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Lay Summary 
The effector protein AVR3a11, from the plant pathogen Phytophthora capsici, shows 
conformational flexibility in solution, particularly in the N-terminal helix, and in an 
intermediate timescale (ms-s). This confirms the core fold originally proposed and suggests 
that flexibility may be functionally important.  
 
Abstract 
Oomycete pathogens cause large economic losses in agriculture through diseases such as late 
blight (Phytophthora infestans), and stem and root rot of soybean (Phytophthora sojae). The 
effector protein AVR3a, from P. infestans, and its homologue AVR3a11 from P. capsici, are 
examples of host-translocated effectors that interact with plant proteins to evade defence 
mechanisms and enable infection. Both proteins belong to the family of RXLR effectors and 
contain an N-terminal secretion signal, an RXLR motif for translocation into the host cell, and 
a C-terminal effector domain. Within this family, a large number of proteins have been 
predicted to contain one or more WY domains as their effector domain, and this domain is 
proposed to encompass a conserved minimal core fold containing three helices, further 
stabilised by additional helices or dimerization. In AVR3a11, a helical N-terminal extension to 
the core fold forms a four-helix bundle, as determined by X-ray crystallography. For a complete 
picture of the dynamics of AVR3a11, we have determined the solution structure of AVR3a11, 
and studied its dynamics in the fast timescale (ns-ps, from NMR relaxation parameters) and in 
the slow timescale (seconds to minutes, from hydrogen/deuterium exchange experiments). 
Hydrogen/deuterium exchange showed that the N-terminal helix is less stable than the other 
three helices, confirming the core fold originally proposed. Relaxation measurements confirm 
that AVR3a11 undergoes extensive conformational exchange, despite the uniform presence of 
fast motions in the spectral density function throughout most of its sequence. As functional 
residues are located in the more mobile regions, this flexibility in the slow/intermediate 
timescale may be functionally important.  
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Abbreviations: 
AVR – avirulence protein 
H/D – hydrogen/deuterium  
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HR – hypersensitive response 
NLR – nucleotide binding-leucine rich repeat 
NMR – nuclear magnetic resonance 
NOE – nuclear Overhauser effect 
PAMP – pathogen-associated molecular pattern 
PCD – programmed cell death 
PDB – Protein Data Bank 
PRR – pattern recognition receptor 
R3a – resistance protein 3a 
 
Introduction 
Filamentous pathogens of plants, including fungi and oomycetes, are responsible for large 
economic losses in agriculture. The oomycete Phytophthora infestans, the causative agent of 
late blight, is responsible for yield losses worth over € 10 billion a year worldwide (1). 
Meanwhile, losses caused by P. capsici, a pathogen of peppers, tomato, eggplant and cucurbits 
(such as squashes and cucumber), have increased significantly in the last few decades (2).  
Phytophthora pathogens obtain nutrients from host plant cells by forming haustoria, specialised 
structures that penetrate the plant cell wall without rupturing the cell membrane (3). Specific 
molecular interactions between plant and pathogen are essential not only for successful 
infection, but also for plant resistance against disease. The first layer of plant defence against 
pathogens is initiated at the cell surface by pattern recognition receptors (PRRs), which detect 
the presence of pathogen-associated molecular patterns (PAMPs).  Adapted pathogens of plants 
produce effector proteins, some of which interfere with PRR-mediated immunity (4, 5). These 
effectors, or their activities, can be detected by intracellular nucleotide binding-leucine rich 
repeat (NLR) receptors, triggering a second layer of plant defence. Effectors that trigger NLR-
mediated immunity are often termed avirulence (AVR) proteins and their recognition can result 
in the hypersensitive response (HR) and programmed cell death (PCD) (6, 7).  
The well-studied P. infestans effector AVR3a activates gene-for-gene HR in plants expressing 
the NLR protein R3a (8). Close homologues of AVR3a are found in a number of Phytophthora 
species, including P. capsici and P. sojae (pathogen of soybean) (9). AVR3a suppresses 
programmed cell death induced by the P. infestans elicitin INF-1, and other PAMPs, by at least 
two mechanisms: stabilising the plant U-box E3 ubiquitin ligase CMPG1 (involved in cell 
death triggered by a number of PAMPs) (10-12), and associating with a plant GTPase dynamin-
related protein 2 (DRP2), a vesicle trafficking protein involved in receptor-mediated 
endocytosis (13). AVR3a and its homologues are composed of three distinct regions: an N-
terminal signal region, which determines secretion from P. infestans; a predicted disordered 
RXLR motif, with a role in effector delivery (14); and a C-terminal domain, responsible for 
effector activity (15). AVR3a occurs naturally as two predominant alleles, AVR3aKI and 
AVR3aEM, differing in two amino acid positions: 80 (Lys or Glu) and 103 (Ile or Met) (8). 
AVR3aKI (Lys80/Ile103) is recognised by R3a in potato and the model solanaceous plant N. 
benthamiana, leading to HR, whilst AVR3aEM (Glu80/Met103) evades recognition (8). Point 
mutations in R3a (termed R3a+) can enable recognition of AVR3aEM in N. benthamiana (16). 
The regions of AVR3a responsible for recognition by R3a and interaction with CMPG1 are at 
least partially independent. The C-terminal residue, Tyr147, is essential for CMPG1 
stabilisation and suppression of CMPG1-dependent cell death, but is not required for 
recognition by R3a (11, 17). However, whilst AVR3aEM escapes recognition by R3a, it does 
not stabilise CMPG1 or suppress INF1-mediated cell death to the same level as AVR3aKI, 
suggesting an overlap between the regions involved in the two functions (17). Other Avr3a-
like effectors have been shown to target the plant CAD7 subfamily, cinnamaldehyde 
dehydrogenases which act as plant immunity regulators (18).  

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted September 4, 2024. ; https://doi.org/10.1101/2024.09.04.611235doi: bioRxiv preprint 

https://doi.org/10.1101/2024.09.04.611235
http://creativecommons.org/licenses/by-nc-nd/4.0/


 
 
 

3 
 

A high-resolution crystal structure of the effector domain of P. capsici AVR3a11 (residues 
Thr70 to Val132) was the first crystal structure of an effector in this family to be reported (9), 
revealing a four-helical bundle fold. Structural homology to the dimeric P. infestans RXLR 
effector PexRD2 and sequence motif analysis in three other Phytophthora species revealed a 
three-helix folding unit, the “WY” domain, named after the conserved Trp and Tyr residues in 
its hydrophobic core. This domain leads to a number of possible structural arrangements, from 
a homodimer in which the WY core interactions happen across the dimer interface (PiSFI3) 
(19) to a series of WY repeats which cross-stabilise each other (PexRD54, PsAvh240) (20, 21), 
and even to an extended LWY fold, where an extended version of the oomycete L-motif 
connects and stabilises the WY motif (22). Taken together, the variety of structures reinforces 
the versatility of the WY domain as a basis for effector evolution (23).  Almost half of 
Phytophthora RXLR effectors, and a quarter of RXLR effectors in the Arabidopsis pathogen 
Hyaloperonospora arabidopsidis, are predicted to contain WY domains (9).  
In AVR3a11, the archetypal core three-helix fold is further stabilised by a helical N-terminal 
extension, forming the four-helical bundle. This protein fold is conserved between different 
oomycete effectors, despite a lack of sequence similarity (24). Solution structures of AVR3a 
(14) and AVR3a4 (25) revealed very similar structures to AVR3a11 for these close 
homologues.  
Preliminary nuclear magnetic resonance (NMR) experiments of the predicted effector domain 
of AVR3a11 (residues Gly63 to Val132) showed extensive conformational exchange in this 
longer construct (9). This suggests that dynamics are a key property of this protein, and may 
be important for function, not only of AVR3a11 but also of homologous effectors. Deletion of 
7 extensively broadened residues at the N-terminus led to the shorter construct, AVR3a1170-

132, used for determination of the crystal structure (9). The other region in conformational 
exchange, the loop between helices 3 and 4, is stabilised by crystal contacts in the published 
structure. To compare the structural features in solution, and to investigate the dynamics of 
AVR3a11, here we present the solution structure for AVR3a1163-132, determined by NMR 
spectroscopy, and dynamics measurements for the shorter construct AVR3a1170-132. The main 
structural features are all preserved, although helix 4 is a couple of residues longer, towards 
the C-terminus. The dynamics of AVR3a1170-132 were studied both in the ps-ns timescale, 
calculated from the measurement of NMR relaxation parameters, and in a slower timescale 
(seconds to minutes), measured from hydrogen/deuterium exchange experiments. While low-
amplitude fast movements are uniform throughout the helical bundle, different helices have 
different stabilities in the slower timescale. Helix 1 in particular, the N-terminal extension to 
the WY domain, is less rigid than the core three helices. Some characteristics of the solution 
structure and dynamics of AVR3a11 are comparable to other WY domain effectors studied by 
NMR, and are likely a general property of these proteins.  
 
 
Materials and methods 
Sample preparation 
Previously described AVR3a11 constructs (9) were used for protein expression. 15N-labelled 
AVR3a1170-132 (residues Thr70-Val132) was expressed in E. coli BL21(DE3) grown in N-5052 
autoinduction media (26) overnight at 30 °C. [13C, 15N]-labelled AVR3a1163-132 (residues 
Gly63-Val132) was expressed in E. coli BL21*(DE3) grown in M9 minimal medium 
supplemented with trace elements, MEM vitamin solution (Sigma-Aldrich), 0.2% 13C-glucose 
and 20 mM 15NH4Cl, for 3 hours of post-induction growth at 37 °C (cells induced at A600 ~ 0.4 
– 0.6 with 1 mM IPTG). 15N- and [13C, 15N]-labelled AVR3a11 constructs were purified as 
described (9), in the presence of Complete EDTA-free protease inhibitor cocktail (Roche 
Diagnostics). In both cases, the His-tag was removed by cleavage with 3C protease, leaving 
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two residues from the linker sequence in the amino terminus of the constructs (Gly-Pro). 
Purified AVR3a11 was concentrated to approximately 1 mM in 90% H2O/10% D2O, 10 mM 
sodium phosphate pH 8.8, 50 mM sodium sulphate, 0.03% sodium azide, 0.2 mM 2,2-
dimethyl-2-silapentane-5-sulfonic acid (DSS), and Complete EDTA-free protease inhibitor 
cocktail (Roche Diagnostics) in the recommended concentration.   
 
NMR spectroscopy 
The following spectra were acquired in a Bruker Avance III 800 MHz NMR spectrometer with 
a TXI probe with Z-pulsed field gradients at 298 K for backbone and side chain assignment, 
and measurement of distance restraints for structure calculation, using [13C, 15N]-labelled 
AVR3a1163-132:  15N-HSQC, 13C-HSQC, 13C-TROSY-HSQC in the aromatic region (27), 
CBCA(CO)NH, CBCANH (28, 29), CC(CO)NH, H(CCO)NH (30), 15N-TOCSY-HSQC, 15N-
NOESY-HSQC (mixing time of 100 ms), 13C-NOESY-HSQC (mixing time of 120 ms) (31) 
and (H)CB(CGCC-TOCSY)Har (32). Backbone amide relaxation experiments – 15N T1, 15N T2, 
and [1H]15N NOE (33) – were acquired at 293 K in a Bruker Avance III 800 MHz and a Bruker 
Avance I 500 MHz NMR spectrometers using 15N-labelled AVR3a1170-132. T1 measurements 
were performed with a recovery delay of 4 s, and relaxation delays of 0.02, 0.1, 0.2, 0.5, 0.75, 
1, and 4 s. The relaxation delay of 1 s was repeated to evaluate data consistency. T2 
measurements were performed with a recovery delay of 4 s at 500 MHz, and 5 s at 800 MHz, 
and relaxation delays of 17, 51, 85, 136, 170, 204 and 254 ms. Relaxation delays of 17, 85 and 
170 ms were repeated to evaluate data consistency. NOE measurements used a saturation delay 
of 4 s, replaced by a relaxation delay of 4 s in the reference experiment. All NMR spectra were 
processed using NMRPipe (34) and analysed with the CcpNmr Analysis package (35). 1H 
referencing for all NMR spectra was performed using the internal DSS reference. 15N and 13C 
were referenced according to the ratio of their gyromagnetic ratios to 1H, as described (36). 
 
Structure calculation 
Backbone and side chain resonance assignments were obtained manually from the NMR 
spectra, and converted to XEASY (37) format with CcpNmr FormatConverter (35). Backbone 
assignments were used to generate dihedral angle restraints for 49 residues with the TALOS+ 
webserver (38). 15N-NOESY-HSQC and 13C-NOESY-HSQC spectra were converted to CARA 
(39) format, and used as input to the UNIO (40) software package together with the dihedral 
angle restraints. UNIO uses the ATNOS/CANDID algorithms (41, 42) to pick and assign NOE 
crosspeaks. Using peak picking tolerances of 0.03 ppm (1H) and 0.4 ppm (13C, 15N), and other 
default parameters, seven iterative cycles of NOE crosspeak assignment, restraint refinement 
and structure calculation were used within UNIO to obtain a final list of 1020 distance 
restraints, with the molecular dynamics algorithm CYANA 2.1 (43). These distance restraints, 
combined with the dihedral angle restraints, were used for the calculation of 100 structures 
followed by water minimisation within CNS 1.3 (44, 45), using the RECOORD protocol (46). 
The 20 structures with lowest energy and no violations greater than 0.5 Å for NOE or 5° for 
dihedral angles were selected to form the final structural ensemble, which was validated in 
PSVS (Protein Structure Validation Software Suite (47)), including the validation tools 
MolProbity (48) and PROCHECK (49).  
 
Hydrogen/deuterium exchange 
Hydrogen/deuterium exchange was performed using a 15N-labelled AVR3a1170-132 sample 
prepared as described above. Imidazole at 1 mM was added to the sample to monitor the pH 
(50). The sample’s pH was adjusted to 6.87 with HCl, then the sample was lyophilised and 
resuspended in ice-cold deuterium oxide. Loss of signals was followed with [1H, 15N]-
SOFAST-HMQC (51) spectra recorded at 278 K in a Bruker Avance III 800 MHz 
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spectrometer. Spectra were recorded at 4, 7, 10, 13, 16, 19, 22, 25, 30, 36, 46, 57, 71, 86, 101, 
116, 146, 176, 206, 236, 296, 356, 416, 536, 656, 776, 956, 1196, and 1440 minutes after the 
addition of deuterium oxide. Single exponential decay curves were fitted to the peak intensities, 
adjusted for the number of scans in the spectrum and with uncertainties estimated from the 
standard deviation of the noise in a blank spectral region in nmrDraw (34), using the first order 
exponential decay fit in the software package Origin (OriginLab, Northampton, MA, USA). 
Protection factors were calculated using random coil exchange rates and temperature correction 
as described by Bai et al. (52).  
 
Relaxation analysis 
Peak lists for every relaxation experiment were exported from CcpNmr Analysis in NMRView 
(53) format. The standard deviation of the spectral noise was estimated in a blank region of 
each spectrum in nmrDraw (34). Peak intensities and noise estimates were used in Relax (54) 
to fit T1 and T2 to a single exponential decay function, and to calculate the heteronuclear NOE 
ratio. The experimental backbone amide relaxation parameters were fitted according to the 
Lipari-Szabo approach (55, 56), using five different models for the spectral density function 
(S2-tm, S2-tm-te, S2-tm-Rex, S2-tm-te-Rex, and a two-time scale model). Fitting was performed 
with ModelFree4 (57) and FastModelFree (58), considering Avr3a1170-132 axially symmetric, 
and using a diffusion tensor calculated from the crystal structure (9) and the relaxation data 
with the programme Quadric_Diffusion (59). Reduced spectral density mapping (60) was 
calculated using Relax (54) with default parameters. 
 
 
Results 
Structure determination 
Two constructs for the effector domain of P. capsici AVR3a11, AVR3a1163-132 (containing an 
extra N-terminal 7 residues, predicted to be helical) and AVR3a1170-132 (corresponding to the 
crystal structure), were expressed in E. coli and purified for NMR studies. Both AVR3a11 
constructs produced well-dispersed [1H, 15N]-HSQC NMR spectra, as shown in Fig. 1. After 
accounting for overlapped crosspeaks, 15 residues in AVR3a1163-132 could not be observed, 
corresponding mostly to the N-terminal extension in relation to the crystal structure, and to 
loop 3 (between helices 3 and 4). Overall, 77% of the amides, 69% of the remaining backbone 
nuclei and 71% of the non-labile protons were visible and assigned in AVR3a1163-132 (Fig. S1 
in Supplementary Material). The assignments were deposited to the Biological Magnetic 
Resonance Data Bank (BMRB) (61) under accession code 18910. Dihedral angle restraints for 
phi and psi angles were obtained from 1H, 13C and 15N chemical shifts, and distance restraints 
for structural calculation were determined from NOESY crosspeaks. An ensemble of 20 refined 
structural models was calculated, obtaining good validation scores (Table S1), and was 
deposited in the Protein Data Bank (PDB) under accession code 3ZGK. The final structural 
models (Fig. 2) adopt a four-helix bundle conformation, with two pairs of anti-parallel 
α-helices. RMSD for the ordered regions are 0.75 ± 0.12 Å for backbone atoms, and 1.35 ± 
0.14 Å for heavy atoms.  
Due to an absence of observable peaks, no structural restraints were defined for residues 63-69 
or loop 3, leading to significant heterogeneity in these regions across the structural ensemble. 
The inability to observe these regions is likely due to conformational exchange in the 
intermediate regime on the chemical shift timescale, and indicates that neither of these regions 
adopt a single, well-folded conformation in solution. Conformational exchange was also 
responsible for a few other residues in the protein displaying minor peaks (Fig. S2).  
The extensive conformational exchange for residues 63-69, as observed from the NMR spectra, 
provide a likely explanation for why it was not possible to crystallise AVR3a1163-132 (9). 
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Comparison between the solution structural ensemble of AVR3a1163-132 described here and the 
0.9 Å resolution crystal structure of AVR3a1170-132 (9) (PDB access code 3ZR8) shows good 
agreement between them, with 1.05 Å RMSD between Cas in ordered regions of the most 
representative conformer and the crystal structure (Fig. 3). This confirms that the shorter 
construct does not affect the overall structure in AVR3a1170-132. The main differences between 
the solution and crystal structures are located in loop 3, and in the final C-terminal residues. In 
the solution ensemble, loop 3 displayed a high degree of conformational heterogeneity across 
the individual models. Whilst this is a consequence of unrestrained molecular dynamics, it is 
probably an accurate depiction as the absence of NMR observables is a consequence of 
conformational exchange between multiple conformations in solution. In the crystal, a well-
defined conformation for loop 3 was observed, stabilised by extensive intermolecular crystal 
contacts. This conformation likely corresponds to one of the possible conformations adopted 
in solution.  
The final three C-terminal residues of AVR3a11 emerge from helix 4 in the crystal structure 
and point away from the main body of the protein, stabilised by crystal contacts to Tyr131 (9). 
In solution, helix 4 extends further, bringing Tyr131 closer to helix 2. This conformation is 
more similar to the solution structure of another AVR3a homologue, P. capsici AVR3a4 (25). 
Outside the flexible regions (N-terminus and loop 3), there is also very good agreement 
between the solution structures of AVR3a11 and AVR3a4 (RMSD of 1.05 Å between Ca of 
the best representative models of each structural ensemble). Since the first 7 residues of 
AVR3a1163-132 were not well defined in the NMR structural models, studies of dynamics were 
performed on the AVR3a1170-132 construct. 
 
Hydrogen/deuterium exchange 
To evaluate slow conformational dynamics in the structured AVR3a1170-132 effector domain, 
hydrogen/deuterium (H/D) exchange experiments were performed. H/D amide exchange rates 
are affected by the presence and stability of hydrogen bonds, and are influenced by protein fold 
stability and breathing (local unfolding) events. There was large variability in the exchange 
time for different residues. For 26 out of 63 residues, exchange was fast and completed in less 
than 4 minutes, before any NMR data could be acquired. On the other hand, Leu110, the residue 
with the slowest exchange, still retained a clear signal after 24 hours. For the residues where a 
peak was observed, protection factors were calculated (Fig. 4A). Protection factors, 
P = krc/kprot, compare the exchange rate measured (kprot) with the exchange rate expected in a 
random coil with the same amino acid sequence (krc). For residues with fast signal decay, 
protection factors could not be calculated, and were estimated as < 100, based on the average 
peak intensity before exchange and the signal-to-noise ratio of the spectra. A few residues could 
not be assigned, or have their exchange measured, due to peak overlap. Figure 4B illustrates 
the distribution of exchange times across the AVR3a1170-132 structure: fast exchanging residues 
are located mainly in helices 1 and 4, while slowly exchanging residues are located in helices 
2 and 3, facing the hydrophobic core.  
The residues with the longest exchange times are generally associated with the structural core 
of the protein, in helices 2, 3 and 4. Residues in helix 1, which does not belong to the core WY 
folding unit (9), exchanged entirely in less than an hour and had protection factors lower than 
1000. Of the previously described functionally relevant residues, the amides of Gln94 and 
Tyr131 both exchanged too fast for accurate protection factors to be calculated, while Glu71 
could not be observed in any spectra, likely due to conformational broadening. Overall, the 
H/D exchange results for AVR3a1170-132 show a fairly stable structural core, corresponding to 
the WY-domain fold, surrounded by more dynamic regions, where the functionally relevant 
residues are located. 
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Relaxation analysis 
Fast (ps-ns) dynamics of the core region AVR3a1170-132 were analysed through backbone 
amide 15N NMR relaxation parameters at 500 and 800 MHz (Fig. 5). While the presence of 
conformational exchange clearly shows regions with enhanced dynamics in the ms-s timescale, 
and H/D exchange experiments reveal a stable structural core surrounded by more dynamic 
regions, in the ps-ns timescale AVR3a1170-132 shows uniform behaviour along the sequence, 
with the exception of the last C-terminal residue, Val132, which is significantly more flexible. 
However, residues near the exchange broadened loop 3, such as Lys111, have shorter T1, longer 
T2 and lower NOE values than other residues in the same region, suggesting greater flexibility 
in the proximity of the loop. A few residues could not be analysed, either because they were 
not assigned due to conformational broadening, or because they were overlapped in the 
[1H, 15N]-HSQC NMR spectra. Excluding Val132, average relaxation parameters for 
AVR3a1170-132 are T1 relaxation times of 456 ± 18 ms at 500 MHz and 733 ± 34 ms at 800 
MHz; T2 relaxation times of 105 ± 8 ms at 500 MHz and 83 ± 8 ms at 800 MHz, and 
heteronuclear NOE ratios of 0.739 ± 0.046 at 500 MHz and 0.823 ± 0.044 at 800 MHz. T1/T2 
ratios, often used to estimate an overall correlation time (tm), were 4.36 ± 0.35 at 500 MHz, 
and 8.92 ± 0.97 at 800 MHz, corresponding to a tm of 6.9 ± 0.4 ns from the 500 MHz data, and 
6.7 ± 0.4 ns from the 800 MHz data (62). Although the values at the two fields have very good 
agreement, they are significantly larger than the 5.8 ns that would be expected for an isotropic 
protein this size (63). Possible causes for this difference include anisotropy of the motions in 
the protein, some level of aggregation at the concentrations required by NMR, or more 
complicated motions.  
The data was fit to the well-established Lipari-Szabo model free approach (55, 56), showing 
extensive conformational exchange contributions throughout the protein, as indicated by the 
presence of Rex terms for all residues fitted, with the exception of Val132 (Fig. S3). The 
presence of extensive conformational exchange undermines assumptions made during the 
model free fitting process, and therefore the values obtained are not reliable. For this reason, 
the data were further analysed with the reduced spectral density approach.  
Relaxation parameters give information about motions in the protein through their relationship 
with the spectral density function, which describes the range and amplitude of frequencies 
sampled by each amide bond vector as the molecule reorients itself in the magnetic field. For 
rigid isotropic motion, the spectral density function J(w) is given by equation 1: 

!(#) = !
"

#!
$%&"#!"

       (eq. 1) 
where w is the frequency of motion and tc is the correlation time (64). For flexible molecules, 
J(w) is a composite function, and can be expressed as the weighted sum (with appropriate 
scaling factors) of the spectral density functions of individual independent motions, with 
individual correlation times (65). For anisotropic molecules, the spectral density function for 
each amide bond vector will also be affected by the anisotropic tumbling of the molecule.  
The reduced spectral density analysis approach (60) estimates the spectral density function, 
J(w), at three different frequencies for each magnetic field used: 0, wN and 0.87wH, 
corresponding to the contribution to the relaxation parameters of slow (ms-ns), intermediate 
(ns) and fast (ns-ps) motions, respectively, and where wN and wH are the Larmor frequencies 
for 15N and 1H at that magnetic field. This approach was used to analyse the dynamics of 
AVR3a1170-132 (Fig. S4). J(0) is independently calculated from relaxation data acquired at each 
magnetic field, and therefore can be used to check the consistency of the data sets (66). The 
two data sets, at 500 and 800 MHz, have J(0) values within 2.5% of each other (Fig. S5), 
showing good consistency. 
The estimated value of J(w) throughout the protein sequence was fairly constant for J(wN) at 
both magnetic fields, but showed greater variation for J(0) and J(0.87wH), suggesting that 
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different residues have variations in both fast internal motions (ps-ns timescale) and slow 
conformational exchange (ms-ns timescale) (Fig. S4). Graphical analysis can be used to 
interpret reduced spectral density mapping and relate it to the motions present in the protein 
(65, 67). The plot of J(0.87wH) against J(wN) (Fig. 6, top panel) is independent of slow 
conformational exchange. The solid lines represent the theoretical boundaries for the 
Lorentzian spectral density functions of completely rigid molecules with different overall 
correlation times, t. Different regions of the plot correspond to different motional regimes, and 
are labelled A, B and C (68). Region A corresponds to t under 300 ps, and residues in a protein 
found in this region would be dominated by fast motions. Region B corresponds to t between 
300 ps and 3 ns; and region C corresponds to t longer than 3 ns. The data from AVR3a1170-132, 
in both fields, clusters close to the border of region C, suggesting that AVR3a1170-132 is a fairly 
rigid protein. At 800 MHz, the data points are clustered around a correlation time of about 6.8 
ns, consistent with the values calculated from T1/T2 ratios. At 500 MHz, the data points 
correspond to a correlation time of approximately 7.8 ns, significantly larger than calculated 
from T1/T2 ratios. The isolated point towards the middle of the graphs corresponds to Val132, 
the more flexible last residue in the protein, whose dynamics can only be described by a 
combination of independent motions in different timescales. 
The plot of J(wN) against J(0) (Fig. 6, bottom panel) shows a linear relationship between J(wN) 
and J(0), as expected from the theory. Again, the solid line represents a boundary of the 
combination of values that are theoretically possible for a rigidly tumbling molecule. The two 
intercepts between the theoretical curve and the line of best fit for each field correspond to 
values of t of 0.6 ns and 6.8 ns, at 800 MHz, and 0.9 ns and 7.5 ns, at 500 MHz. For points 
located along each straight line, the larger value can be interpreted as the overall tumbling time, 
and the small value as corresponding to internal motions. Again, the correlation time calculated 
at 800 MHz is consistent with the values from T1/T2 ratios, while at 500 MHz the value is larger 
than from T1/T2 ratios. Additionally, we can observe that one of the values at 500 MHz, and 
multiple values at 800 MHz, are located outside the theoretical boundary. This suggests that 
AVR3a1170-132 does not conform to this simple model, and requires an extra term to account 
for slow motions, or conformational exchange. The greater number of residues that fall outside 
the theoretical curve at 800 MHz can be explained by the dependence of the conformational 
exchange term, Rex, on the magnetic field (69). 
The graphical analysis of the reduced spectral density mapping shows that AVR3a1170-132 is 
dominated by motions somewhat slower than the overall tumbling time of the molecule, that 
affect an extensive region of the protein. This does not preclude the presence of fast motions, 
but it demonstrates that AVR3a1170-132 motions cannot be described by simple models that 
assume one overall tumbling time for the molecule combined with much faster internal 
motions.  
 
Conformational exchange 
The multidimensional NMR spectra of both AVR3a11 constructs display signs of 
conformational exchange (Fig. 1 and S2), which are confirmed by the extensive presence of 
Rex terms when the relaxation data is fitted to the Lipari-Szabo model-free approach. The 
effects of multiple exchanging protein conformations on NMR spectra depend on the rate of 
conformational exchange. When the exchange between conformations is slow, a peak will be 
observed for each conformation, with each peak intensity proportional to the corresponding 
population. When the rate of exchange (in s-1) is similar to the frequency difference between 
the corresponding NMR peaks (in Hz) this leads to broadening of the peaks, often beyond 
detection. If there is fast exchange between conformations, only one peak will be observed 
(corresponding to the weighted average of the contributions of each conformation), and the 
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presence of conformational exchange may not be noticed. We observe both slow and 
intermediate exchange in the NMR spectra of AVR3a11. 
Conformational exchange in the intermediate timescale is responsible for the broadening 
beyond detection of amide peaks for 15 amino acid residues, which could not be observed in 
the [1H, 15N]-HSQC NMR spectrum of AVR3a1163-132. These residues are located mainly in 
the N-terminal region of the construct (Gly63, Leu64, Asp66, Phe68-Glu71) and in loop 3 
(Ser112-Gly116), with a few exceptions (Leu103, Thr104, Arg120).  
Slow conformational exchange results in the presence of minor peaks both in the 
[1H, 15N]-HSQC and triple resonance spectra (Fig. S2) for residues Lys72, Lys76-Lys80, 
Gln94, Ser107, Lys111, Tyr125, Tyr128 and Val132. Residues Lys76 to Lys80 (in helix 1) are 
in close proximity to loop 3, and may reflect multiple conformations adopted by loop 3, rather 
than conformational variability in helix 1. Overall, most residues affected by conformational 
exchange are outside the core WY-domain fold (Fig. S6).  
The separation between major and minor conformation peaks in AVR3a1163-132 ranges from 
0.043 to 0.267 ppm in the 1H dimension. In the spectrometer used in these experiments, these 
correspond to frequencies between 34.41 and 213.66 Hz. For peaks to be clearly observed in 
slow exchange, it can be seen from simulations that the exchange rate should be at least 10 
times slower than the difference in frequency (70), and therefore in AVR3a1163-132 the 
backbone conformational exchange rates for slowly exchanging residues are slower than 
≈ 3.5 s-1, which is consistent with the largest Rex values fitted in the model-free approach.  
 
Discussion 
To date, no function has been ascribed to P. capsici AVR3a11. However, its crystal and 
solution structures contribute to the general understanding of WY domain effectors, which 
include P. infestans AVR3a and other highly similar proteins across oomycete species. The 
key allelic variant positions in AVR3a, residues 80 (Glu/Lys) and 103 (Ile/Met), which are 
involved both in recognition by R3a and PCD suppression, correspond to AVR3a11 Glu71 and 
Gln94. Gln94 is positioned in the middle of helix 2 (Fig. 2), and could not be completely 
assigned in the NMR spectra due to conformational exchange. This highlights the 
conformational variability of these regions, and suggests that functionally relevant residues 
may be located in dynamic regions. Very short T2 relaxation times were observed for Glu80 in 
Avr3a48-147 (14), suggesting that conformational exchange for these residues is conserved 
across homologous proteins. 
AVR3a homologues show greater sequence variation in the C-terminal end. In AVR3a, this 
region contains Tyr147, which has a role in PCD suppression but not R3a recognition. While 
it could be expected that the tyrosine near the C-terminus has a similar role in effectors with 
the same fold, in the solution structure of P. capsici AVR3a60-147 (14) Y147 seems to be in a 
flexible region, and not at the end of a helix, as seen for tyrosines in AVR3a11 and AVR3a4. 
However, the presence of extra residues beyond the end of the AVR3a sequence in the construct 
used make it difficult to judge the natural conformation for helix 4 in AVR3a. 
In addition to the crystal structure of AVR3a11 and the solution structures of AVR3a and 
AVR3a4, other structures of WY-domain containing effectors from oomycetes have been 
previously described, such as PexRD2 from P. infestans (9) and ATR1 from Hyaloperonospora 
arabidopsidis (71), which contains three WY domains. Comparing those structures, loop 3 
shows the greatest sequence and structural diversity, varying from 7 to 24 residues, and from 
unstructured to helical. In the solution structure of AVR3a1163-172, the disordered loop confirms 
that loop 3 corresponds to a region capable of adopting different conformations in WY-
domains. Loop 3 is also missing assignments for a couple of residues in AVR3a60-147 (14) 
(BMRB accession code 25944) and 15N assignments for a couple of residues in AVR3a4 (25) 
(BMRB accession code 17588). Residues N-terminal to the effector domain and within loop 3 
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in AVR3a4 were reported to show conformational flexibility (25). This type of broadening was 
also observed for an internal disordered loop in the H. arabidopsidis RXLR effector ATR13 
(which does not appear to contain a WY domain) (72).  
The ability to sample multiple conformations may be relevant for the functional role of some 
proteins: in ATR13, the broadened loop is involved in localisation to the nucleolus (72), and in 
P. infestans AVR3a, a number of gain-of-function mutations that allow the activation of R3a 
HR by the AVR3aEM isoform (17) were mapped to loop 3 (25).  
Using H/D exchange and NMR relaxation analysis, we observed dynamics in the effector 
domain of AVR3a11 at different timescales. Motions in the ms range and slower dominate the 
dynamics of AVR3a1170-132, as seen from graphical analysis of the reduced spectral density 
mapping. Hydrogen/deuterium exchange data indicate a stable hydrophobic core which 
excludes helix 1 and loop 3, with residues Tyr93, Lys95-Asp98 (helix 2), Tyr101 (loop2), 
Leu106, Ser107, Phe109, Leu110 (helix 3), Met126 and Asp130 (helix 4) showing high 
protection factors. These residues include most of the stabilising interactions described for the 
crystal structure (9). The first few residues in helix 4 (including the conserved Tyr125) are less 
rigid than expected, possibly affected by loop 3. This view is consistent with the signs of 
conformational exchange observed, in which residues in helix 1 and N-terminal to it, jointly 
with loop 3 and a few other residues, were strongly affected by slow and intermediate chemical 
exchange.  
H/D exchange rates for residues in slow conformational exchange (showing the presence of 
multiple HN crosspeaks) were variable, with protection factors ranging from 1600 to too small 
to be measured. The lack of correlation between conformational exchange measured by H/D 
exchange and by the presence of multiple crosspeaks is not surprising, given the different 
timescales of conformational changes measured by each technique. Multiple conformations in 
exchange at a rate of 3.5 s-1 should give rise to multiple peaks, while still more than a thousand 
times faster than the limit of detection for our H/D exchange experiments.  
While our combined experiments allow us to determine the presence of slow (conformational 
exchange) motions, they do not provide any information as to their nature. Limited relaxation 
experiments with varying concentrations (2-fold) and magnetic fields suggested a dependence 
on field intensity and not on concentration (data not shown). This makes it very unlikely that 
transient intermolecular interactions are involved. Additionally, we have previously shown 
AVR3a11 to be a monomer in solution, with no evidence of partial dimerization in either gel 
filtration or analytical ultracentrifugation experiments (9). Therefore, the general presence of 
conformational exchange in AVR3a1170-132 suggests that those intramolecular motions could 
correspond to large conformational changes or partial unfolding of the protein.  
In summary, the effector domain of AVR3a11 is a small four-helix bundle in solution, with a 
stable hydrophobic core, which is preserved in the solution structure despite the highly dynamic 
characteristics of this protein and the addition of 7 N-terminal residues to AVR3a1170-132. The 
dynamics of AVR3a1170-132 are dominated by slow motions, as evident from NMR relaxation 
measurements, from the presence of peaks corresponding to minor conformations in the NMR 
spectrum, and from NMR peaks broadened beyond detection. As functionally important 
residues are found in regions with extensive conformational exchange, and conformational 
exchange was observed in other WY-domain effectors, flexibility may have a functional role 
in this family of effectors.  
H/D exchange results reveal that the structures of helices 2, 3 and 4 are more stable than that 
of helix 1. This reinforces the idea that the folding core is formed by the 3-helical WY-bundle, 
a widespread structural unit in RXLR effectors (24, 73), with the addition of helix 1 as one of 
several possible adaptations for stability and function (9). We predict that this increased 
dynamic stability for the three core helices in the WY-domain is also likely to be encountered 
in other effectors of this family. 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted September 4, 2024. ; https://doi.org/10.1101/2024.09.04.611235doi: bioRxiv preprint 

https://doi.org/10.1101/2024.09.04.611235
http://creativecommons.org/licenses/by-nc-nd/4.0/


 
 
 

11 
 

 
 
Author contributions 
JT, VSC and LSB performed the research and analysed the data. MJB designed the research 
and contributed experimental tools. TMAB designed the research, analysed the data and wrote 
the manuscript, with input from the other authors. 
 
 
Acknowledgements 
We thank Dr Colin MacDonald for his support in maintaining the NMR spectrometers, and 
Dr Mark Howard (currently at Bruker) and Prof Geoff Moore (University of East Anglia) for 
helpful discussions.  
 
JT’s PhD studentship was funded by the Biotechnology and Biological Sciences Research 
Council (UK).  
 
 
References 

1. Haverkort AJ, Struik PC, Visser RGF, Jacobsen E. Applied biotechnology to combat 
late blight in potato caused by Phytophthora infestans. Potato Research. 2009 
2009/08/01;52(3):249-64. English. 
2. Lamour KH, Stam R, Jupe J, Huitema E. The oomycete broad-host-range pathogen 
Phytophthora capsici. Molecular Plant Pathology. 2012;13(4):329-37. 
3. Nowicki M, Foolad MR, Nowakowska M, Kozik EU. Potato and tomato late blight 
caused by Phytophthora infestans: an overview of pathology and resistance breeding. Plant 
Disease. 2011 2012/01/01;96(1):4-17. 
4. Jones JDG, Dangl JL. The plant immune system. Nature. 2006;444(7117):323-9. 
5. Chisholm ST, Coaker G, Day B, Staskawicz BJ. Host-microbe interactions: shaping 
the evolution of the plant immune response. Cell. 2006;124(4):803-14. 
6. Birch PRJ, Armstrong M, Bos J, Boevink P, Gilroy EM, Taylor RM, et al. Towards 
understanding the virulence functions of RXLR effectors of the oomycete plant pathogen 
Phytophthora infestans. Journal of Experimental Botany. 2009 March 1, 2009;60(4):1133-40. 
7. Dodds PN. Plant science. Genome evolution in plant pathogens. Science. 2010 
Dec;330(6010):1486-7. PubMed PMID: 21148378. PMCID: PMC3076603. eng. 
8. Armstrong MR, Whisson SC, Pritchard L, Bos JIB, Venter E, Avrova AO, et al. An 
ancestral oomycete locus contains late blight avirulence gene Avr3a, encoding a protein that 
is recognized in the host cytoplasm. Proceedings of the National Academy of Sciences of the 
United States of America. 2005 May 24, 2005;102(21):7766-71. 
9. Boutemy LS, King SRF, Win J, Hughes RK, Clarke TA, Blumenschein TMA, et al. 
Structures of Phytophthora RXLR effector proteins: A conserved but adaptable fold 
underpins functional diversity. Journal of Biological Chemistry. 2011 2011;286(41):35834-
42. PubMed PMID: WOS:000295927100056. 
10. Bos JIB, Kanneganti T-D, Young C, Cakir C, Huitema E, Win J, et al. The C-terminal 
half of Phytophthora infestans RXLR effector AVR3a is sufficient to trigger R3a-mediated 
hypersensitivity and suppress INF1-induced cell death in Nicotiana benthamiana. The Plant 
Journal. 2006;48(2):165-76. 
11. Bos JIB, Armstrong MR, Gilroy EM, Boevink PC, Hein I, Taylor RM, et al. 
Phytophthora infestans effector AVR3a is essential for virulence and manipulates plant 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted September 4, 2024. ; https://doi.org/10.1101/2024.09.04.611235doi: bioRxiv preprint 

https://doi.org/10.1101/2024.09.04.611235
http://creativecommons.org/licenses/by-nc-nd/4.0/


 
 
 

12 
 

immunity by stabilizing host E3 ligase CMPG1. Proceedings of the National Academy of 
Sciences. 2010 May 10, 2010;107(21):9909-14. 
12. Gilroy EM, Taylor RM, Hein I, Boevink P, Sadanandom A, Birch PRJ. CMPG1-
dependent cell death follows perception of diverse pathogen elicitors at the host plasma 
membrane and is suppressed by Phytophthora infestans RXLR effector AVR3a. New 
Phytologist. 2011;190(3):653-66. 
13. Chaparro-Garcia A, Schwizer S, Sklenar J, Yoshida K, Petre B, Bos JI, et al. 
Phytophthora infestans RXLR-WY effector AVR3a associates with Dynamin-Related 
Protein 2 required for endocytosis of the plant pattern recognition receptor FLS2. PLoS One. 
2015;10(9):e0137071. PubMed PMID: 26348328. PMCID: PMC4562647. Epub 2015/09/08. 
eng. 
14. Wawra S, Trusch F, Matena A, Apostolakis K, Linne U, Zhukov I, et al. The RxLR 
motif of the host targeting effector AVR3a of Phytophthora infestans is cleaved before 
secretion. Plant Cell. 2017 Jun;29(6):1184-95. PubMed PMID: 28522546. PMCID: 
PMC5502441. Epub 20170518. eng. 
15. Morgan W, Kamoun S. RXLR effectors of plant pathogenic oomycetes. Current 
Opinion in Microbiology. 2007;10(4):332-8. 
16. Segretin ME, Pais M, Franceschetti M, Chaparro-Garcia A, Bos JIB, Banfield MJ, et 
al. Single amino acid mutations in the potato immune receptor R3a expand response to 
Phytophthora effectors. Molecular Plant-Microbe Interactions. 2014 2014/07/01;27(7):624-
37. 
17. Bos JIB, Chaparro-Garcia A, Quesada-Ocampo LM, Gardener BBM, Kamoun S. 
Distinct amino acids of the Phytophthora infestans effector AVR3a condition activation of 
R3a hypersensitivity and suppression of cell death. Molecular Plant-Microbe Interactions. 
2009 2009/03/01;22(3):269-81. 
18. Li T, Wang Q, Feng R, Li L, Ding L, Fan G, et al. Negative regulators of plant 
immunity derived from cinnamyl alcohol dehydrogenases are targeted by multiple 
Phytophthora Avr3a-like effectors. New Phytol. 2019 Aug 22. PubMed PMID: 31436314. 
Epub 20190822. eng. 
19. He Q, McLellan H, Hughes RK, Boevink PC, Armstrong M, Lu Y, et al. 
Phytophthora infestans effector SFI3 targets potato UBK to suppress early immune 
transcriptional responses. New Phytol. 2019 Apr;222(1):438-54. PubMed PMID: 30536576. 
Epub 20190119. eng. 
20. Maqbool A, Hughes RK, Dagdas YF, Tregidgo N, Zess E, Belhaj K, et al. Structural 
basis of host Autophagy-related Protein 8 (ATG8) binding by the Irish potato famine 
pathogen effector protein PexRD54. Journal of Biological Chemistry. 2016 Sep 
16;291(38):20270-82. PubMed PMID: 27458016. PMCID: PMC5025708. Epub 20160725. 
eng. 
21. Guo B, Wang H, Yang B, Jiang W, Jing M, Li H, et al. Phytophthora sojae effector 
PsAvh240 inhibits host aspartic protease secretion to promote infection. Molecular Plant. 
2019 Apr 01;12(4):552-64. PubMed PMID: 30703565. Epub 20190128. eng. 
22. He J, Ye W, Choi DS, Wu B, Zhai Y, Guo B, et al. Structural analysis 
of  Phytophthora   suppressor of RNA  silencing 2 (PSR2) reveals a conserved modular fold 
contributing to virulence. Proceedings of the National Academy of Sciences. 2019 Apr 
16;116(16):8054-9. PubMed PMID: 30926664. PMCID: PMC6475376. Epub 20190329. eng. 
23. Mukhi N, Gorenkin D, Banfield MJ. Exploring folds, evolution and host interactions: 
understanding effector structure/function in disease and immunity. New Phytologist. 2020 
Jul;227(2):326-33. PubMed PMID: 32239533. Epub 20200423. eng. 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted September 4, 2024. ; https://doi.org/10.1101/2024.09.04.611235doi: bioRxiv preprint 

https://doi.org/10.1101/2024.09.04.611235
http://creativecommons.org/licenses/by-nc-nd/4.0/


 
 
 

13 
 

24. Win J, Krasileva KV, Kamoun S, Shirasu K, Staskawicz BJ, Banfield MJ. Sequence 
divergent RXLR effectors share a structural fold conserved across plant pathogenic oomycete 
species. PLoS Pathogens. 2012;8(1):e1002400. 
25. Yaeno T, Li H, Chaparro-Garcia A, Schornack S, Koshiba S, Watanabe S, et al. 
Phosphatidylinositol monophosphate-binding interface in the oomycete RXLR effector 
AVR3a is required for its stability in host cells to modulate plant immunity. Proceedings of 
the National Academy of Sciences. 2011 August 5, 2011;108(35):14682-7. 
26. Studier FW. Protein production by auto-induction in high-density shaking cultures. 
Protein Expression and Purification. 2005;41:207-34. Epub 2005/3/12. 
27. Pervushin K, Riek R, Wider G, Wüthrich K. Transverse Relaxation-Optimized 
Spectroscopy (TROSY) for NMR studies of aromatic spin systems in 13C-labeled proteins. 
Journal of the American Chemical Society. 1998 1998/07/01;120(25):6394-400. 
28. Muhandiram DR, Kay LE. Gradient-enhanced triple-resonance three-dimensional 
NMR experiments with improved sensitivity. Journal of Magnetic Resonance, Series B. 
1994;103(3):203-16. 
29. Grzesiek S, Bax A. Improved 3D triple-resonance NMR techniques applied to a 31 
kDa protein. Journal of Magnetic Resonance (1969). 1992;96(2):432-40. 
30. Grzesiek S, Anglister J, Bax A. Correlation of backbone amide and aliphatic side-
chain resonances in 13C/15N-enriched proteins by isotropic mixing of 13C magnetization. 
Journal of Magnetic Resonance, Series B. 1993;101(1):114-9. 
31. Marion D, Driscoll PC, Kay LE, Wingfield PT, Bax A, Gronenborn AM, et al. 
Overcoming the overlap problem in the assignment of proton NMR spectra of larger proteins 
by use of three-dimensional heteronuclear proton-nitrogen-15 Hartmann-Hahn-multiple 
quantum coherence and nuclear Overhauser-multiple quantum coherence spectroscopy: 
application to interleukin 1.beta. Biochemistry. 1989 1989/07/01;28(15):6150-6. 
32. Löhr F, Hänsel R, Rogov VV, Dötsch V. Improved pulse sequences for sequence 
specific assignment of aromatic proton resonances in proteins. Journal of Biomolecular 
NMR. 2007;37(3):205-24. 
33. Farrow NA. Backbone dynamics of a free and phosphopeptide-complexed Src 
homology 2 domain studied by 15N NMR relaxation. Biochemistry. 1994;33:5984-6003. 
34. Delaglio F, Grzesiek S, Vuister GW, Zhu G, Pfeifer J, Bax A. NMRPipe: A 
multidimensional spectral processing system based on UNIX pipes. Journal of Biomolecular 
NMR. 1995;6(3):277-93. 
35. Vranken WF, Boucher W, Stevens TJ, Fogh RH, Pajon A, Llinas M, et al. The CCPN 
data model for NMR spectroscopy: Development of a software pipeline. Proteins: Structure, 
Function, and Bioinformatics. 2005;59(4):687-96. 
36. Wishart DS, Bigam CG, Yao J, Abildgaard F, Dyson HJ, Oldfield E, et al. 13C 
and 15N chemical shift referencing in biomolecular NMR. Journal of Biomolecular NMR. 
1995;6(2):135-40. 
37. Bartels C, Xia T-h, Billeter M, Güntert P, Wüthrich K. The program XEASY for 
computer-supported NMR spectral analysis of biological macromolecules. Journal of 
Biomolecular NMR. 1995;6(1):1-10. 
38. Shen Y, Delaglio F, Cornilescu G, Bax A. TALOS+: a hybrid method for predicting 
protein backbone torsion angles from NMR chemical shifts. Journal of Biomolecular NMR. 
2009;44(4):213-23. 
39. Keller RLJ. The computer aided resonance assignment tutorial: Cantina; 2004. 73 p. 
40. Herrmann T. Protein Structure Calculation and Automated NOE Restraints.  
Encyclopedia of Magnetic Resonance: John Wiley & Sons, Ltd; 2007. 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted September 4, 2024. ; https://doi.org/10.1101/2024.09.04.611235doi: bioRxiv preprint 

https://doi.org/10.1101/2024.09.04.611235
http://creativecommons.org/licenses/by-nc-nd/4.0/


 
 
 

14 
 

41. Herrmann T, Güntert P, Wüthrich K. Protein NMR structure determination with 
automated NOE assignment using the new software CANDID and the torsion angle dynamics 
algorithm DYANA. Journal of Molecular Biology. 2002;319(1):209-27. 
42. Herrmann T, Güntert P, Wüthrich K. Protein NMR structure determination with 
automated NOE-identification in the NOESY spectra using the new software ATNOS. 
Journal of Biomolecular NMR. 2002;24(3):171-89. 
43. Güntert P. Automated NMR Structure Calculation With CYANA. In: Downing AK, 
editor. Protein NMR Techniques. Methods in Molecular Biology. 278: Humana Press; 2004. 
p. 353-78. 
44. Brunger AT, Adams PD, Clore GM, DeLano WL, Gros P, Grosse-Kunstleve RW, et 
al. Crystallography & NMR System: a new software suite for macromolecular structure 
determination. Acta Crystallographica Section D. 1998;54(5):905-21. 
45. Brunger AT. Version 1.2 of the Crystallography and NMR system. Nature Protocols. 
2007;2(11):2728-33. 
46. Nederveen AJ, Doreleijers JF, Vranken W, Miller Z, Spronk CAEM, Nabuurs SB, et 
al. RECOORD: A recalculated coordinate database of 500+ proteins from the PDB using 
restraints from the BioMagResBank. Proteins: Structure, Function, and Bioinformatics. 
2005;59(4):662-72. 
47. Bhattacharya A, Tejero R, Montelione GT. Evaluating protein structures determined 
by structural genomics consortia. Proteins: Structure, Function, and Bioinformatics. 
2007;66(4):778-95. 
48. Davis IW, Leaver-Fay A, Chen VB, Block JN, Kapral GJ, Wang X, et al. MolProbity: 
all-atom contacts and structure validation for proteins and nucleic acids. Nucleic Acids 
Research. 2007 July 1, 2007;35(suppl 2):W375-W83. 
49. Laskowski RA, Rullmann JAC, MacArthur MW, Kaptein R, Thornton JM. AQUA 
and PROCHECK-NMR: Programs for checking the quality of protein structures solved by 
NMR. Journal of Biomolecular NMR. 1996;8(4):477-86. 
50. Baryshnikova O, Williams T, Sykes B. Internal pH indicators for biomolecular NMR. 
Journal of Biomolecular NMR. 2008;41(1):5-7. 
51. Schanda P, Brutscher B. Very fast two-dimensional NMR spectroscopy for real-time 
investigation of dynamic events in proteins on the time scale of seconds. Journal of the 
American Chemical Society. 2005 2005/06/01;127(22):8014-5. 
52. Bai Y, Milne JS, Mayne L, Englander SW. Primary structure effects on peptide group 
hydrogen exchange. Proteins. 1993 Sep;17(1):75-86. PubMed PMID: 8234246. PMCID: 
PMC3438223. eng. 
53. Johnson B, Blevins R. NMRView: a computer program for the visualization and 
analysis of NMR data. J Biomol NMR. 1994;4:603-14. 
54. d’Auvergne E, Gooley P. Optimisation of NMR dynamic models I. Minimisation 
algorithms and their performance within the model-free and Brownian rotational diffusion 
spaces. Journal of Biomolecular NMR. 2008;40(2):107-19. 
55. Lipari G, Szabo A. Model-free approach to the interpretation of nuclear magnetic 
relaxation in macromolecules: 1. Theory and range of validity. Journal of the American 
Chemical Society. 1982;104:4546-59. 
56. Lipari G, Szabo A. Model-free approach to the interpretation of nuclear magnetic 
relaxation in macromolecules: 2.Analysis of experimental results. Journal of the American 
Chemical Society. 1982;104:4559-70. 
57. Mandel AM, Akke M, Palmer AG. Backbone dynamics of Escherichia coli 
ribonuclease H1: correlations with structure and function in an active enzyme. Journal of 
Molecular Biology. 1995;246:144-63. 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted September 4, 2024. ; https://doi.org/10.1101/2024.09.04.611235doi: bioRxiv preprint 

https://doi.org/10.1101/2024.09.04.611235
http://creativecommons.org/licenses/by-nc-nd/4.0/


 
 
 

15 
 

58. Cole R, Loria JP. FAST-Modelfree: A program for rapid automated analysis of 
solution NMR spin-relaxation data. Journal of Biomolecular NMR. 2003;26(3):203-13. 
59. Lee LK, Rance M, Chazin WJ, Palmer AG. Rotational diffusion anisotropy of 
proteins from simultaneous analysis of 15N and 13C alpha nuclear spin relaxation. Journal of 
Biomolecular NMR. 1997 Apr;9(3):287-98. PubMed PMID: 9204557. eng. 
60. Farrow N, Zhang O, Szabo A, Torchia D, Kay L. Spectral density function mapping 
using 15N relaxation data exclusively. Journal of Biomolecular NMR. 1995 
1995/09/01;6(2):153-62. English. 
61. Ulrich EL, Akutsu H, Doreleijers JF, Harano Y, Ioannidis YE, Lin J, et al. 
BioMagResBank. Nucleic Acids Research. 2008 January 1, 2008;36(suppl 1):D402-D8. 
62. Fushman D, Weisemann R, Thüring H, Rüterjans H. Backbone dynamics of 
ribonuclease T1 and its complex with 2'GMP studied by two-dimensional heteronuclear 
NMR spectroscopy. Journal of Biomolecular NMR. 1994 Jan;4(1):61-78. PubMed PMID: 
22911159. eng. 
63. Daragan VA, Mayo KH. Motional model analyses of protein and peptide dynamics 
using 13C and 15N NMR relaxation. Progress in Nuclear Magnetic Resonance Spectroscopy. 
1997;31(1):63-105. English. 
64. Abragam A. Principles of nuclear magnetism: Oxford Press; 1961. 
65. Lefévre JF, Dayie KT, Peng JW, Wagner G. Internal mobility in the partially folded 
DNA binding and dimerization domains of GAL4: NMR analysis of the N-H spectral density 
functions. Biochemistry. 1996 1996/01/01;35(8):2674-86. 
66. Morin S, M. Gagné S. Simple tests for the validation of multiple field spin relaxation 
data. Journal of Biomolecular NMR. 2009 2009/12/01;45(4):361-72. English. 
67. Andrec M, Montelione G, Levy R. Lipari-Szabo mapping: A graphical approach to 
Lipari-Szabo analysis of NMR relaxation data using reduced spectral density mapping. 
Journal of Biomolecular NMR. 2000 2000/10/01;18(2):83-100. English. 
68. Maguire ML, Guler-Gane G, Nietlispach D, Raine ARC, Zorn AM, Standart N, et al. 
Solution structure and backbone dynamics of the KH-QUA2 region of the Xenopus 
STAR/GSG Quaking protein. Journal of Molecular Biology. 2005;348(2):265-79. 
69. Millet O, Loria JP, Kroenke CD, Pons M, Palmer AG. The static magnetic field 
dependence of chemical exchange linebroadening defines the NMR chemical shift time scale. 
Journal of the American Chemical Society. 2000 2000/03/01;122(12):2867-77. 
70. Waudby CA, Alfonso I. An introduction to one- and two-dimensional lineshape 
analysis of chemically exchanging systems. Journal of Magnetic Resonance Open. 2023 
2023/12/01/;16-17:100102. 
71. Chou S, Krasileva KV, Holton JM, Steinbrenner AD, Alber T, Staskawicz BJ. 
Hyaloperonospora arabidopsidis ATR1 effector is a repeat protein with distributed 
recognition surfaces. Proceedings of the National Academy of Sciences. 2011 July 25, 
2011;108(32):13323-8. 
72. Leonelli L, Pelton J, Schoeffler A, Dahlbeck D, Berger J, Wemmer DE, et al. 
Structural elucidation and functional characterization of the Hyaloperonospora 
arabidopsidis effector protein ATR13. PLoS Pathog. 2011;7(12):e1002428. 
73. Bozkurt TO, Schornack S, Banfield MJ, Kamoun S. Oomycetes, effectors, and all that 
jazz. Current Opinion in Plant Biology. 2012;15(4):483-92. 

 

 

  

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted September 4, 2024. ; https://doi.org/10.1101/2024.09.04.611235doi: bioRxiv preprint 

https://doi.org/10.1101/2024.09.04.611235
http://creativecommons.org/licenses/by-nc-nd/4.0/


 
 
 

16 
 

Figure 1. Two-dimensional [1H, 15N]-HSQC NMR spectra of AVR3a1163-132 (black) and 
AVR3a1170-132 (red). Minor peaks corresponding to alternative conformations of AVR3a11 
can be observed, for instance, in the proximity to Lys76, Ala79 and Lys111. 
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Figure 2. Ensemble of solution structures for AVR3a1163-132, showing the 20 lowest-energy 
structures calculated. The side chains of equivalent positions to functionally relevant residues 
in the homologue P. infestans AVR3a are highlighted: Glu71 and Gln94 (recognition by the 
host cell resistance protein R3a) and Tyr131 (interaction with CMPG1 and inhibition of 
programmed cell death).  

 

 
 
  

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted September 4, 2024. ; https://doi.org/10.1101/2024.09.04.611235doi: bioRxiv preprint 

https://doi.org/10.1101/2024.09.04.611235
http://creativecommons.org/licenses/by-nc-nd/4.0/


 
 
 

18 
 

 
Figure 3. Structural comparison between the most representative AVR3a1163-132 structural 
model (model 5, pale green) and the AVR3a1170-132 crystal structure (blue, PBD 3ZR8 (9)). 
Helices are labelled with roman numerals. The RMSD between Cas in ordered regions of two 
structures is 1.05 Å. The main difference between the two structures is in the last C-terminal 
residues, due to intermolecular crystal contacts involving Tyr131. 
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Figure 4. Hydrogen/deuterium exchange measurements for AVR3a1170-132 carried out at 5 °C 
and pH 6.8. A) Protection factors by residue. B) Crystal structure of AVR3a1170-132 coloured 
according to protection factor: larger than 1000 (dark blue), between 100 and 1000 (lighter 
blue), or too small to be measured (estimated under 100, lightest blue). Some residues could 
not be assigned (white). Helices are labelled with roman numerals.  
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Figure 5. 15N NMR relaxation parameters for AVR3a1170-132 plotted against residue number. 
T1 (top panel), T2 (middle panel) and heteronuclear NOE (bottom panel) were measured at 
500 MHz (black circles) and 800 MHz (white squares). Secondary structure features are 
schematically represented at the bottom. Residues for which no data is available correspond 
to overlapped peaks or those which could not be assigned. 
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Figure 6. Plots for the dependency of J(ωN) on J(ωH) (top panel) and of J(ωN) on J(0) (bottom 
panel) at 500 MHz (black circles) and 800 MHz (white squares). The continuous lines were 
calculated for a simple Lorentzian spectral density function for a rigid particle at the 
corresponding magnetic fields. Dashed lines correspond to the least-squared fit for the data at 
each magnetic field. Data points outside the area delimited by the theoretical curve indicate 
the presence of slow motions characteristic of conformational exchange. Regions A, B, and C 
in the top panel correspond to different motional regimes. 
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