1:4 (red) ratio. Maximum effect is
seen at the equivalent motif, 33 amino acids downstream, fréWWNP32A.e Chemical shift perturbation (CSP) of full-lengtavANP32A upon addition of
627(E) (orange), NLS (red) and 627-NLS(E) (blue). Concentrationa@ANP32A was 25 M and the partner 50 M throughout. Resonances from the LRR
were not observable at this low concentratiofi.1N rotating frame relaxation (R) of free (red) 1N-labelled full-lengthhANP32A at 300 M, and upon
mixing with 627-NLS(K) at 1:1 ratio (blue). Measurement at 850 MHz, 293&KCSP of full-lengtrhANP32A upon addition of 627-NLS(K) (blue).
Concentration othANP32A was 300 M and 627-NLS(K) 600 M. The cross-interaction betweelmANP32A and 627-NLS(E) is shown for comparison at
the same stoichiometric ratio (orangeh 13N rotating frame relaxation R, ) of free (red) 1N-labelled full-lengthavANP32A at 300 M, and upon mixing
with 627-NLS(E) at 1:1 ratio (blue). Measurement at 850 MHz, 293 KCSP of full-lengttavANP32A upon addition of 627-NLS(E) (blue). Concentration of
avANP32A was 300 M and 627-NLS(E) 600 M. The cross-interaction betweemANP32A and 627-NLS(E) is shown for comparison at the same
stoichiometric ratio (orange). The avian-sped insert is highlighted by shifting data frohANP32A from residues following the beginning of the insert by
33 amino acids.
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for the interaction of hANP32A with 627(K) (1700M for the equilibrium at 1:2 ratio of 627-NLS(B)ANP32A and falling
avANP32A with 627(E)). Notably, the interactions betweeflom 65 to 40% at the same stoichiometry in 627(K)-NLS:
hANP32A and 627(E) are also weaker (>1400, suggesting hANP32A.
that the single E627K mutation plays an important role. The polyvalent nature of the interaction of the IDD with 627-
Interaction with integral 627-NLS is weaker due to the opeMLS is further substantiated by the comparison of the CSP-
closed equilibrium reducing the population of available bindindgerived proles measured when individual adjacent peptides from
states. Interaction of the LRR of ANP32A alone with the 6 WUANP32A IDD interact with the open-mutant of 627-NLS(K)
domain reveals weaker aity (>1500 M). Although these (Supplementary Fig. 6). These results demonstrate that both
interactions are weak, the extended interaction surface involvppeptides interact with residues on the surface of 627-NLS, some
80-100 disordered amino acids lnand avANP32A nevertheless that are common to both peptides and to the full-length IDD
results in tighter binding as experienced by 627-NLS. (Fig. 2b), and others that are unique to one or other of the
peptides, corrming the multivalent, transient and dynamic
nature of the interaction of the full-lengtiuANP32A 1DD with

Interactions of av and h-adapted 627-NLS withav and 627-NLS(K). One of these peptides, that comprises 11 consecutive
hANP32A. The interaction was also investigated from the side a€idic amino acids, also binds much tighter to the open form of
627-NLS domains of PB2. The two domains exhibit an ope627-NLS(K) than to the open form of 627-NLS(E) (Supplemen-
closed equilibrium (Fig2a) that is populated ~40:60 at 293 Ktary Fig. 7), again supporting the observation that the contribu-
leading to two sets of resonances for the majority of the proteintion of K627 to the positively charged surface of the 627(K)
Addition of hANP32A to 627-NLS(K) resulted in CSPslomain is the essential factor for the tighter interaction with the
throughout the protein (Supplementary Fig. 4). The largest shiftegatively charged regions &UANP32A IDD. These data
are observed in the open form, suggesting that ANP32A interattterefore further support our model of differentiation of the
preferentially with this conformation. The closed form of 627inding modes of the two complexes.
NLS(K) is stabilised by a tripartite salt bridge, and can be
removed from the equilibrium by mutation of the implicated
amino acids (R650 or D730/E687)CSPs induced upon inter- Ensemble descriptions of dynamic ANP32A:627-NLS com-
action with the ANP32A IDD are illustrated for clarity using arplexes To develop a more detailed description of the dynamic
open-only mutant (Fig.2b), and the distribution of CSPs asinteraction between 627-NLS and ANP32A, we have incorporated
measured on the wild-type proteins (Fag). Figure2d illustrates eight cysteine mutants into both 627-NLS(K) and (E), and indi-
the major shifts observed for 627-NLS(K) upon addition ofidually labelled the proteins with single TEMPO-based para-
hANP32A IDD. Although basic sidechains are found on botinagnetic spin-label. This allows the detection of paramagnetic
sides of the domain (Fi@e), CSPs are observed mainly on oneelaxation enhancements (PREs), from the perspectivevef
face of the 627 domain, again suggesting that the interactiorpasitions on the 627 domain and three on the NLS domain
not uniquely driven by electrostatic attraction with the acidifFig.3a—). PREs report on weak, or sparsely populated contacts
IDD. Despite strong similarity of the CSP ptes, clear addi- between the two proteins, providing long-range positional con-
tional shifts are measurable for 627-NLSIIKNP32A compared straints that are complementary to the short-range modulation of
to 627-NLS(EgVANP32A (Fig.2c, Supplementary Fig. 4), par-the electronic and chemical environment probed by CSPs, and
ticularly in the vicinity of R630, L636 and 5&B1, forming a the modulation of the dynamics of each site as measured by spin
continuous interaction surface that is strongly enhanced in 62&laxation. These orthogonal experimental probes reveal different
NLS(K) (Fig.2f). It is interesting to note that residues 590 andspects of the same interfaces, while providing a high level of
591 provide an alternative pathway to host adaptation, as exdn rmatory experimental validation (vide infra).
denced in the 2009 pandemic stfafi The long extended loop The experimental results show strong PRES, reporting on
comprising 627E/K, that is highlyexible in both 627E and 627 Ktighter or more populated interactions, distributed over long
(Supplementary Fig. 5), wraps around the B8 helix and stretches of the IDD for certain spin-label positions, and little
interaction withhANP32A appears to enhance the accessibility bfoadening for other positions. Such ples again suggest
the N-terminus of this helix to the ANP32A IDD uniquely wherna polyvalent interaction, whereby distinct sites dispersed along
627 K is present. the IDD visit the same sites on 627-NLS. Interestingly, some

The af nity measured when observing resonances from 62a@bels (in particular 587 and 631) induce a wellygEl pattern
NLS(K) is considerably tighter than from the siden®NP32A, over the long -sheet on the concave face of the LRR of ANP32A,
with values of 20M for 627(K) and 50 M for 627-NLS(K). This allowing the determination of its orientation with respect to the
increased ahity apparently occurs due to avidity with the627 domain (Fig3d, see'Methods section), despite the weak
extensive interaction surface presentechBjNP32A. Although interaction between the two domains (Supplementary Table 1).
the stoichiometry cannot be determined accurately, titratioFhis orientation is in full agreement with the observed CSP on the
curves imply that it is signcantly different to 1:1 from the side ofsurface of the LRR of ANP32A (Fid), where the largest
627-NLS (Supplementary Fig. 3), again suggesting that tmemical shifts are seen for F121, Y122 and C123. These residues
increased ahity occurs due to polyvalent binding of multiple,are positioned in closest proximity to the 627 domain in the
weak binding sites on ANP32A to each site on the surface of 62iAsemble of conformers that besthe entire set of experimental
NLS(K). Notably, the ahity for avANP32A IDD measured when data. The interaction is apparently stabilised by hydrophobic
observing resonances of 627(E) is ~20 times weaker than forititeractions, involving residues on the surface of 627 and
equivalent human IDD:627(K) complex, with values >8@0In  ANP32A, and an electrostatic interaction between D130
combination with observations measured from the side EGANP32A) and R646 (627) (Fige). It seems likely that the
ANP32A, it therefore appears that the absence of K627, whibserved interaction relates to observations that have recently
disrupts the continuity of the positively charged surface on 62implicated D130 in host adaptatié?®?23. The optimal poses
strongly abrogates this component of the interaction. determined for the 627-NLS(KWANP32A and 627-NLS(E):

In addition, the interaction with ANP32A strongly favours theavANP32A complexes are very similar. The interface between
open form of 627-NLS (Fig2g), especially for the avian627 and ANP32A is bordered by a nearly continuous ridge of
interaction, with the closed form essentially disappearing frosolvent accessible basic sidechains, including K589, R630, R641
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and R650, that is completed by the presence of K627 in the casthefspin-label at position 699 in the NLS broadens the IDD
627-NLS(K) (Fig3f). Inspection of the PRE data from the IDDmaximally at the position of the hexapeptidea@ANP32A. This
regions ofh and avANP32A reveals weaker effects in the regiomgain conrms that the interaction with the immediately
immediately following the LRR foavANP32A, and more proximal basic face of 627, ded by the differential CSPs
contacts with the dislocated NLS domain (Ba.b), in particular (Fig. 2f), is weaker in the case alANP32A.
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Fig. 2 Interaction of 627-NLS and ANP32A observed from the perspective of 627-NLS. Representation of the domains of 627-NLS. The C-terminal
domains of PB2 comprise two sub-domains (62%range and NLS-grey) connected by a linker (red) and terminated by an NLS peptide (NLS). The
molecule exists in equilibrium between closed and open forms that exchange at 56 room temperature. The position of the E627K adative mutation is
shown in blueb HSQC of the open-only form oD, 13 and1™N-labelled 627-NLS(K) (D730A/E687A; 200 M; red), indicating chemical shifts of selected
sites upon addition ohANP32A IDD (400 M blue). c CSP of 627-NLS(K) (300 M) upon addition ofhANP32A IDD at a ratio of 1:4 (red) and 627-NLS(E)
(300 M) upon addition ofavANP32A IDD at a ratio of 1:4 (blue). Spectra recorded 8B, 13 and™N-labelled 627-NLS at 293 K and 850 MHz. Only
shifts affecting resonances corresponding to the open form are shown for cladt@SP of 627-NLS(K) (red) induced by addition bANP32A derived from

b above the threshold of 0.25 (dashed line) for 627 (grey) and NLS (yellow) domains. Two orientations of the protein are sheWistribution of basic
sidechains (blue) on the surface of the 627 and NLS domains. By comparison eyithis evident that one of the two faces preferentially interacts with the
IDD. f Represention of the largest differential shifts on the surface of the 627 domain upon addition of ANP32A as showrAimino acids showing the
largest difference in CSP (>0.15) in the 627-NLS{NP32A IDD complex compared to the 627-NLS(EBYANP32A IDD are highlighted in red (position
of 627 shown in blue).g Interaction of full-length 627-NLS with ANP32A induces a change in the open-closed equilibrium—Redks reporting on the
open and closed forms of 627-NLS(E) or 627-NLS(K) before the addition (bluehof avANP32A, respectively. The interaction with ANP32A potentiates
the equilibrium in both cases, fully removing the closed form in the case of the avian pair. Residues distal from the main interaction site were ahosen t
reduce the risk of peak disappearance due to direct interaction.
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Fig. 3 Experimental characterisation of the dynamic 627-NLS:ANP32A interaction complexes.Experimental (orange) and calculated (blue)
paramagnetic relaxation enhancements measured lWANP32A in the presence of paramagnetically labelled 627-NLS. Intensity ratios compare spectra
recorded in the presence of oxidised and reduced forms of TEMPO-maleimide for complex admixtutesNP32A (300 M) and 627-NLS(K) (150 M).
Calculated values result from representative ensembles selected using the ASTEROIDS appodacgberimental paramagnetic relaxation enhancements
measured onavANP32A in the presence of paramagnetically labelled 627-NLS. Intensity ratios compare spectra recorded in the presence of oxidised and
reduced forms of TEMPO-maleimide for complex admixturesa®NP32A (220 M) and av627-NLS (400 M). This admixture was chosen to replicate

the population of bound state estimated in the case of 627-NLS§NP32A.c Position of the eight cysteine mutations used to label 627-NLS. Five
mutations were selected over the surface of the 627 domain and three on NLS. One mutant protein was expressed aneldpiar each site on both 627-
NLS(K) and 627-NLS(E), and labelled with TEMPO-maleimide (8dethods section).d Optimisation of the position of the folded domains GANP32A

and 627-NLS(K). Two thousand starting poses generated by the programme Haddock were optimised with respect to experimental PREs measured on the
folded domain. The ten besttting poses are shown. The same procedure was used for PREs measured aavgiidP32A: 627-NLS(E) complex, resulting

in similar best tting structures.e Localisation of intermolecular interactions possibly stabilising the interface between the two proteins, involving
hydrophobic (F121 and Y144 in ANP32A, and Y592 and F633 in 627-NLS) and electrostatic interactions (D130 in ANP32A and R646 in 627-NLS).

f Position of positively charged ridge of solvent-exposed basic sidechains in the vicinity of the interface between the folded domains.

Ensemble analysis of the PRE data using the ASTEROK2®npling of conformational space of the IDD and NLS domains
approacRl, accounting for the exibility in the 627-NLS linker relative to the position of 627 and the LRR of ANP32A.
and IDD domains of ANP32A (Supplementary Fig. 8), allows @omparison of the position of the IDDs over the ensembles
to propose a molecular description of the conformationdFig. 4d, e) reveals more restricted sampling foANP32A,
sampling of the entire complex. Representative ensembledooélising residues 17800 in the vicinity of the basic ridge on
conformations of the multi-domain complex (Fi4). reveal the the surface of 627. Sampling @/ANP32A is more dispersed
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Fig. 4 Comparison of 627-NLS(KhANP32A and 627-NLS(E)avANP32A interaction complexes. aAverage distance difference matrix, showing the
average differenced,, dayay in distance between amino acid positions in the IDD of ANP32&#xis) and the 627-NLS domainsy{axis) over the two
ensembles. The colour code shown on the right is measured irbARepresentation of the key interactions betwed@ANP32A and 627-NLS(K). Polyvalent
interactions between 627 and the IDD localise the disordered domain in the vicinity of the basic patch on the surface of 627 (s&®.Hipe different IDD

chains are shown to represent different binding modes and are truncated at residue 200 for clarity. Red positions in the IDD indicate the acidi@sidech
Note that this representation illustrates the tendency over the entire ensemble that is highly disperse ¢saad €). ¢ Representation of the key

interactions betweeravANP32A and 627-NLS(E). In this case, the average distance between the IDD and the surface of 627 is larger, but in general closer
to the NLS domain, in particular the hexapaptide of ANP32A, and the linker between 627 and NLS. The two IDD chains represent reduced polyvalency
compared tohANP32A and 627-NLS(K), and are again truncated at residue 200 for clarityRepresentative ensemble of conformations describing the
conformational space sampled by tHeANP32A:627-NLS(K) complex. The NLS domain has been removed for clarity, and the IDD truncated at residue 210.
The position of residue 190 is indicated as a red sphezdRepresentative ensemble of conformations describing the conformational space sampled by the
avANP32A:627-NLS(E) complex. Representation asdin

(Fig. 4b—e), as shown quantitatively in the average distance malprogates the extensive interaction surface and the linker-speci

(Fig. 4a), that identies closer contacts in the 627-NLS(K)contact present inavANP32A:627-NLS(E) (compare pies

hANP32A complex for residues 160, 180 and 205 with 570, 5868uced by probe attached at 699). The required components for

and 627, and closer contacts between the linker and NLS regiam®raction modes spea to either 627-NLS(KDANP32A or

and avANP32A region 15200 (Fig.4a). 627-NLS(ERVANP32A are therefore both weakened when avian
Importantly, comparison of PRE prtes of hANP32A:627- polymerase interacts withANP32A.

NLS(E) demonstrates that the cross-interaction, that represents

the case encountered when a non-adapted avian IAV infects

human cells, shows less extensive and in general weaker contatP32A:627-NLS in the context of integral FIuB polymerase

compared thANP32A:627-NLS(K) andvANP32A:627-NLS(E) To determine whether the interactions characterised here are

(Fig. 5). The absence of K627 is again seen to diminish thglevant in the context of a human-adapted full-lengthuenza

numerous polyvalent contacts presentiiNP32A:627-NLS(K) polymerase, we initially repeated the chemical shift titrations

as illustrated by the prdes induced by probes attached to 58ising the heterotrimeric iruenza B (FIuB) polymerase (bound to

and 631, while the shorter IDD and lack of the hexapeptid®NA), with the IDD ofhANP32A (Fig6a). The interaction sites
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are found to be the same as for 627-NLS from 1AV (Bm. In

Fig. 5 Adapted interaction modes are signicantly weakened in the
cross-interaction hANP32A:627-NLS(E).Comparison of intermolecular
contacts inhANP32A:627-NLS(K) (light orange)avANP32A:627-NLS(E)
(dark orange) andhANP32A:627-NLS(E) (green). Three PREs are
compared,a 631,b 587 andc 699. The comparison of PRE prtes due to
the presence of a spin probe on residue 631 illustrates the reduced number
and strength of contacts of the IDD, with the 627 domain in the
hANP32A:627-NLS(E) complex compared {tANP32A:627-NLS(K).
Residue 587 shows a similar effect. Comparison of PRE [@® due to the
presence of a spin probe on residue 699 illustrates the lack of interaction
with the linker-NLS region in thd/ANP32A:627-NLS(E) compared to
avANP32A:627-NLS(E). The position of the hexapeptide region is idesd
with dotted vertical lines inc.

with AV 627-NLS and full-length FluB polymerase, it is inter-
esting to speculate whether the interaction described in detail for
IAV 627-NLS can be accommodated within known structures of
the polymerase.

Superposition of the 627 domains of the ensembles describing
the complex onto the 627 domain in the transcription-active
conformation of FluB polymerase (the form used in the
interaction study described abo%®3 reveals that the LRR of
ANP32A can indeed be inserted into a broad cylindrical pocket
formed by 627, the mid and cap-binding domains of PB2, also
bordered by the C-terminal domain (CTD) of PB1, allowing
ANP32A to adopt the pose determined in solution (Féd).
Interestingly, the site of recently described adaptive mutations of
PB2 at 521 and 338lie in the immediate vicinity of the surface
of ANP32A in this pose (inset Fidgd), suggesting that the
importance of these mutations involves interaction with
ANP32A. Figure6e, f illustrates the expected conformational
space sampled by the IDDs @f and hANP32A within the 627-
NLS:ANP32A complexes, indicating a broader capture radius for
the avian complex. A similar procedure was applied to the
conformationally very distinct transcriptionally inactive 1AV
polymerase bound to theRNA 5 terminug® where the 627
domain sits on the surface, and is displaced and rotated relative to
the polymerase core by ~28°In this case, the 627-NLS:ANP32A
complex can be easily accommodated @igh). The position of
NLS on the surface of the polymerase, and its observed positional
variability in existing structures, suggests that the open form of
627-NLS is sampled in both transcriptionally active and inactive
polymerases. Finally, the recently determined dimeric structure of
apo IAV polymerase accommodates the ensemble equally well
(Supplementary Fig. 3

Discussion

In this study, we describe and compare the molecular complexes
formed by the human-adapted or avian-adapted 627-NLS
domains with the respective ANP32A host proteins, in order to
understand the nature and spedity of these interactions. All of
the implicated proteins exhibit extensive intrinsic disorder. The
elaboration of atomic resolution descriptions of such highly dis-
ordered complexes requires methodologies that can account for
the ensemble of structures sampled by the two proteins in
solutior?837, Investigation of thenANP32A:627-NLS(K) and
hANP32A:627-NLS(E) complexes using complementary struc-
tural data from NMR chemical shifts, spin relaxation and para-
magnetic relaxation combined with quantitative ensemble

the case of full-lengthANP32A (Fig6c), the rst 50 amino acids modelling reveals the existence of highly dynamic molecular
of the IDD disappear from the spectrum, likely because the lamgsemblies that exhibit very different interaction modes.

particle results in extreme line broadening for the residues thatThe LRR of ANP32A interfaces with the 627 domain of PB2 at

are closest to the LRR domain due to slow tumbling in solutiothe C-terminal end of its concave surface, apparently stabilised
Given the spectroscopic similarities of the interaction of ANP324a hydrophobic and electrostatic interactions. This interaction is
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Fig. 6 Interaction of hANP32A with full-length FluB polymerase. aChemical shifts ofl™N-labelled IDD ofhANP32A (4 M) upon addition of full-length

FluB polymerase (32M) bound to viral promoter RNA YRNA). Measurement at 850 MHz, 293 K. Resfree protein, blue—in presence of polymerase.
Notably the distribution of chemical shifts is highly similar to that induced "ANP32A upon addition of IAV 627-NLS(K) CSP associated with

a. ¢ Intensity ratio of 1N-labelled full-lengthhANP32A (4 M) upon addition of full-length FIuB polymerase (32M) bound to VRNA.d Compatibility of

the experimentally observed binding mode in the context of the vVRNA-bound conformation of FIuB polyn#aBke 627 domain was superimposed on

the 627 domain of PB2 in the full-length polymerase structure (4wsa). In this position, ANP32A LRR can be accommodated in a large pocket formed by
627 (yellow-orange), and cap-binding domains of PB2 (yellow) and bordered by PB1 (dark-cyan). Inset: PB2 adaptive mutants D521 and K355 lie in the
immediate vicinity of ANP32A LRRe Conformational sampling of the IDD diANP32A, assuming the position of the LRR of ANP32A showrdinThe

linker and NLS domains are not shown for clarity and are assumedible.f Conformational sampling of the IDD civANP32A (otherwise as ire).

g Compatibility of the experimentally observed binding mode in the context of the cRNA-bound conformation of&IdBie 627 domain was

superimposed on the 627 domain of PB2 in the full-length polymerase structure (5epi), which is dislocated relative to the vVRNA-bound form. ANP32A LRR
can be accommodated easily on the accessible surface of 627. The NLS domain (brick red) is detached from 627 in this striaxc@waformational
sampling of the IDD 0hANP32A, assuming the position of the LRR of ANP32A showmgirBampling of the IDD (light blue) linker and NLS domains are

shown (brick red).

intrinsically very weak, but experimental NMR, including CS€ase of hANP32A:627-NLS(K), involving weak, polyvalent
and PREs, accurately report on the relative position of the titeractions of acidic and hydrophobic residues of the IDD. The
domains. The disordered domain interacts transiently with @esence of multiple low-afity interactions (in the millimolar

basic patch on the surface of the 627 domain, preferentially in ttage individually) distributed throughout 80 amino acids of the
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IDD of hANP32A results in an effective increase innitfy to  solution. It is also possible that the highly dynamic and transient
~50 M for 627-NLS(K), an effect of avidity that has beenature of the interaction with ANP32A enables or enhances
observed in a number of systems exhibiting extensive intringixchange between these forms during the viral cycle. It is there-
disordeP839, The critical E627K mutation completes a confore of interest to investigate the possible impact of our observed
tinuous ridge of solvent-exposed positively charged redithes binding mode on other known states of inenza polymerase.
are available for interaction with the highly dynamic acidic IDDI'he proximity of ANP32A IDD to the interface between the 627
This ridge colocalizes interacting residues of the IDD in ttehd mid-domains of PB2, both of which undergo large-scale
vicinity of the surface, that differentially implicates residues 588orientations and dislocation between apdrNA-bound and
and 591, 629, 631, 635 and 637 when the E627K mutationviRNA-bound polymerase, also raises the possibility that ANP32A
present. interaction is associated with these conformational changes. In
By contrast the IDD 0&vANP32A interacting with 627-NLS(E) the transcriptionally inactive structure, the 627 domain appears
populates fewer conformations in the vicinity of the surface of 62fmost dislocated from the core, a conformation that can easily
This lack of interaction, due to the interruption of the positivelpccommodate the binding pose of ANP32A determined for the
charged surface by the presence of E627, is compensated bgiaimal complex.
even broader conformational sampling of the IDD that exploits a The information contained in our ensemble descriptions of the
more extensive interaction surface, implicating the hexapeptildP32A:627-NLS interactions therefore allow us to speculate fur-
motif specic to avANP32A and the NLS domain, and in parti-ther on its role in viral function. Recent observations have estab-
cular the linker region of 627-NLS. It is again interesting to notished that dimerisation of iruenza polymerase is essential for the
that two adaptative mutations (V683T and A68%¥3)ave been initiation of VRNA synthesis during replicatién The apo-
identi ed in this linker region. By binding predominantly to thepolymerase structure of IAV polymerase that was recently solved
open form of 627-NLS, ANP32A potentiates the equilibrium afi its dimeric form is also found to be compatible with the binding
open and closed forms of 627-NLS, an effect that is mooteeft pose determined here (Supplementary Fig. 9), again with the 627
in the case of the 627-NLS@&¥\NP32A interaction, likely as a domain dislocated and sitting on the surface of the catalytic core
result of the interaction of the hexapeptide. Investigating tlimmains. It has been suggested that ANP32A plays a role in
interaction of individual peptides isolated from the IDD, we arassembly or regulation of this dimerisation process, for example, by
able to conrm the multivalent nature of the interaction of therecruitment of a second appackagingpolymerase to a replicating
hulDD with 627-NLS, and to strongly substantiate the differentiglolymerase to initiate formation of the progeny viral BRI this
binding modes of the two complexes. context, the polyvalent nature of the interaction between ANP32A
Notably, the'cross-interactionbetweerhANP32A and 627-NLS and 627-NLS may be of functional relevance, allowing for more
(E) exhibits neither the stabilisation properties mediated by thgan one polymerase to simultaneously bind to ANP32A thereby
avDD in the avANP32A:627-NLS(E) complex, nor the polyvalentolocalizing two polymerases to facilitate viral replication. In all of
binding specic to 627(K) as observed in th&ANP32A:627-NLS these aspects, the more extensive effective capture radius of the IDD
(K) interaction. This lack of adapted molecular mechanisms resufsavANP32A may be important.
in fewer and weaker contacts between human ANP32A and aviank is known that the intrinsically disordered, phosphorylated
adapted 627-NLS. In combination, these effects may explain @ED of host RNA polymerase Il (Pol 1) binds to the surface of
inef ciency of avian polymerase in human cells in the absenceP# of in uenza polymerase to facilitate the cap-snatching
avANP32A or 627-NLS(K). mechanis*4>, Given the highly negatively charged nature of
It is interesting to compare the interaction results measured the IDD of ANP32A it seems possible that it may play a reg-
different NMR-based techniques with existing studies, where resultgory role in this interaction, for example, by competing with
measured using different techniques seem to paint a slightly dife phosphorylated CTD to inhibit the interaction with Pol II.
ferent picture. While the individual interaction sites reported in oudotably, the extremely long IDDs, allied to the fact that ANP32A
study indicate a weaker binding betwesANP32A and 627-NLS is bound to the 627 domain that exhibits extensive mobility with
(E) as compared tbANP32A and 627-NLS(K), some biochemicalespect to the rest of the polymerase core, would appear to
and cell biology studies report on a higherrity of avANP32 to facilitate the kind of exible chaperoning action seen in other
avian-adapted polymerddé4 This apparent contradiction may highly dynamic viral proteirf$.
result from different tagging techniques used in the reported pull-In summary, the description of these highly dynamic species-
down assays, but we also note that overaliiaés between pro- specic assemblies reveals unique mechanistic insight into the
teins are not necessarily comparable to individual multivalerdle of the ANP32 family in host adaptation of avian uenza
interactions in terms of ahities, and it will be interesting to resolvepolymerase to the human cells, and provides a molecular fra-
the dependencies in the future. mework for understanding the considerable volume of experi-
Importantly, NMR indicates that the complex characterised fonental observation measured on this complex system, as well as
the minimal 627-NLS:ANP32A interaction is maintained in thexforming the identi cation of novel targets for 1AV inhibition.
context of the integral FluB polymerase in its transcriptionally
active form, showing very similar NMR-binding characteristics to
hANP32A. Superposition of the binding pose of ANP32A witlWethods
respect to 627 onto the 627 domain in the associated traenstructs A codon optimised 627-NLS construct from PB2 subunit was syn-
scriptiona”y active p0|ymerase structfrevould p|ace the LRR thesised encoding amino acids 5289 from avian HSN1 A/duck/Shantou/4610/

[ [ f : 03 for expression iEscherichia co{Geneart, Regensburg, Germay)n
domain in a similarly dimensioned pocket bounded by P%dition, constructs containing just the 627 domain (amino acids&&8 or the

domains (Fig.6d). Intriguingly, recently characterised hosty s domain (amino acids 67859) were generated. Avian ANP3Baflus gallus
adaptive PB2 mutari3lie in the immediate vicinity of the sur- xp_413932.3) was synthesised and codon optimised for expressiowadfi
face of the folded domain of ANP32A in this binding con¢GenScript, New Jersey, USA). Plasmids containing just the intrinsically disordered
formation. In uenza polymerase exhibits extensive plasticity jfgion of avian ANP32A (aviDD, amino acids 4281) or human ANP32A |

uti d db | . d DD, amino acids 14449) were generated. All constructs were cloned into a
solution, as emor_]Strate . y recen_t e ectron _mlcroscopy an ismid derived from pET9a with an N-terminal His-tag and a TEV cleavage site
ray crystallographic studies describing multiple states of t@sSHHHHHHDYDIPTTENLYFQG). pQTEV-ANP32A was a gift from Konrad
po|yme|—aS%§.2329.34354142’ and it appears highly likely thatBuessow (Addgene plasmid # 3156®p://n2t.net/addgene:3156BRID:
many of these states will be in conformational exchange Afdgene_31563}
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