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Background: Phosducin is a conserved 

regulatory phosphoprotein involved in 

phototransduction whose function is regulated in 

the 14-3-3-dependent manner.   

Results: The 14-3-3 protein binding affects the 

structure and the accessibility of several regions 

within both domains of phosphorylated 

phosducin. 

Conclusion: The 14-3-3 protein sterically 

occludes whole Gtβγ binding interface of 
phosducin. 

Significance: Mechanistic explanation for the 

14-3-3-depedent inhibition of phosducin 

function. 

SUMMARY 
Phosducin (Pdc), a highly conserved 

phosphoprotein involved in the regulation of 

retinal phototransduction cascade, 

transcriptional control, and modulation of 

blood pressure, is controlled in the 

phosphorylation-dependent manner including 

the binding to the 14-3-3 protein. However, the 

molecular mechanism of this regulation is 

largely unknown. Here, the solution structure 

of Pdc and its interaction with the 14-3-3

protein were investigated using small angle X-

ray scattering, time-resolved fluorescence 

spectroscopy and hydrogen-deuterium 

exchange coupled to mass spectrometry. The 

14-3-3 protein dimer interacts with Pdc using 

surfaces both inside and outside its central 

channel. The N-terminal domain of Pdc, 

where both phosphorylation sites and the 14-

3-3 binding motifs are located, is intrinsically 

disordered protein which reduces its flexibility 

in several regions without undergoing 

dramatic disorder-to-order transition upon 

binding to 14-3-3. Our data also indicate that 

the C-terminal domain of Pdc interacts with 

the outside surface of the 14-3-3 dimer 

through region involved in Gtβγ binding. In 

conclusion, we show that the 14-3-3 protein 

interacts with and sterically occludes both the 

N- and C-terminal Gtβγ binding interfaces of 

phosphorylated Pdc, thus providing a 

mechanistic explanation for the 14-3-3-

dependent inhibition of Pdc function. 

Phosducin (Pdc) is a highly conserved 

phosphoprotein involved in the regulation of 

visual signal transduction, the transcriptional 

control, the regulation of transmission at the 

photoreceptor-to-ON-bipolar cell synapse, and 

the modulation of sympathetic activity and blood 

pressure (1-5). Other members of the Pdc protein 

family, Pdc-like proteins, act as co-chaperons and 

assist in the folding of a variety of proteins 

(reviewed by (6)). The function of Pdc is best 

understood in the modulation of light-induced 

processes in rod photoreceptor cells where Pdc 

assists in the process of shutting down rod 

responsiveness during prolonged exposure to 

http://www.jbc.org/cgi/doi/10.1074/jbc.M115.636563The latest version is at 
JBC Papers in Press. Published on May 13, 2015 as Manuscript M115.636563

Copyright 2015 by The American Society for Biochemistry and Molecular Biology, Inc.
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intense light. Pdc binds to the complex of bg
subunits of the retinal G protein transducin 

(Gtbg), mediates its sequestration to the cytosol 

and prevents its re-association with the Gta
subunit of transducin. The binding of Pdc to the 

Gtbg complex is controlled through the 

phosphorylation of Ser
54

 and Ser
73

 by 

Ca
2+

/calmodulin-dependent and cAMP-

dependent protein kinases (2,7-9). However, the 

phosphorylation of these two sites by itself has 

only a weak effect on Pdc binding to Gtβg in 

intact retina and the efficient inhibition of this 

interaction requires a presence of the 14-3-3 

protein which associates with the phosphorylated 

Pdc and presumably blocks its interaction with 

Gtbg (9-11). The 14-3-3 proteins are highly 

conserved dimeric molecules that recognize 

specific phosphoserine/phosphothreonine-

containing motifs. Through these binding 

interactions the 14-3-3 proteins regulate functions 

of other proteins by modulating their structure, 

masking functional sites on their surfaces or 

promoting protein-protein interactions (reviewed 

by (12)). The exact role of the 14-3-3 protein 

binding in Pdc regulation is, however, still 

unclear mainly due to the lack of structural data. 

The structural analysis of the Pdc:Gtbg
complex revealed that Pdc consists of two 

separate domains that are both involved in 

binding to Gtbg (Fig. 1A) (13,14). Whereas the 

mostly helical N-terminal domain (Pdc-ND) 

constitutes the main part of Pdc’s interaction 
surface with Gtbg (~65% of the total binding 

surface) and is responsible for competing with 

Gta for Gtbg, the C-terminal domain (Pdc-CD) 

possesses the thioredoxin-like fold and seems to 

be responsible for blocking the interaction of 

Gtbg with the membrane. These structural studies 

also suggested that Pdc-ND is highly flexible, 

especially in regions where it does not contact 

Gtbg, and in its free state lacks an explicit native 

conformation in contrast to the helical 

conformation observed in the complex with Gtbg. 
Phosphorylation sites Ser

54
 and Ser

73
, which 

control the binding of Pdc to Gtbg, are both 

located within Pdc-ND and it has been shown 

that their simultaneous phosphorylation is 

required for a stable complex formation between 

phosphorylated Pdc (pPdc) and the 14-3-3ζ 
protein (15). This suggested that phosphorylation 

of Ser
54

 and Ser
73

 creates two 14-3-3 binding 

motifs that are used simultaneously to engage 

both ligand binding grooves within the 14-3-3ζ
protein dimer. The presence of both 14-3-3 

binding motifs within Pdc-ND also indicates that 

this domain constitutes the main part of Pdc’s 
interaction surface with the 14-3-3 protein, which 

might thus either sterically block the Pdc’s Gtbg
binding surface and/or change its structure. We

have recently shown, using time-resolved dansyl 

fluorescence spectroscopy, that the 14-3-3z
protein binding reduces the segmental dynamics 

within several regions of dansyl-labeled pPdc 

molecule, suggesting that pPdc undergoes a 

conformational change upon the binding to 14-3-

3z (15). These changes involve parts of the Gtβg
binding surface of Pdc-ND, thus supporting the 

inhibitory role of the 14-3-3 protein in Pdc 

binding to Gtβg. In addition, it has also been 

speculated that the 14-3-3 protein binding 

decreases the rate of Pdc dephosphorylation after 

a light stimulus by virtue of its interaction with 

phosphorylated Ser
54

 and Ser
73

, thus lengthening 

the time that Pdc remains phosphorylated after a 

light exposure, and/or stabilizes the N-terminal 

domain and protects phosphorylated Pdc from 

degradation (9). Yet another role for the 14-3-3

protein binding might be in the regulation of Pdc 

interaction with other proteins including the 

SUG1 subunit of the proteasome complex and the 

transcription factor CRX (3,16). More detailed 

structural data on Pdc, of which unbound (apo) 

structure is unknown, and its complex with the 

14-3-3 protein are clearly needed to better 

understand the role of 14-3-3 in the regulation of 

Pdc function. 

Here we use small angle X-ray scattering 

(SAXS), time-resolved fluorescence 

spectroscopy, quenching of tryptophan 

fluorescence, hydrogen-deuterium exchange 

kinetics coupled with mass spectrometry (HDX-

MS) and other biophysical approaches to 

investigate the solution structure of apo Pdc and 

its interaction with the 14-3-3z protein.  

EXPERIMENTAL PROCEDURES 

Expression, Purification and Phosphorylation 

of Pdc−Rat full-length Pdc (UniProt ID P20942)

Q52K mutant doubly phosphorylated at Ser
54

 and 

Ser
73

 was prepared as described previously (15).

Pdc-ND (residues 1-107) was prepared by 

introducing a stop codon instead of Gly
108

 using 

the QuickChange Kit (Stratagene). The status of 

Pdc and Pdc-ND phosphorylation was examined 

by mass spectrometry. Pdc-CD was prepared by 

ligating the cDNA encoding sequence 110-246 

into pET-15b (Novagen) using the NdeI and 

BamHI sites. The entire coding region was 

checked by sequencing. Both Pdc-ND and Pdc-
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CD were expressed as 6×His-tagged proteins and 

purified using the same protocol as Pdc full-

length.  

Expression and Purification of 14-3-3z−The 

mutant version of the 14-3-3z protein (human 

isoform z) containing no tryptophan residues 

(mutations W59F and W228F, denoted as 14-3-

3znoW) and the C-terminally truncated 14-3-

3zDC (residues 1–230 with deleted disordered C-

terminal loop) were prepared as described 

previously (17,18).  

Dynamic light scattering (DLS)−DLS 

measurements were carried out as described 

previously (15). All measurements were 

performed in a buffer containing 20 mM Tris-

HCl (pH 7.5), 200 mM NaCl, 1 mM EDTA, and 

2 mM DTT. The Pdc full-lenth, Pdc-ND, and 

Pdc-CD concentrations were 60 µM.
Circular Dichroism (CD) Spectroscopy−Both 

far- and near-UV CD spectra were measured as 

described previously (19). The CD measurements 

were conducted at 22 °C in a buffer containing 20 

mM Tris-HCl (pH 7.5), 200 mM NaCl, 1 mM 

EDTA, and 2 mM 2-mercaptoethanol with 

protein concentrations 10 µM (far-UV spectra)

and 80-160 µM (near-UV spectra). 

Analytical Ultracentrifugation 

(AUC)−Sedimentation velocity (SV) experiments 

were performed using a ProteomeLab
TM

XL-I

analytical ultracentrifuge (Beckman Coulter) as 

described previously (19). Samples were dialyzed 

against buffer containing 20 mM Tris-HCl (pH 

7.5), 200 mM NaCl, and 2 mM 2-

mercaptoethanol before analysis. All 

sedimentation profiles were recorded with 

absorption optics. The diffusion-deconvoluted 

sedimentation coefficient distributions c(s) were 

calculated from raw absorbance data using the 

software package SEDFIT (20). SV analysis of 

interaction between full-length pPdc (pPdc-ND, 

Pdc-CD) and 14-3-3zDC was performed at 

various loading concentrations and molar ratios;

and this was followed by the integration of 

calculated distributions to determine the overall 

weight-averaged s-values (sw). Constructed sw

isotherms were fitted with A + B  AB model as 

implemented in the software package SEDPHAT 

with known sw values of individual components 

as prior knowledge. Resulting parameters were 

verified and loading concentrations were 

corrected using global Lamm equation modeling 

also implemented in the SEDPHAT software 

(20,21). 

Small Angle X-ray Scattering−SAXS data 

were collected on the European Molecular 

Biology Laboratory (EMBL) P12 beamline on 

the storage ring PETRA III (Deutsches 

Elektronen Synchrotron (DESY), Hamburg, 

Germany). The SAXS measurements were 

conducted in buffer containing 20 mM Tris-HCl 

(pH 7.5), 200 mM NaCl, 1 mM EDTA, and 2 

mM 2-mercaptoethanol. The Pdc concentrations 

were 2.3, 3.4 and 4.2 mg.mL
-1

. The data were 

averaged and the scattering of buffer was 

subtracted using PRIMUS (22). The forward 

scattering I(0) and the radius of gyration Rg were 

calculated using the Guinier approximation (23).

The distance distribution functions P(r) and the 

maximum particle dimensions Dmax were 

computed from the entire scattering pattern using 

the program GNOM (24). The solute apparent 

molecular mass (MMexp) was estimated by 

comparison of the forward scattering with that 

from reference solutions of bovine serum 

albumin (molecular mass 66 kDa). Ab initio

molecular envelopes were computed by the 

program DAMMIN (25). Multiple iterations of 

DAMMIN were averaged using the program 

DAMAVER (26). The analysis based on the 

ensemble optimization method was performed 

using the program EOM (27).   

Time-resolved Fluorescence 

Measurements−Fluorescence decays were 

measured on an apparatus described in (28). The 

apparatus comprised frequency-tripled 

Ti:Sapphire laser (Coherent, Chameleon Ultra II) 

and the time-correlated single photon counting 

detection (Becker&Hickl, SPC150) with cooled 

MCP-PMT (Hamamatsu, R3809U-50). 

Tryptophan was excited at 298 nm, its emission 

was collected at 355 nm using monochromator 

(Horiba, H-20) with a stack of UG1 and BG40 

glass filters placed in front of the input slit. ANS 

emission was excited and measured at 355 and 

480 nm, respectively, using the monochromator 

with the 405 nm long-pass filter in the emission 

channel. Decays were accumulated under the 

magic-angle conditions, typically in 1024 

channels and time resolution of 50 ps/channel, 

until 10
7
 counts per decay were reached. Samples 

were placed in a thermostatic holder, and all 

experiments were performed at 23 °C in a buffer 
containing 20 mM Tris-HCl (pH 7.5), 200 mM 

NaCl, 1 mM EDTA, and 2 mM 2-

mercaptoethanol. The Pdc concentration was 30 

mM, and the 14-3-3znoW protein concentration 

was 60 mM. ANS fluorescence experiments were 

performed with 5 mM Pdc and 20 mM ANS. 
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Fluorescence was assumed to decay 

multiexponentially according to the formula: 

å -×=
i

ii ttI )/exp()( ta ,  (1) 

where 1=å
i

ia  and ti and ai are the 

fluorescence lifetimes and the corresponding 

amplitudes, respectively. Decays were analyzed 

by a singular-value decomposition maximum 

entropy method for oversampled data (29). The 

program yields amplitudes, ai, representing 

lifetime distributions. Typically we used 100 

lifetimes equidistantly spaced in the logarithmic 

scale, ranging from 50 ps to 100 ns. The mean 

fluorescence lifetime of the whole decay was 

calculated from the formula: 

å å=
i i

iiiimean tatat /2   (2) 

Polarized fluorescence decays were measured 

with fixed emission polarizer set in the vertical 

position and the excitation polarization plane was 

rotated between 0° and 90°. In this configuration 

the G-factor was close to one and its value was 

determined in an independent experiment. 

Fluorescence anisotropy decays r(t) were 

obtained by simultaneous reconvolution of 

parallel I||(t) and perpendicular I^(t) decay 

components (30,31) using model-independent 

singular-value decomposition maximum entropy 

method that does not set prior limits on the 

distribution shape (29). The anisotropies r(t) 

were assumed to decay multiexponentially: 

    

å ¢-×¢=
i

ii ttr )/exp()( fb  (3) 

where amplitudes b’i represent a distribution of 

the correlation times f’I ( 0ri =¢å b ) and  r0 is 

the initial anisotropy. We used 100 correlation 

times f’i equidistantly spaced in the logarithmic 

scale and ranging from 50 ps to 200 ns. For 

multimodal distributions the mean correlation 

time associated with the m-th peak of the 

distribution was calculated from the formula: 

åå ¢¢×¢=
k

km

k

kmkmm ,,, / bfbf  (4) 

where index k runs over the nonzero amplitudes 

of the m-th peak of the distribution only. The area 

of the peak represents the associated mean 

amplitude mb .

Tryptophan Fluorescence Quenching 

Experiments−Fluorescence quenching 

measurements were performed at 22 °C on an 
ISS PC1 Photon counting spectrofluorometer, 

using a 1 nm bandpass on both the excitation and 

emission monochromators. Samples (35 µM 
pPdc and 70 µM 14-3-3znoW) were dialyzed 

against buffer containing 20 mM Tris-HCl (pH 

7.5), 200 mM NaCl, 1 mM EDTA, and 2 mM 2-

mercaptoethanol. Stern-Volmer plots were 

constructed using the changes in fluorescence 

intensity at 340 nm (with excitation at 297 nm) 

and fitted with the following equation: 

][

0 ])[1(/ QV

SV eQKII +=  (5) 

where I0 is the fluorescence intensity in the 

absence of the quencher, I is the fluorescence 

intensity of the sample in the presence of the 

quencher with the concentration [Q], KSV is the 

Stern-Volmer constant, and V is the static 

quenching constant. The KSV is equal to tmean kq,

where kq is the bimolecular rate constant for 

quenching and tmean is a mean fluorescence 

lifetime of the tryptophan in the absence of a 

quencher (32). Corrections for the inner filter 

effect were performed as described previously 

according to the equation (33): 

Ic = I antilog[(Aex + Aem)/2] (6) 

where IC is the corrected fluorescence intensity, I

is the measured fluorescence intensity, and Aex

and Aem are sample absorbances at the excitation 

and emission wavelength, respectively. 

Hydrogen-Deuterium Exchange Kinetics 

Coupled to Mass Spectrometry (HDX-

MS)−Hydrogen/deuterium exchange was 

followed for individual proteins alone (Pdc, 

pPdc, 14-3-3zDC) and for 2:1 molar mixture of 

14-3-3zDC:pPdc. Concentrations of the proteins 

during exchange were 120 µM for 14-3-3zDC

and 60 µM for Pdc or pPdc. HDX was started by 
a five-fold dilution of the proteins to deuterated 

buffer (20 mM Tris-HCl pD 7.5, 200 mM NaCl, 

1 mM EDTA, 5 mM DTT, 10% glycerol) and 

aliquots of 10 µl were collected at 40 sec, 4 min, 
15 min, 1 hr, 3 hr, and 8 hr of exchange. 

Exchange was stopped by the addition of 57 µl of 
6 mM HCl and freezing in liquid nitrogen. 

Analysis of deuterated samples (HPLC-MS) and 

data processing was done as described elsewhere 
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(34) except for the following modifications. 

Injection volume was 20 µl and shorter gradient 
was used, 10-25% B (95% acetonitrile/5% 

water/0.4% formic acid) in 5 minutes, followed 

by a quick step to 40% B. 

RESULTS

N-Terminal Domain of Pdc is Intrinsically 

Disordered Protein and Adopts Highly Extended 

Conformation−The crystal structure of the 

Pdc:Gtbg complex revealed that Pdc-ND 

comprises first 110 amino acid residues (Fig. 1A) 

and constitutes the main part of Pdc’s interaction 
surface with Gtbg (13,35). It has also been 

suggested that this domain is poorly structured in 

the apo-state compared to the ordered and helical 

conformation observed in the complex with Gtbg
(14). Since both regulatory phosphorylation sites 

and the 14-3-3 protein binding motifs (Ser
54

 and 

Ser
73

) are located within this presumably 

unstructured Pdc-ND, we first performed its 

detailed biophysical characterization using 

dynamic light scattering (DLS), analytical 

ultracentrifugation and fluorescence 

spectroscopy. The analysis of Pdc sequence using 

PONDR VL3 (36), DISOPRED (37), UIPRED 

(38) and PONDR FIT (39) predictors suggests 

that the majority of Pdc-ND (residues 1-101) and 

the very C-terminus of Pdc-CD (residues 225-

246) are unstructured (Fig. 1B). Another typical 

feature of unstructured proteins is their low 

compactness. Thus, DLS measurements were 

performed to obtain information on the 

hydrodynamic radii (RH) of Pdc and its isolated 

domains. The comparison of RH reveals that Pdc-

ND, although possessing smaller number of 

amino acid residues compared to Pdc-CD, 

exhibits significantly larger RH (Table 1). Both 

full-length Pdc and Pdc-ND also show 

significantly larger RH compared to theoretical 

values calculated for proteins of given molecular 

masses in a natively folded state (Table 1) (40).

In addition, the experimental RH of Pdc-ND is 

comparable with the theoretical value calculated 

for its guanidinium chloride-unfolded state 

supporting the disordered nature of this domain.  

The SV AUC experiments were next 

performed to confirm that large values of RH

observed for Pdc and Pdc-ND were due to a non-

globular structure and not their oligomerization. 

The normalized continuous sedimentation 

coefficient distributions, c(s), obtained from these 

experiments are shown in Fig. 2A. The analysis 

of distributions reveals that Pdc-ND, Pdc-CD and 

full-length Pdc show single peaks with a weight-

averaged sedimentation coefficient (corrected to 

20.0 °C and the density of water), sw(20,w), values 

of 1.5 S, 1.8 S and 2.4 S, respectively. These 

values of sw(20,w) correspond to molecular mass of 

~14.4, ~18.7 and ~31.8 kDa, respectively, 

suggesting all three proteins are monomers in 

solution (theoretical Mw of Pdc-ND, Pdc-CD, and 

full-length Pdc are 14.64, 17.41, and 30.16 kDa, 

respectively).  

The disordered nature of Pdc-ND is also 

corroborated by its CD spectra. The far-UV CD 

spectrum shows a large negative ellipticity in the 

region around 200 nm similarly to spectra of 

other intrinsically disordered proteins including 

the Listeria monocytogenes virulence protein 

ActA (41), the bovine viral diarrhea virus core 

protein (42) or the substrate domain of p130Cas 

(43) (Fig. 2B). In addition, the near-UV CD 

spectrum of Pdc-ND is weak and featureless 

suggesting its aromatic side chains have no well-

defined conformation, thus corroborating the 

disordered state of this domain (Fig. 2C). On the 

other hand, the CD spectra of Pdc-CD show 

features of a well-folded protein containing a 

significant amount of secondary structure and 

whose aromatic side chains possess a well-

defined conformation (44). 

The structural differences between Pdc-ND 

and Pdc-CD were next studied using time-

resolved fluorescence of 8-anilinonaphthalene-1-

sulfonic acid (ANS). It has been shown that this 

hydrophobic fluorescence probe has significantly 

higher affinity for folded and partly-folded 

proteins than for the unstructured and/or unfolded 

ones, and thus is frequently used to study 

structural properties of protein molecules (45). 

The ANS binding to and/or into hydrophobic 

regions of folded or molten globular proteins is 

accompanied by the characteristic increase in the 

mean excited-state lifetime (tmean). The measured 

values of tmean of ANS bound to Pdc, Pdc-ND

and Pdc-CD are shown in Table 1. The 

significantly lower value of tmean for ANS bound 

to Pdc-ND compared to Pdc-CD or Pdc is 

consistent with the expected unfolded state and 

the low hydrophobicity of the N-terminal 

domain. Thus, all these data suggest that Pdc-ND

is intrinsically disordered and adopts a highly 

extended conformation. 

Solution Structure of the Free Pdc−Since the 

unbound (apo) structure of Pdc is unknown, we 

next used the small-angle X-ray scattering 

(SAXS), an established technique for structural 

analysis of flexible systems including 

intrinsically disordered proteins (46), to study the 

 at U
N

IV
E

R
Z

IT
A

 K
A

R
L

O
V

A
 V

 P
R

A
Z

E
, F

acu
lty

 o
f S

cien
ce o

n
 Ju

n
e 8

, 2
0
1
5

h
ttp

://w
w

w
.jb

c.o
rg

/
D

o
w

n
lo

ad
ed

 fro
m

 



Structural Analysis of Phosducin and its Complex with 14-3-3 

 

6 

 

solution structure of Pdc. The Guinier analysis 

revealed that all Pdc samples are monodisperse as 

their Guinier plots are linear in the region 

s*Rg<1.3, where s is the momentum transfer and 

Rg is the radius of gyration (Fig. 3A). Values of 

the Rg calculated from the slope of the Guinier 

plot (Rg = 36.5-37.0 Å) suggest that the free Pdc 

adopts an extended state (Table 2). In 

comparison, the globular molecule of the 14-3-3

protein dimer (yeast isoform Bmh1) with double 

molecular weight has a Rg value of 32.6 Å (47). 

The distance distribution functions P(r)

calculated from the scattering data using the 

program GNOM (24) are shown in Fig. 3B. The 

P(r) functions are similarly shaped for all 

measured Pdc samples and show peak around 27 

Å and the maximum distance Dmax 120-129 Å
(Table 2). The elongated and highly asymmetric 

shape of the P(r) functions corroborates the 

extended state of the Pdc molecule. The 

calculated molecular weight derived from the 

forward scattering intensity I(0) is consistent with 

the expected molecular weight of the Pdc 

monomer (Table 2). The Kratky plot (s
2
I(s) vs s),

which reflects the degree of compactness of the 

scattering particles, has a shape typical for a 

partially unfolded protein with flat peak at low s

and an increase in s
2
I(s) in the larger s range (Fig. 

3C) (48,49).  

Two different approaches were used to model 

the solution structure of free Pdc. First, the low 

resolution ab initio envelope of Pdc was 

calculated using DAMMIN (25). The final 

envelope consists of an average of 10 individual 

reconstructions and the individual envelopes 

agreed well with each other (the mean value of 

normalized spatial discrepancy, NSD, was 0.52 ±
0.03). The obtained ab initio envelope of Pdc 

possesses a rod like extended shape with one end 

being narrower than the other (Fig. 3D). The size 

of the narrower smaller part corresponds well 

with the size of Pdc-CD, suggesting that the 

larger and wider part represents the disordered N-

terminal domain. However, the validity of such 

ab initio reconstruction for disordered proteins 

which describes a highly flexible structure using 

one conformation is uncertain, although useful to 

visualize a diffuse nature of disordered molecule 

(46,50). Therefore, we next used a more 

appropriate approach based on the ensemble 

optimization method (EOM) (27). The C-

terminal domain of Pdc (residues 106-230) was 

treated as a rigid-body while the flexible N-

terminal domain and the very C-terminus 

(residues 1-105 and 231-246, respectively) as a 

chain of dummy residues. An initial pool of 

10,000 Pdc models with random conformation of 

the N-terminal domain and the very C-terminus 

free of steric clashes was generated. Next, a 

genetic algorithm was used to select an ensemble 

of Pdc conformers that collectively fit the 

experimental SAXS data. The EOM analysis 

yielded an ensemble (containing 18 conformers) 

that fits the experimental scattering curve of Pdc 

(c = 4.2 mg/mL) with c2
 value of 0.98 (Fig. 4A). 

The comparison of the Rg distributions of the 

EOM-selected conformational ensemble with the 

initial pool is shown in Fig. 4B. As can be 

noticed, the Rg distribution of the EOM-selected 

ensemble is narrower and biased towards less 

compact structures when compared to the pool 

and it contains single peak centered around an Rg

of 34.2 Å, consistent with Rg values calculated 

from the scattering curves (Table 2). Very similar 

results were also obtained from the EOM analysis 

of other two Pdc samples (c = 3.4 and 2.3 

mg/mL). The selected conformers that fit the 

experimental scattering curve with the lowest c2

value (Fig. 4C) show substantial structural 

variability (the mean value of NSD is 2.02), 

suggesting significant flexibility of the N-

terminal domain. In addition, none of these 

conformers by itself could account for the 

observed Pdc scattering, as revealed by 

comparing the P(r) curves calculated from these 

models with the experimental P(r) curve (Fig. 

4D). We also attempted to model the Pdc 

molecule as two rigid domains connected with 

the flexible linker similarly to Pdc structure 

observed in the Pdc:Gtbg complex (13,14).

However, the EOM analysis using this model 

yielded an ensemble that fits the experimental 

scattering curve of Pdc significantly worse (with 

c2
 value of 1.51) compared to the model 

containing ordered C-terminal domain and 

disordered N-terminal domain (Fig. 4E). In 

addition, the comparison of the Rg distributions 

of the EOM-selected ensemble with the pool 

revealed that the molecule of Pdc is significantly 

more extended than expected from the pool 

simulation (Fig. 4F), indicating that the two-

domain model is unable to properly describe the 

solution structure of free Pdc. Thus, the analysis 

of SAXS measurements suggests that molecules 

of free Pdc are monomers that possess extended 

conformations due to the highly flexible and 

unstructured N-terminal domain, in agreement 

with data obtained from DLS, analytical 

ultracentrifugation, CD spectroscopy and ANS 

fluorescence (Table 1 and Figs. 1 and 2).
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Conformational Behavior of Pdc and its 

Changes upon the Phosphorylation and the 14-3-

3z Binding−The time-resolved tryptophan 

fluorescence intensity and anisotropy decay 

measurements were next used to investigate the 

conformational behavior of Pdc and its changes 

upon the phosphorylation and the 14-3-3z
binding. Four Pdc mutants containing a single 

tryptophan residue at four different positions 

(Trp
93

, Trp
107

, Trp
123

, and Trp
208

) were prepared 

to sample various regions of the Pdc molecule. 

Residues Trp
93

 and Trp
107

 are located within Pdc-

ND while Trp
123

 and Trp
208

 within Pdc-CD (Fig. 

1A). The sequence of Pdc contains only one 

tryptophan residue at position 29; thus, this 

residue was mutated to Phe and tryptophan was 

inserted into selected positions (mutations 

Y93W, F107W, F123W, F208W). The human 

14-3-3znoW protein mutant missing all Trp 

residues (mutations W59F and W228F) was used 

in all tryptophan fluorescence measurements. We 

previously showed that these two mutations have 

no effect on the binding properties of the 14-3-3z
protein (17,51). Time-resolved fluorescence 

intensity and anisotropy decays were analyzed 

using a singular-value decomposition maximum 

entropy method as described previously (29).

Since the tryptophan residue frequently exhibits 

complicated multiexponential decays whose 

detailed interpretation is often impossible 

(52,53), we decided to use a mean fluorescence 

lifetime (tmean) as a robust qualitative indicator of 

changes in the microenvironments of inserted Trp 

residues (Table 3 and Fig. 5). For the sake of 

comparison, this table also contains previously 

obtained data for residue Trp
29

 (15). As can be 

noticed, phosphorylation by itself decreased tmean

of Trp
93

, Trp
123

 and Trp
208

, with the effect being 

surprisingly strongest for Trp
208

 (Fig. 5A). The 

reduced tmean can be interpreted as increased 

contacts with the polar environment and/or 

altered quenching interactions in the vicinity of 

these residues, suggesting that in the apo-state 

both domains interact with each other and the 

phosphorylation of Ser
54

 and Ser
73

 within Pdc-

ND affects this interaction. On the other hand, 

the interaction between pPdc and 14-3-3znoW 

significantly increased tmean of tryptophans Trp
29

,

Trp
93

 and Trp
208

 (Fig. 5B). This could be the 

result of either the 14-3-3-induced 

conformational change of pPdc, which affects 

interaction of these residues with their 

surroundings, and/or a direct interaction of 14-3-

3znoW with these residues, reducing their 

contacts with the polar environment or altering 

quenching interactions in their vicinity.  

It is reasonable to assume that such 

interactions would also affect the mobility and/or 

the accessibility of these residues. Thus we next 

studied segmental motions of inserted 

tryptophans using the polarized time-resolved 

emission measurements (Table 3 and Fig. 5). The 

fluorescence anisotropy decays of all five 

tryptophans revealed three classes of correlation 

times. Short correlation times located around 

0.3–0.9 ns (b1) and 1.4–3.0 ns (b2) reflect the fast 

local motions of tryptophan residues while the 

third correlation time, f3, likely reflects the 

rotational diffusion of the whole molecule. 

Changes in the extent of segmental motion of 

inserted tryptophans can be judged from the 

change in the sum of amplitudes of fast 

anisotropy decay components bshort (bshort = b1 +

b2) (15). Since b3 = r0 - b1 - b2 = r0 - bshort, Eq. 3, 

where r0 is a constant (33), it is advantageous to 

evaluate the internal motion from the change of 

b3 because it can be assessed with better accuracy 

than bshort. As seen from the equation, lower b3

indicates larger extent of the internal protein 

mobility and vice versa. The obtained increase in 

b3 revealed that the 14-3-3znoW binding 

substantially decreased segmental motions of 

Trp
29

 and Trp
93

 from pPdc-ND and, to a lesser 

extent, Trp
208

 from pPdc-CD (Table 3, Fig. 5B). 

These changes suggest suppressed segmental 

flexibility of regions where these Trp residues are 

located, presumably through direct physical 

contacts. The phosphorylation by itself 

significantly affected only the region containing 

Trp
29

 which is more flexible upon the 

modification whereas the mobility of other 

tryptophans was not significantly affected (Fig. 

5A). The suggested steric shielding of several 

Trp residues by the 14-3-3znoW binding should 

also change their accessibility to the solute 

quencher. Thus, we next performed acrylamide 

quenching to test this hypothesis. Table 4 shows 

values of the bimolecular quenching constant, kq,

that were obtained by fitting the Stern-Volmer 

plots using Eq. 5. As can be noticed, the 

accessibility of Trp
29

, Trp
93

, Trp
107

 and, to a 

lesser extent, Trp
208

 to the acrylamide 

significantly decreases in the pPdc:14-3-3znoW 

complex. The accessibility of Trp
123

 to the 

solvent remains unaltered. In agreement with the 

fluorescence lifetime data, the quenching 

experiments indicated for pPdc lower 

accessibility of Trp
29

, Trp
93

, and Trp
107

 from 
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pPdc-ND and Trp
208

 from pPdc-CD in the 

presence of 14-3-3znoW, thus supporting 

involvement of segments containing these 

residues in binding to 14-3-3z. 

Analysis of interaction between pPdc and 14-

3-3z using SV AUC−The AUC was next used to 

further investigate the interaction between pPdc 

and 14-3-3z. Similarly as in our previous study, 

we used in these experiments the 14-3-3z protein 

deleted of its C-terminal 15 residues to increase 

the stability of the pPdc:14-3-3z complex (15).

This region functions as an autoinhibitor of 14-3-

3:ligand interactions and is disordered in all 

available crystal structures of the 14-3-3 proteins 

(17,51,54). A similar approach was also used by 

Ottmann et al. (55) to stabilize the interaction 

between 14-3-3 and plant plasma membrane H
+
-

ATPase. A range of different molar ratios 

between full-length pPdc (or pPdc-ND and Pdc-

CD) and 14-3-3z were examined using SV AUC. 

Analysis of the isotherm of weight-averaged s

values (sw isotherm) as a function of pPdc 

concentration revealed the best-fit apparent 

equilibrium dissociation constant (KD) of 7 ± 3 

µM using a 1:1 (one molecule of pPdc and one 

14-3-3z dimer) Langmuir binding model (Fig. 

6A). Interestingly, the analysis of the sw isotherm 

determined over a range of different molar ratios 

between pPdc-ND and 14-3-3z revealed that 

pPdc-ND exhibits slightly higher binding affinity 

for 14-3-3z compared with the full-length pPdc 

with the best-fit KD of 3 ± 2 µM (Fig. 6B). On the 

other hand, the sw isotherm for Pdc-CD revealed 

no significant binding interaction with 14-3-3z
(Fig. 6C) suggesting that the phosphorylation-

dependent interaction between pPdc-ND and 14-

3-3z is responsible for the stability of the 

pPdc:14-3-3z complex. In addition, the higher 

binding affinity observed for pPdc-ND compared 

to full-length pPdc is consistent with our 

suggestion that both domains interact with each 

other (based on results of time-resolved 

tryptophan fluorescence, Fig. 5A), as the removal 

of Pdc-CD can increase the accessibility of 

phosphorylated motifs within pPdc-ND.

Mapping of the interactions between pPdc 

and 14-3-3z using HDX-MS−Next, HDX-MS 

was used to map the protein–protein interactions 

between pPdc and 14-3-3z. The HDX kinetics of 

the complex as well as free 14-3-3z, pPdc, and 

Pdc proteins were measured. The exchange 

kinetics of 14-3-3z was followed on 121 peptides 

covering 100 % of the sequence while 87 

peptides were used in the case of Pdc also 

covering the entire sequence. The exchange 

kinetics profile of Pdc alongside the sequence 

(Fig. 7A) revealed that the N-terminal half of Pdc 

molecule exhibits relatively fast deuteration 

kinetics reflecting its disordered and highly 

flexible character (Fig. 7B), whereas the C-

terminal half is characterized by exchange curves 

typical for structured protein regions (Fig. 7C). In 

general, phosphorylation does not induce 

differences in solvent accessibility and/or 

hydrogen bonding except for three regions of Pdc 

molecule where significant changes were 

observed. The first region, around the 

phosphorylation motif (delimited here by the 

peptide 51-76), exhibits higher deuteration upon 

phosphorylation, which can be interpreted as 

better accessibility of this part of Pdc. On the 

other hand, the second region (peptide 152-157) 

and the third one (e.g. peptide 213-223) show 

protection of Pdc against deuterium exchange 

upon phosphorylation. This change in deuteration 

kinetics is consistent with the existence of 

contacts between Pdc-CD and Pdc-ND as also 

suggested by SAXS and time-resolved 

fluorescence measurements. The HDX for pPdc 

in the presence of 14-3-3z revealed no significant 

changes in deuteration kinetics considering the 

errors of the experiment. This insensitivity of 

pPdc backbone amide hydrogens to changes in

deuteration kinetics upon the binding to 14-3-3z
might be caused either by the highly flexible 

character of Pdc-ND as such regions undergo a 

very fast deuteration kinetics that is less sensitive 

to protein-protein interactions or by the 

predominantly electrostatic and side chain-

mediated interactions between these two proteins. 

A similar effect was also observed, for example, 

for phosphorylated RGS3 in the complex with 

14-3-3z (56) or the heteromeric complex 

containing UBC9 and SUMO-1 (57). On the 

other hand, several regions of 14-3-3z (sequences 

46–59, 155–174, 191–196) exhibited significant 

decrease in deuterium incorporation upon the 

pPdc:14-3-3z complex formation (Figs. 8A and 

8B). This slower exchange kinetics can be 

interpreted as lower solvent exposure and/or the 

change in hydrogen bonding following the 

binding to pPdc, thus suggesting that protected 

regions of 14-3-3z (or their parts) form the 

binding interface. Furthermore, as can be noticed 

from Fig. 8C, these regions map not only to the 

surface of the ligand binding groove formed by 

helices H3, H5, H7 but also to the surface formed 

by helices H6 and H8 outside the central channel 
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similarly as has been observed in the RGS3:14-3-

3z and the Nth1:Bmh1 complexes (47,56,58).

Surprisingly, the C-terminal part of helix H9 

(peptide 220-227) showed opposite trend as the 

14-3-3z in complex with pPdc became more 

accessible for deuteration. However this effect 

vanished later during the exchange reflecting 

dynamic behavior of this region. 

DISCUSSION

The main aim of the current study is to 

provide a mechanistic insight into the regulation 

of Pdc by means of the 14-3-3-protein binding. 

Bioinformatics analysis revealed that more than 

90% of the 14-3-3 binding partners contain 

intrinsically disordered segments and the 

majority of the high-affinity 14-3-3 binding 

motifs are located within these disordered regions 

(59,60). The presence of the 14-3-3 binding 

motifs within flexible regions likely uncouples 

the binding strength from the specificity and 

renders these phosphorylation-dependent and 

highly specific interactions reversible. Structural 

studies of the Pdc:Gtbg complex suggested that 

Pdc is not an exception because Pdc-ND has been 

found to be highly flexible and poorly structured 

(13,14). Theoretical prediction as well as 

biophysical characterization clearly showed that 

Pdc-ND, in contrast to the folded and compact 

Pdc-CD, is intrinsically unstructured and adopts a 

highly extended conformation (Figs. 1 and 2 and 

Table 1). The disordered and highly flexible 

nature of Pdc-ND was also confirmed by SAXS 

analysis which revealed that solution structure of 

Pdc is best described as an ensemble of 

structurally variable conformers consisting of 

rigid Pdc-CD and flexible Pdc-ND (Figs. 3 and 4 

and Table 2). In addition, Pdc-ND of unbound 

(apo) Pdc is significantly more extended 

compared to the conformation observed in the 

crystal structure of the Pdc:Gtbg complex (Fig. 

4).  

HDX-MS measurements revealed no dramatic 

disorder-to-order transition upon the pPdc 

binding to 14-3-3z, as no significant changes in 

deuteration kinetics of pPdc peptides were 

observed in the presence of 14-3-3z. However, 

small but significant reduction of flexibility was 

detected by time-resolved fluorescence 

measurements in regions containing Trp
29

, Trp
93

from Pdc-ND and Trp
208

 from Pdc-CD (Fig. 5 

and Table 3). Consistently, we also observed 

increase in tmean as well as decrease in the 

accessibility of these three tryptophan residues 

upon the complex formation (Tables 3 and 4) 

suggesting interaction between 14-3-3z and Pdc 

regions containing these residues. In contrast to 

Pdc, the 14-3-3z dimer offers a rigid and well 

defined binding surface as several peptides 

located both inside and outside the central 

channel exhibited significant decrease in 

deuterium incorporation upon the complex 

formation (Fig. 8). Therefore, it is reasonable to 

assume that pPdc-ND containing both 

phosphorylation sites binds into the central 

channel of 14-3-3z while Pdc-CD interacts with 

regions located outside the central channel of the 

14-3-3z dimer through the side containing Trp
208

(Fig. 9) as this residue showed lower accessibility 

upon the complex formation while the 

accessibility of Trp
123

 remained unaltered (Table 

4).  

SV AUC measurements revealed that pPdc-

ND is responsible for the stability of the pPdc:14-

3-3z complex as no significant binding was 

observed between the isolated Pdc-CD and 14-3-

3z (Fig. 6). This suggests that the interaction 

between 14-3-3z and Pdc-CD is enabled by 

means of the local concentration effect upon the 

docking of pPdc-ND into the central channel of 

14-3-3z. In this respect, the pPdc:14-3-3z
complex resembles many other 14-3-3 protein 

complexes where the key interaction for protein 

association is the coordination of phosphorylated 

residue(s) and the interactions with regions 

remote from the phosphorylated 14-3-3 binding 

motif(s) by themselves are insufficient for stable 

complex formation. For example, associations of 

14-3-3 with serotonin N-acetyltransferase (61),

yeast neutral trehalase Nth1 (62), or forkhead 

transcription factor FOXO4 (63) are fully 

dependent on the phosphorylation of the 14-3-3

binding motif(s) despite extensive interactions 

beyond those involving the phosphorylated 

motifs and the 14-3-3 binding grooves.  

The Pdc-ND constitutes the larger part of 

Pdc’s interaction interface with Gtbg whereas 

Pdc-CD seems to be responsible for blocking the 

interaction of Gtbg with the membrane (13,14).

Thus, the binding interaction between 14-3-3z
and pPdc-ND might either sterically block the 

Pdc’s Gtbg binding surface and change its 

structure as well as decrease the rate of Pdc 

dephosphorylation after a light stimulus by virtue 

of its interaction with phosphorylated residues 

(9). In addition, contacts between 14-3-3z and the 

region containing Trp
208

 suggest that the 14-3-3z
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binding might also affect the C-terminal part of 

Gtbg binding interface of pPdc (Fig. 1A) (13).  

Taken together, the 14-3-3 protein dimer 

interacts with Pdc using surfaces both inside and 

outside its central channel. The N-terminal 

domain of Pdc, where both phosphorylation sites 

and the 14-3-3 binding motifs are located, is 

intrinsically disordered protein which reduces its 

flexibility in several regions without undergoing 

dramatic disorder-to-order transition upon 

binding to 14-3-3. Our data also indicate that the 

C-terminal domain of Pdc interacts with the 

outside surface of the 14-3-3 dimer through 

region involved in Gtβγ binding. Therefore, we 

show that the 14-3-3 protein interacts with and 

sterically occludes both the N- and C-terminal 

Gtβγ binding interfaces of phosphorylated Pdc, 
thus providing a mechanistic explanation for the 

14-3-3-depedent inhibition of Pdc function. 
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FIGURE LEGENDS

FIGURE 1. N-terminal domain of unbound (apo) Pdc is inherently disordered. (A) The crystal 

structure of the Pdc:Gtbg complex (13). The Gtbg complex and Pdc are shown in grey and light brown, 

respectively. Phosphorylation sites Ser
54

 and Ser
73

 are shown in red. Residues that were mutated to 

prepare single-Trp containing mutants of Pdc are shown in green. (B) Bioinformatics analysis using 

PONDR VL3 (36), DISOPRED (37), UIPRED (38) and PONDR FIT (39) predictors suggests that the 

majority of Pdc-ND (residues 1-101) and the very C-terminus of Pdc-CD (residues 225-246) are 

unstructured. The position of both phosphorylation sites/the 14-3-3 protein binding motifs is shown on 

top.  

FIGURE 2. Biophysical characterization of Pdc domains. (A) Normalized continuous distribution of 

sedimentation coefficients, c(s), for Pdc full-length, Pdc-CD, and Pdc-ND. (B) The comparison of the 

far-UV CD spectra of Pdc full-length, Pdc-CD, and Pdc-ND. (C) The comparison of the near-UV CD 

spectra of Pdc full-length, Pdc-CD, and Pdc-ND.

FIGURE 3. Structural characterization of Pdc by SAXS. (A) Scattering intensity as a function of the 

scattering vector s (s = 4psin(q)/l, where 2q is the scattering angle and l is the wavelength). Inset 

shows Gunier plot of Pdc at concentration 4.2 mg/mL. (B) Distance distribution function P(r). (C)

The Kratky plot, which reflects the degree of compactness of the scattering particles, has a shape 

typical for a partially unfolded protein with flat peak at low s and an increase in s
2
I(s) in the larger s

range (48,49). (D) Averaged and filtered DAMMIN shape envelope of Pdc molecule. The size of the 

narrower smaller part corresponds well with the size of Pdc-CD, suggesting that the larger and wider 

part represents the disordered N-terminal domain. 

FIGURE 4. EOM analysis of Pdc SAXS data. (A) Comparison of the experimental SAXS profile 

(shown in black) with the theoretical one (shown in red) derived from an ensemble calculated using 

the EOM with the Pdc model based on flexible Pdc-ND and folded Pdc-CD. The selected ensemble 

fits the experimental scattering curve of Pdc with c2
 = 0.98. (B) Comparison of the Rg distributions of 

the EOM-selected conformational ensemble (shown in red) with the initial pool (shown in blue) 

calculated from the model with the flexible Pdc-ND. (C) EOM-generated models of Pdc that fit the 

experimental scattering curve with the lowest c2
 value. Residues from flexible parts of Pdc molecule 

are represented by spheres. (D) Comparison of the P(r) curves calculated from EOM-generated 

models (shown in black, red, green and orange) with the experimental P(r) curve (shown in blue). As 

can be noticed, none of these conformers by itself could account for the observed Pdc scattering. (E)

Comparison of the experimental SAXS profile (shown in black) with the theoretical one (shown in 

red) derived from an ensemble calculated using the EOM with the Pdc model consisting of two rigid 

domains. The selected ensemble fits the experimental scattering curve of Pdc with c2
 = 1.51. (F) 

Comparison of the Rg distributions of the EOM-selected ensemble with the initial pool calculated from 

the Pdc model consisting of two rigid domains.      

FIGURE 5. Change in the mean excited-state lifetime, tmean, and the overall change in amplitudes of 

slow anisotropy decay component b3 of Trp
29

, Trp
93

, Trp
107

, Trp
123

, and Trp
208

. (A) Changes induced 

by phosphorylation of Pdc at Ser
54

 and Ser
73

. (B) Changes induced by the 14-3-3znoW binding to 

pPdc. 

FIGURE 6. Sedimentation velocity ultracentrifugation. Isotherms of weight-averaged sedimentation 

coefficients sw were obtained from SV AUC experiments using mixtures of 14 mM 14-3-3z and 0.7–70 

mM full-length pPdc (A), pPdc-ND (B), and Pdc-CD (C). The insets show the sedimentation 

coefficient distributions c(s) of 14-3-3z and pPdc, pPdc-ND and Pdc-CD mixtures at various molar 

ratios underlying the sw data points. Mixtures with the molar ratio 20:1 (14-3-3:Pdc) are shown in 

black, ratio 6:1 in red, ratio 2:1 in blue, ratio 2:3 in green, and ratio 1:5 in cyan.   
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FIGURE 7. HDX-MS reveals regions of Pdc that are affected by phosphorylation. (A) Plot showing 

the deuteration levels of Pdc (shown in black) and pPdc (shown in red) after 8 hours of deuteration. 

The domain structure of Pdc and the position of both phosphorylation sites/the 14-3-3z protein binding 

motifs are shown on top. (B) Graphs of HDX kinetics for two selected peptides from Pdc-ND. (C)

Graphs of HDX kinetics for two selected peptides from Pdc-CD. Deuterium exchange is expressed as 

percentages relative to the maximum theoretical deuteration level (left vertical axis) as well as a 

number of exchangeable protons (right vertical axis) for selected Pdc peptide.  

FIGURE 8. HDX-MS reveals regions of 14-3-3z that are affected by pPdc binding. (A) Plot showing 

the deuteration levels of 14-3-3z in the absence (shown in black) and the presence of pPdc (shown in 

red) after 8 hours of deuteration. The secondary structure elements of 14-3-3z are shown on top. (B)

Graphs representing HDX kinetics for four selected 14-3-3z regions that show changed deuterium 

exchange kinetics upon pPdc binding. Deuterium exchange is expressed as percentages relative to the 

maximum theoretical deuteration level (left vertical axis) as well as a number of exchangeable protons 

(right vertical axis) for selected 14-3-3z peptides alone (black squares) and in the presence of pPdc 

(red circles). (C) HDX kinetics for all 14-3-3z regions that show changed deuterium exchange kinetics 

upon pPdc binding (shown in various colors) mapped on the surface representation of the 14-3-3z

structure (only one chain of the 14-3-3z dimer is colored as the changes on the second one are the 

same) (64).  

FIGURE 9. The 14-3-3z protein interacts with and sterically occludes both the N- and C-terminal 

Gtbg binding interfaces of pPdc. The 14-3-3z protein and Pdc-CD are shown in light brown and violet, 

respectively. The 14-3-3z regions that show changed deuterium exchange kinetics upon pPdc binding 

are colored as in Fig. 8C. The missing Pdc-ND is schematically shown as a blue dashed line. The 

approximate positions of phosphorylation sites Ser
54

 and Ser
73

 as well as tryptophan residues used in 

quenching and time-resolved fluorescence experiments are also shown. The pPdc:14-3-3ζ complex 

stoichiometry (1:2) as well as the simultaneous engagement of both ligand binding grooves within the 

14-3-3ζ dimer by phosphorylated Ser
54

 and Ser
73

 are based on previously published data (15). As can 

be seen, the 14-3-3z protein binding would sterically occlude the whole Pdc-ND as well as part of 

Pdc-CD. The position of Pdc-CD is based on results of tryptophan fluorescence measurements (Tables 

3 and 4). 
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TABLE 1 

Biophysical properties of Pdc full-length, Pdc-ND and Pdc-CD

Pdc full-length Pdc-ND Pdc-CD

Number of residues
a

265 126 156

Theoretical molecular mass
b

(g/mol) 30161.4 14643.2 17414.2

Experimental RH from DLS
c (Å) 38.4 ± 0.5 35.4 ± 0.4 26.0 ± 0.1

Theoretical RH
d (Å) – natively folded 24.8 19.2 20.4

Theoretical RH
d (Å) – MG 27.7 21.8 23.1

Theoretical RH
d (Å) – NU coil 45.4 31.8 34.7

Theoretical RH
d (Å) – NU PMG 36.8 27.5 29.5

Theoretical RH
d (Å) – GdmCl-unfolded 51.2 34.6 38

sw(20,w)
e

(S) 2.4 1.5 1.8

tmean of ANS
f,g

(ns) 7.4 3.7 5.7
a
Includes the N-terminal 6´His-tag. 

b
Calculated from the sequence. 

c
Values are the mean ± SD of five measurements. 

d
Theoretical values of RH for various conformational states were calculated according to equations 

reported by Uversky (40). MG, molten globule state; NU coil, natively unfolded state behaving as 

random coil; NU PMG, more compact natively unfolded state resembling premolten globule state;

GdmCl-unfolded, unfolded state in the presence of guanidinium chloride.     
e
Weight-averaged sedimentation coefficient corrected to 20.0 °C and the density of water obtained 

from analytical ultracentrifugation.  
f
S. D. = 0.05 ns. 

g
The mean fluorescence lifetime (tmean) was calculated using Eq. 2.
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TABLE 2 

Structural parameters determined from SAXS data 

Pdc sample

c (mg.mL
-1

) 4.2 3.4 2.3

Rg (Å)a
36.6 ± 0.3 37.0 ± 0.3 36.5 ± 0.4

Rg (Å)b
37.2 ± 0.3 37.9 ± 0.2 36.2 ± 0.3

Dmax (Å) 127 129 120

MMexp (kDa)
c

33 ± 1 34 ± 1 33 ± 1
a
Calculated using Guinier approximation (23). 

b
Calculated using the programm GNOM (24). 

c
Molecular weight was estimated by comparison of the forward scattering intensity I(0) with that from 

the reference solution of bovine serum albumin. 
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TABLE 3 

Summary of time-resolved tryptophan fluorescence measurements of Pdc  

Pdc mutant tmean
a,b

(ns)

b1
c f1

d

(ns)

b2
c f2

d

(ns)

b3
c f3

d

(ns)

Pdc W29 3.9 0.045 0.5 0.094 2.4 0.061 36

pPdc W29 3.8 0.057 0.4 0.102 2.7 0.043 36

pPdc W29 + 14-3-3ze 4.2 0.028 0.4 0.067 1.8 0.108 71

Pdc W93 4.3 0.065 0.6 0.048 3.2 0.086 22

pPdc W93 4.1 0.055 0.9 0.050 3.0 0.091 23

pPdc W93P + 14-3-3z 4.4 0.022 0.3 0.044 1.8 0.137 51

Pdc W107 4.9 0.034 0.3 0.045 1.6 0.122 33

pPdc W107 4.9 0.035 0.4 0.043 1.9 0.120 34

pPdc W107 + 14-3-3z 5.0 0.029 0.8 0.036 1.5 0.137 54

Pdc W123 4.5 0.036 0.6 0.160 20

pPdc W123 4.3 0.031 0.4 0.170 20

pPdc W123 + 14-3-3z 4.3 0.017 0.4 0.019 1.4 0.166 32

Pdc W208 4.6 0.081 0.6 0.116 15

pPdc W208 4.2 0.074 0.5 0.124 16

pPdc W208 + 14-3-3z 4.4 0.047 0.8 0.013 2.2 0.142 36
a
SD < 0.05 ns. 

b
The mean fluorescence lifetime (tmean) was calculated using Eq. 2. 

c
SD < 0.01. 

d
SD < 20%. 

e
The human 14-3-3znoW protein mutant missing all Trp residues (mutations W59F and W228F) was 

used in all Pdc tryptophan measurements (17,51). 
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TABLE 4 

Results of acrylamide quenching of tryptophan fluorescence 

Pdc mutant kq ´ (10
-9

M
-1

s
-1

)
a,b V (M

-1
)

pPdc W29 2.08 ± 0.06 0.29 ± 0.05

pPdc W29 + 14-3-3zc
1.07 ± 0.03 0.4 ± 0.4

pPdc W93 1.12 ± 0.03 0.12 ± 0.06

pPdc W93P + 14-3-3z 0.73 ± 0.05 0.06 ± 0.09

pPdc W107 1.35 ± 0.04 0.34 ± 0.09

pPdc W107 + 14-3-3z 0.98 ± 0.08 0.6 ± 0.2

pPdc W123 0.63 ± 0.02 0.97 ± 0.04

pPdc W123 + 14-3-3z 0.67 ± 0.02 0.83 ± 0.04

pPdc W208 0.43 ± 0.07 -

pPdc W208 + 14-3-3z 0.29 ± 0.01 -
a
For comparison, bimolecular quenching constant of Trp in aqueous environment is kq = 5.9 ´10

9
s

-1
M

-

1
(65). 

b
The bimolecular quenching constant (kq) was calculated using Eq. 5. 

c
The human 14-3-3znoW protein mutant missing all Trp residues (mutations W59F and W228F) was 

used in all Pdc tryptophan measurements (17,51).  
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Biophysical and Structural Characterization of the
Thioredoxin-binding Domain of Protein Kinase ASK1
and Its Interaction with Reduced Thioredoxin*
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Background: Thioredoxin is a physiological inhibitor of ASK1.
Results: The catalytic motif of thioredoxin is essential for its binding to ASK1 and the interaction does not involve intermolec-
ular disulfide bonds.
Conclusion: Thioredoxin-binding domain of ASK1 is a rigid domain that interacts with reduced thioredoxin through a large
binding interface.
Significance: Structural basis of the interaction between ASK1 and reduced thioredoxin.

Apoptosis signal-regulating kinase 1 (ASK1), a mitogen-acti-

vated protein kinase kinase kinase, plays a key role in the patho-

genesis of multiple diseases. Its activity is regulated by thiore-

doxin (TRX1) but the precise mechanism of this regulation is

unclear due to the lack of structural data. Here, we performed

biophysical and structural characterization of the TRX1-bind-

ing domain of ASK1 (ASK1-TBD) and its complex with reduced

TRX1. ASK1-TBD is a monomeric and rigid domain that forms

a stable complex with reduced TRX1 with 1:1 molar stoichiom-

etry. The binding interaction does not involve the formation of

intermolecular disulfide bonds. Residues from the catalytic

WCGPC motif of TRX1 are essential for complex stability with

Trp31 being directly involved in the binding interaction as sug-

gested by time-resolved fluorescence. Small-angle x-ray scatter-

ing data reveal a compact and slightly asymmetric shape of

ASK1-TBD and suggest reduced TRX1 interacts with this

domain through the large binding interface without inducing

any dramatic conformational change.

Apoptosis signal-regulating kinase 1 (ASK1)3 (MAP3K5), a
member of the mitogen-activated protein kinase kinase kinase
family, activates c-Jun N-terminal kinase and p38 MAP kinase
signaling pathways in response to various stress stimuli, includ-
ing oxidative stress, endoplasmic reticulum stress, and calcium
ion influx (1–3). ASK1 plays a key role in the pathogenesis of

multiple diseases including cancer, neurodegeneration, and
cardiovascular diseases and is considered a promising thera-
peutic target (reviewed by Ref. 4). Human ASK1 consists of
1,374 amino acids with the serine/threonine kinase domain
located in themiddle of themolecule flanked by two coiled-coil
(CC) motifs, which are important for homo-oligomerization of
ASK1 (5, 6). ASK1 under non-stress conditions forms a homo-
oligomer by direct interaction through the C-terminal CC
domain and interacts with several other proteins including thi-
oredoxin-1 (TRX1) and the 14-3-3 protein, thus forming a high
molecular mass complex called ASK1 signalosome (1, 7, 8).
Both TRX1 and the 14-3-3 protein are physiological inhibitors
of ASK1. In response to oxidative stress they dissociate from
ASK1, this allows the homo-oligomerization and recruitment
of tumor necrosis factor receptor-associated factors 2 and 6 to
the N-terminal region of ASK1 and accelerates the autophos-
phorylation of Thr838 within the activation loop resulting in
ASK1 activation (1, 9, 10).
Thioredoxins (TRXs) are small dithiol oxidoreductases ubiq-

uitously present in species ranging from archaea to mammals.
TRXs perform various biological functions including the
reduction of protein disulfide bonds in the reducing cellular
compartments, the supply of reducing equivalents to redox
enzymes, and the regulation of several transcription factors and
proteins through either a direct reduction of their cysteine
groups or differentmechanisms (reviewed byRef. 11). TRXs are
involved in the regulation ofNF-kB (12), theEscherichia coliT7
polymerase complex (13), or Jab-1 (14). The TRX molecule
consists of a five-stranded b-pleated sheet that forms a hydro-
phobic core surrounded by four a-helices. The highly con-
served redox catalytic motif 31WCGPC35 links the second
b-strand to the second a-helix and the two cysteine residues
within this sequence (Cys32 and Cys35 in human TRX1) are
responsible for TRX-dependent redox activity (15).
TRX1 interacts with the ASK1 region located between resi-

dues 46 and 277 and this interaction is thought to inhibit the

* This work was supported by Czech Science Foundation Project 14-10061S,
Grant Agency of Charles University Project 568912, and Academy of Sci-
ences of the Czech Republic Research Project RVO:67985823 of the Insti-
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activation of ASK1 through blocking its homo-oligomerization
via an adjacent N-terminal CCmotif (1, 9). The Cys250 residue,
located within this region of ASK1, is crucial for the oxidative
stress-dependent signaling downstream of ASK1 and likely
involved in TRX1 binding (16, 17). However, the precise mech-
anism of TRX1 binding to ASK1, as well as its dissociation, is
still unclear due to the lack of structural data on the TRX-
binding domain of ASK1 (ASK1-TBD). Several studies sug-
gested that under oxidative stress conditions TRX1 is oxidized
on Cys32 and Cys35 within the redox catalytic motif and the
formation of an intramolecular disulfide bond between these
two cysteine residues causes the dissociation of TRX1 from
ASK1 through an unknownmechanism, thus allowing the acti-
vation of ASK1 (1, 9, 18). It is, however, unclear whether the
interaction between TRX1 and ASK1 is based on the non-co-
valent interactions only or if it also involves the formation of
intermolecular disulfide bond(s). The latter possibility was sug-
gested by Nadeau et al. (17, 19) who proposed another mecha-
nism for ASK1 activation. The authors suggest the oxidative
stress induces the formation of intermolecular disulfide bonds
between ASK1 molecules and this oxidation is required for the
activation of ASK1 kinase function. In their model, the interac-
tion between TRX1 andASK1 involves a formation of intermo-
lecular disulfide bond(s) and theTRX1-dependent inhibition of
ASK1 ismediated by its thiol reductase activity because only the
oxidized and disulfide bond-containing oligomeric form of
ASK1 enables activation.
Tobetter understand the interactionbetweenTRX1andASK1,

we prepared and performed detailed biophysical and structural
characterization of the isolated ASK1-TBD (sequence 88–302)
and its complex with reduced TRX1. The results show that
ASK1-TBD is a monomeric and rigid domain that forms a sta-
ble complex with reduced TRX1 with 1:1 molar stoichiometry.
The binding interaction does not involve the formation of
intermolecular disulfide bonds. Residues Cys32 and Cys35 as
well as Trp31 from the catalytic WCGPC motif of TRX1 are
essential for complex stability with Trp31 being directly
involved in binding interaction as suggested by time-resolved
tryptophan fluorescence. SAXS data revealed a compact and
slightly asymmetric shape of ASK1-TBD and suggest reduced
TRX1 interacts with this domain through the large binding
interface without inducing any dramatic conformational
change.Molecular modeling indicated the TRX1 binding site is
located close to theN-terminal end of a;50 residue longa-he-
lix, which forms the C terminus of ASK1-TBD. Our results also
show the ASK1 residue Cys250 is likely located either at or in
close vicinity of TRX1-binding surface.

EXPERIMENTAL PROCEDURES

Expression and Purification of TRX-binding Domain of
ASK1—DNA encoding four different N-terminal fragments of
humanASK1 (residues 46–302, 88–302, 46–322, and 88–322)
were ligated into pST39 (20) using the XbaI and BamHI sites
and pRSFDuet-1 (Novagen) using BamHI and PstI sites. Mod-
ified pRSFDuet-1 containing the sequence of the His6-tagged
GB1 domain of protein G inserted into the first multiple clon-
ing site was a gift of Evzen Boura (Institute of Organic Chemis-
try and Biochemistry AS CR, Prague, Czech Republic). ASK1-

(88–302) (in pST39) was expressed as a C-terminal His6 tag
fusion protein by leakage expression at 30 °C for 20 h and puri-
fied from E. coli BL21 (DE3) cells using chelating Sepharose
Fast Flow (GE Healthcare Life Sciences) according to standard
protocols. Eluted ASK1-TBD was dialyzed against buffer con-
taining 20mMTris-HCl (pH 7.5), 200mMNaCl, 1 mM EDTA, 5
mM DTT, 10% (w/v) glycerol and purified using size-exclusion
chromatography on a HiLoad 26/60 Superdex 75 column (GE
Healthcare Life Sciences). All mutants were generated by using
the QuikChange site-directedmutagenesis kit (Stratagene) and
mutations were confirmed by sequencing.
Expression and Purification of TRX1—The expression con-

struct for human TRX1 (C73S mutant) was a gift of Katja
Becker (Justus-Liebig-Universität, Giessen, Germany). TRX1
was expressed as an N-terminal His6 tag fusion protein by iso-
propyl 1-thio-b-D-galactopyranoside induction for 20 h at
30 °C and purified from E. coli BL21 (DE3) cells using chelating
Sepharose Fast Flow (GEHealthcare Life Sciences) according to
standard protocols. Eluted TRX1 was dialyzed against buffer
containing 20 mM Tris-HCl (pH 7.5), 200 mM NaCl, 1 mM

EDTA, 5 mM DTT, 10% (w/v) glycerol and purified using size-
exclusion chromatography on Superdex 75 10/300 GL column
(GE Healthcare Life Sciences). All mutants were generated by
using the QuikChange site-directed mutagenesis kit (Strat-
agene), and mutations were confirmed by sequencing.
Preparation ofOxidizedTRX1—TRX1 (140mM in buffer con-

taining 20 mM Tris-HCl (pH 7.5) and 200 mM NaCl) was incu-
bated with 100-fold molar excess of H2O2 in a total volume of
500 ml for 15min at 37 °C (21). Oxidation reaction was stopped
by adding 2 units of catalase (Sigma).
Time-resolved Fluorescence Measurements—Fluorescence

intensity and anisotropy decays were measured on a time-cor-
related single photon counting apparatus, as described previ-
ously (22). Tryptophan emission was excited at 298 nm by a
tripled output of the Ti:Sapphire laser. Tryptophan fluores-
cence was isolated at 355 nm by a combination of monochro-
mator and a stack of UG1 and BG40 glass filters (Thorlabs)
placed in front of the input slit. Fluorescence decays were typ-
ically accumulated in 1024 channelswith a time resolution of 50
ps/channel until 105 counts in the decay maximum were
reached. Samples were placed in a thermostatic holder, and all
experiments were performed at 23 °C in a buffer containing 20
mM Tris-HCl (pH 7.5), 200 mM NaCl, and 5 mM DTT. The
TRX1 concentration was 10 mM; the ASK1-TBD concentration
was 30 mM (or 10 mM in experiments with Trp-containing
mutants of ASK1-TBD). Fluorescence decays were assumed to
be multiexponential according to the formula,

I~t! 5 O
i

a i z exp~2t/ti! (Eq. 1)

where ti and ai are the fluorescence lifetime components and
the corresponding amplitudes, respectively. Emission decays
I(t) were analyzed by a maximum entropy method (23). The
program yields a set of amplitudes, ai, representing the lifetime
distribution. Typically, we have chosen 100 lifetimes equidis-
tantly spaced in a logarithmic scale, ranging from 20 ps to 20 ns.
The mean emission lifetime was calculated as,
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tmean 5 O
i

fiti 5 O
i

~aiti
2!/O

i

~aiti! (Eq. 2)

where fi are the fractional intensities of corresponding lifetime
components. Fluorescence anisotropy r(t) was obtained by a
simultaneous reconvolution of parallel Ii(t) and perpendicular
I
'
(t) polarized components. The anisotropies r(t) were ana-

lyzed for a series of exponentials by a model-independent max-
imum entropy method without setting assumptions about the
shape of the correlation time distributions (23),

r~t! 5 O
i

b i z exp~2t/fi! (Eq. 3)

where amplitudes bi represent the distribution of the correla-
tion times fi. They are related to the initial anisotropy r0 by the
following formula.

O
i

b i 5 r0 (Eq. 4)

Typically we used 100 correlation times equidistantly spaced in
the logarithmic scale from 100 ps to 200 ns.
Analytical Ultracentrifugation (AUC)—Sedimentation velocity

(SV) experiments were performed using a ProteomLabTM XL-I
analytical ultracentrifuge (Beckman Coulter). Samples were
dialyzed against buffer containing 20 mM Tris-HCl (pH 7.5),
200 mM NaCl, and 2 mM 2-mercaptoethanol before analysis.
Experiments with oxidized TRX1 were performed in buffer
containing 20 mM Tris-HCl (pH 7.5), and 200 mM NaCl. The
buffer density, viscosity, and partial specific volume of all pro-
teins were estimated using the program SEDNTERP. SV exper-
iments of ASK1-TBD and TRX1 were conducted at various
loading concentrations andmolar ratios in charcoal-filled Epon
centerpieces with 12-mmoptical path length, 20 °C, and 48,000
rpm rotor speed (An-50 Ti rotor, Beckman Coulter). All sedi-
mentation profiles were recorded with interference optics. The
diffusion-deconvoluted sedimentation coefficient distributions
c(s) were calculated from raw interference data using the soft-
ware package SEDFIT. For experiments withmixtures of TRX1
and ASK1-TBD at various molar ratios, this procedure was fol-
lowed by the integration of calculated distributions to deter-
mine the overall weight-averaged s-values (sw). Constructed sw
isotherms were fitted with A 1 BºABmodel as implemented
in the software package SEDPHAT with known sw values of
individual components as prior knowledge. Resulting parame-
ters were verified and loading concentrations were corrected
using global Lamm equation modeling also implemented in
SEDPHAT software (24, 25).
Small Angle X-ray Scattering—SAXS data were collected on

the European Molecular Biology Laboratory (EMBL) P12
beamline on the storage ring PETRA III (Deutsches Elektronen
Synchrotron (DESY), Hamburg, Germany). The ASK1-TBD,
TRX1, and ASK1-TBDzTRX1 complex were measured in con-
centration ranges of 1.2–4.6, 1.4–12, and 1.5–11.9 mg ml21,
respectively. The data were averaged after normalization to the
intensity of the transmitted beam, and the scattering of buffer
was subtracted using PRIMUS (26). The forward scattering I(0)
and the radius of gyration Rg were evaluated using the Guinier

approximation (27). These parameters were also computed
from the entire scattering pattern using the program GNOM
(28), which provides the distance distribution functions P(r)
and themaximum particle dimensionsDmax. The solute appar-
ent molecular mass (MMexp) was estimated by comparison of
the forward scattering with that from reference solutions of
bovine serum albumin (molecular mass 66 kDa).Ab initiomolec-
ular envelopes were computed by the program DAMMIN (29),
which represents the protein by an assembly of densely packed
beads. Multiple iterations of DAMMIN were averaged using the
program DAMAVER (30). The averaged envelopes were then
used as final SAXS structures.
Circular Dichroism Measurements—The far-UV CD spectra

weremeasured in a quartz cuvettewith an optical path length of
1 mm (Starna, USA) using a J-810 spectropolarimeter (Jasco,
Japan). The conditions of the measurements were as follows: a
spectral region of 200–260 nm, a scanning speed of 10 nm
min21, a response time of 8 s, a resolution of 1 nm, a bandwidth
of 1 nm, and a sensitivity of 100 mdeg. The final spectrum was
obtained as an average of 5 accumulations. The spectra were
corrected for a baseline by subtracting the spectra of the corre-
sponding polypeptide-free solution. The CD measurements
were conducted at 22 °C in buffer containing 20 mM Tris-HCl
(pH 7.5), 200 mM NaCl, and 2 mM 2-mercaptoethanol. The
ASK1-TBD and TRX1 concentrations were 8 mM. After base-
line correction, the final spectra were expressed as a mean res-
idue ellipticities QMRW (deg cm2 dmol21 res21) and calculated
using the equation,

@Q#MRW5
uobs MW

c l NR 10
(Eq. 5)

where uobs is the observed ellipticity in mdeg, c is the protein
concentration in mg ml21, l is the path length in cm,Mw is the
protein molecular weight, andNR is the number of amino acids
in the protein (31). The near-UV CD spectra were measured in
a quartz cuvette with an optical path length of 1 cm (Starna,
USA) in a spectral region of 250–320 nm. The final spectrum
was obtained as an average of 15 accumulations. The ASK1-
TBD and TRX1 concentrations were 26 mM.
Protein Structure Modeling—Because ASK1 sequence 88–302

does not show any homology to known structures, its structural
models were created by ab initiomodeling using I-TASSER (32),
Phyre2 (33), andRobetta (34) servers. The agreement between the
calculated scattering curves of theoretical models and the experi-
mental SAXS data were evaluated using CRYSOL (35).

RESULTS

Preparation of ASK1-TBD and Its Complex with TRX1—It
has previously been shown ASK1-TBD is located between res-
idues 46 and 277 within the N-terminal part of ASK1 (1, 9).We
expressed several constructs of human ASK1 consisting of res-
idues 46–302, 88–302, 46–322, and 88–322 with either the
C-terminal His6 tag or the N-terminal His6-GB1 tag and tested
their solubility and stability. Only the construct consisting of
the C terminally His-tagged ASK1 sequence 88–302 exhibited
sufficient expression yield, solubility, and stability, and thuswas
used for further studies. To avoid TRX1 homo-dimerization

Low-resolution Structure of the ASK1zTRX1 Complex
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due to the intermolecular disulfide bond formation by the non-
active site Cys73 residue under high protein concentrations, we
decided to use the mutant C73S of human TRX1 (denoted in
this work as TRX1), rather than thewild-type protein, through-
out this work. This mutation has no effect on the activity or the
structure of human TRX1 (36, 37).
Biophysical Characterization of the Interaction between ASK1-

TBD and Reduced TRX1—The AUC was used for the biophys-
ical characterization of preparedASK1-TBD and its interaction

with TRX1 under reducing conditions. The normalized contin-
uous sedimentation coefficient distributions c(s) from the SV
AUC experiments revealed the reduced TRX1 and ASK1-TBD
form a complex with a weight-averaged sedimentation coeffi-
cient (corrected to 20.0 °C and the density of water), sw(20,w), of
3.0 S, whereas TRX1 and ASK1-TBD alone show single peaks
with sw(20,w) values of 1.6 and 2.4 S, respectively (Fig. 1). The
observed values of sw(20,w) for TRX1 and ASK1-TBD corre-
spond to molecular masses of ;12 and ;25 kDa, respectively,
suggesting both proteins aremonomers in solution (theoretical
molecular mass of TRX1 and ASK1-TBD are 12.99 and 25.57
kDa, respectively). In addition, the observed value of sw(20,w) of
3.0 S for the ASK1-TBDzTRX1 complex corresponds to molec-
ularmass of;33 kDa, suggesting the 1:1molar stoichiometry of
the complex (theoretical molecular mass 5 38.6 kDa). To
obtain the apparent equilibrium dissociation constant (KD) of
the ASK1-TBDzTRX1 complex, a range of concentrations and
different molar ratios of ASK1-TBD and reduced TRX1 were
examined using SV AUC (Fig. 2A). Analysis of the isotherm of
weight-averaged s values (sw isotherm) as a function of TRX1
concentration revealed the best-fit KD of 0.3 6 0.1 mM using a
1:1 Langmuir binding model. This confirms the ASK1-TBD
and TRX1 form a complex with a 1:1 molar stoichiometry.
Because all SV AUC experiments were performed in the pres-
ence of the reducing agent 2-mercaptoethanol and obtained SV
AUC data can be adequately fitted using the reversible Lang-
muir-type kinetic model (A 1 B º AB), it is reasonable to
assume the interaction between ASK1-TBD and TRX1 under

FIGURE 1. Sedimentation velocity ultracentrifugation. The normalized
continuous sedimentation coefficient distributions, c(s), for ASK1-TBD alone
(black), TRX1 alone (red), and ASK1-TBD and TRX1 mixed in the molar ratio 1:1
(blue) are shown. All experiments were performed under reducing
conditions.

FIGURE 2. Sedimentation velocity ultracentrifugation. A, isotherm of weight-averaged sedimentation coefficients sw (sw isotherm) obtained from SV
experiments of mixtures of ASK1-TBD WT (5 mM) and reduced TRX1 (3–50 mM). B, the sw isotherm obtained from SV experiments of mixtures of ASK1-TBD WT
(5 mM) and oxidized TRX1 (3–50 mM). TRX1 was oxidized by incubation with a 100-fold molar excess of H2O2 for 15 min at 37 °C (21). C, the sw isotherm obtained
from SV experiments of mixtures of ASK1-TBD WT (20 mM) and reduced TRX1 CS mutant (5–100 mM). D, the sw isotherm obtained from SV experiments of
mixtures of ASK1-TBD W31F mutant (20 mM) and reduced TRX1 (15–290 mM). The insets show the sedimentation coefficient distributions c(s) of mixtures of
ASK1-TBD and TRX1 at various concentrations and molar ratios underlying the sw data points.
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reducing conditions does not involve the formation of intermo-
lecular disulfide bonds. No significant amount of the mixed
disulfide ASK1-TBDzTRX1 complex was observed even upon
the 36-h long incubation of an equimolar mixture of ASK1-
TBD and TRX1 in the absence of the reducing agents (Fig. 3),
further corroborating that intermolecular disulfide bonds are
not involved in complex formation.
Oxidized TRX1 Binds ASK1-TBD with Significantly Lower

Binding Affinity Compared with Reduced TRX1—Several stud-
ies have shown the oxidation of TRX1 disrupts its binding to
ASK1 (1, 9, 18). Therefore, we next examined the interaction
between oxidized TRX1 and ASK1-TBD using SV AUC. Oxi-
dized TRX1 was prepared by incubation with 100-fold molar
excess of H2O2 for 15 min at 37 °C. Such oxidation was previ-
ously shown to produce well defined TRX1 containing two-
disulfide bridges (Cys32-Cys35, Cys62-Cys69) (21). The sw iso-
therm was determined over a range of loading concentrations
of oxidized TRX1 and ASK1-TBD (Fig. 2B). The analysis of

obtained data revealed oxidized TRX1 exhibits a significantly
lower binding affinity for ASK1-TBD compared with reduced
TRX1 with the best-fit KD of 6 6 2 mM using a 1:1 Langmuir
binding model, confirming the oxidation of TRX1 disrupts its
interaction with ASK1.
Structural Integrity of the CatalyticWCGPCMotif of TRX1 Is

Essential for the Binding to ASK1-TBD—The redox-inactive
mutant TRX1-CS where both Cys residues (Cys32 and Cys35)
from the catalytic 31WCGPC35motif were replaced by Ser does
not bind to ASK1 (1, 9, 18). To test whether this is also true for
the interaction with the isolated ASK1-TBD, SV AUC experi-
ments were conducted and the sw isotherm was determined
over a range of loading concentrations of TRX1-CS and ASK1-
TBD (Fig. 2C). These data revealed negligible binding affinity
(KD was estimated to be of ;900 6 200 mM) for the TRX1-CS
mutant, in agreement with previous reports. In addition, the
catalytic 31WCGPC35 motif of human TRX1 contains a con-
servedTrp31, which is located in close proximity to the catalytic
Cys residues and undergoes a conformational change upon oxi-
dation of Cys32 andCys35 or theirmutation to Ser (37, 38). Both
oxidized TRX1 and the TRX1-CS mutant exhibit significantly
reduced binding to ASK1 (1, 9, 18), suggesting possible involve-
ment of Trp31 in this interaction. To check the importance of
this residue, TRX1 mutantW31F was prepared and its binding
to ASK1-TBD was investigated using SV AUC (Fig. 2D).
Indeed, the obtained SV data revealed significantly lower bind-
ing affinity of the W31F mutant to ASK1-TBD (KD of 30 6 5
mM), confirming the importance of this residue for ASK1-
TBDzTRX1 complex stability.
Trp31 of TRX1 Is Directly Involved in the Interaction with

ASK1-TBD—Because Trp31 is the only tryptophan residue in
human TRX1 andASK1-TBD does not contain any tryptophan
residue, the time-resolved tryptophan fluorescence intensity
and anisotropy decaymeasurements were used to further study
the involvement of Trp31 in TRX1 binding to ASK1-TBD. Both
time-resolved fluorescence intensity and anisotropy decays
were analyzed using a singular-value decompositionmaximum
entropy method as previously described (23). Complex forma-
tion significantly increased the mean excited state lifetime
(tmean) of Trp

31 from1.62 to 3.34 ns (Table 1). This could reflect
the ASK1-induced conformational change in TRX1, which
affects interaction of Trp31with its surroundings. The observed
increase in tmean could also reflect a direct interaction of ASK1-
TBDwith this residue, reducing its contactswith the polar envi-
ronment or altering quenching interactions in its vicinity.
Measurements of the emission anisotropies revealed signifi-

cantly different mobility of TRX1 Trp31 in the presence and

FIGURE 3. Non-reduced (A) and reduced (B) 15% SDS-PAGE of purified
ASK1-TBD, TRX1, and their mixture (with 1:1 molar ratio) after the incu-
bation in abuffer containing20mM Tris-HCl (pH7.5), 200mM NaCl, and1
mM EDTA (and no reducing agents) for 0, 12, and 36 h at 4 °C.

TABLE 1

Summary of time-resolved fluorescence measurements of Trp31 of TRX1

Sample tmean
a,b b1

c,d f1
c,e b2

c,d f2
c,e b3

c,d f3
c,e blong

c,d flong
c,e

ns ns ns ns ns
TRX1 alone 1.62 0.018 ,0.1 0.069 1.7 0.133 10
TRX11ASK1-TBDWT 3.34 0.079 3.3 0.141 30
TRX11ASK1-TBD C250S 4.52 0.026 ,0.1 0.024 1.3 0.034 3.8 0.136 38

a The mean fluorescence lifetime (tmean) was calculated using Equation 2.
b S.D. 5 0.05 ns.
c The fluorescence anisotropies r(t) were analyzed for series of exponentials (Equation 3), where the amplitudes bi represent the distribution of the correlation times fi. Ini-
tial anisotropy of Trp31 for all samples is r0 5 0.22 6 0.01. Amplitudes b1 were calculated as b1 5 r0 2 (b21 b3 1 blong) for each sample.

d S.D. 5 0.005.
e S.D. 5 15%.

Low-resolution Structure of the ASK1zTRX1 Complex

AUGUST 29, 2014•VOLUME 289•NUMBER 35 JOURNAL OF BIOLOGICAL CHEMISTRY 24467

 at In
stitu

te o
f P

h
y
sio

lo
g
y
 A

S
 C

R
 o

n
 S

ep
tem

b
er 2

, 2
0
1
4

h
ttp

://w
w

w
.jb

c.o
rg

/
D

o
w

n
lo

ad
ed

 fro
m

 



absence of ASK1-TBD as documented by the raw data pre-
sented in Fig. 4A. Visual inspection of early depolarization
phases in Fig. 4A clearly reveals fluorescence of Trp31 depolar-
izes significantly faster in the absence than in the presence of
ASK1-TBD. The depolarization rate can be directly related to
the rotational freedom of the Trp31 residue. The slower depo-
larization means slower and/or more restricted local and seg-
mental motion of the fluorophore (39). From this point of view,
the binding of ASK1-TBD reduces segmental flexibility of the
catalytic motif where Trp31 is located. This observation corre-
lates with the decrease in tmean (Table 1), which could indicate
the motional restriction of the catalytic motif results in lower
accessibility of Trp31 to polar environment and/or suppressed
quenching interactions in its vicinity. Rigorous data analysis is
in full agreement with the visual observation. TRX1 alone
revealed two classes of short correlation times, one very short
unresolved (f1 , 100 ps) and the second, f2, close to 1.7 ns
(Table 1, Fig. 4B). In addition, the third correlation timeflong 5

10 ns was also present in the data. The recovered flong can be
assigned to the overall rotational motion of TRX1, and its value
is close to what would be expected for a globular protein with a
molecularmass about 13 kDa (39). Complex formation resulted
in a disappearance of the fastest decay component with the
correlation time f1 belonging to the fastest Trp31 motion. At

the same time, the correlation time corresponding to the seg-
mental motion increased from 1.7 to 3.3 ns (f23 f3, Table 1
and Fig. 4B). Complex formation also slightly decreased the
sum of amplitudes of the fast anisotropy decay components
bshort (bshort 5 b1 1 b2 1 b3) indicating angular restriction of
the motion. Altogether, these changes can be interpreted as a
significantly reduced segmental flexibility of the catalyticmotif,
where Trp31 is located, upon the TRX1 binding to ASK1-TBD.
In addition, the observed increase in the longest correlation
time flong from 10 to 30 ns likely reflects the higher molecular
mass of the complex compared with TRX1 alone and its value
corresponds with the expected molecular mass of the complex
(38.6 kDa). These results suggest Trp31 from the catalytic motif
of TRX1 could be directly involved in its interaction with
ASK1-TBD.
ASK1-TBD Is a Rigid Domain That Does Not Change Its

Structure Upon the Binding of TRX1—To investigate the struc-
tural flexibility of ASK1-TBD, the time-resolved tryptophan
fluorescence intensity and anisotropy decay measurements of
single tryptophan residues inserted at four different positions
within the ASK1-TBD (Trp132, Trp175, Trp242, and Trp272)
were performed. The sequence of ASK1-TBD does not contain
any tryptophan residue; phenylalanines located at these posi-
tions were replaced by tryptophans. Results of these measure-

FIGURE 4. Time-resolved TRX1 Trp31 fluorescence anisotropy decay measurements. A, TRX1 Trp31 fluorescence anisotropy decays constructed from the
raw polarized decay data for TRX1 in the absence (E) and presence (F) of ASK1-TBD. The weighted residuals of both fits (gray, TRX1 alone; black, TRX1 1
ASK1-TBD) are shown in the lower panels. The fit quality is also demonstrated by the autocorrelation functions shown in the inset (gray, TRX1 alone; black,
TRX1 1 ASK1-TBD). B, rotational correlation time distributions of Trp31 (TRX1) in the absence and presence of ASK1-TBD. The unresolved component with very
short correlation time (f1 , 100 ps) observed in the fluorescence anisotropy decay of TRX1 alone is not shown. C, solution structure of reduced human TRX1
(38). Residues Trp31, Cys32, and Cys35 are shown as sticks.

Low-resolution Structure of the ASK1zTRX1 Complex

24468 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 289•NUMBER 35•AUGUST 29, 2014

 at In
stitu

te o
f P

h
y
sio

lo
g
y
 A

S
 C

R
 o

n
 S

ep
tem

b
er 2

, 2
0
1
4

h
ttp

://w
w

w
.jb

c.o
rg

/
D

o
w

n
lo

ad
ed

 fro
m

 



ments are listed in Table 2. It can be noticed that all four
mutants showed relatively long tmean ranging from 4.22 to 5.35
ns, indicating that all four Trp residues are likely buried and
inaccessible to the polar environment (40). The analysis of
fluorescence anisotropy decays revealed bimodal correlation
time distributions (Table 2) with small amplitudes of the fast
rotational and segmental motion of the fluorophore (b1), sug-
gesting regions around all four Trp residues, especially Trp
inserted at position 242, are rigid. These data suggest that
ASK1-TBD is a compact and rigid domain.
Next, CD spectroscopy was used to check whether the bind-

ing of TRX1 affects the overall structure of ASK1-TBD. The
deconvolution of CD spectra using the K2D method (41) indi-
cated that ASK1-TBD contains ;35% of a, ;20% of b, and
;45% of random structure. This estimation is in agreement
with the theoretical prediction using PSIPRED (35% a, 15% b,
and 50% random structure) (42). The far-UV CD spectrum of
the ASK1-TBDzTRX1 complex (with 1:1 molar stoichiometry)
showed no significant difference when compared with the sum
of the individual CD spectra of ASK1-TBD and TRX1 (Fig. 5A),
suggesting no significant changes in overall secondary structure
upon complex formation. The comparison of near-UV CD
spectra that give us the information about the tertiary structure

reveal significant differences only in the region from 275 to 295
nm (Fig. 5B). Because the CD signal in this region arises from
the environments of Tyr and Trp residues (43), it is likely that
the observed differences mainly reflect the structural change
in the vicinity of TRX1 Trp31 upon complex formation as has
also been suggested by time-resolved tryptophan fluorescence
experiments (Table 1 and Fig. 4).
Low-resolution Structure of ASK1-TBD and Its Complex with

TRX1 Obtained from SAXSMeasurements—SAXS was used to
obtain the visual insight into the structure of ASK1-TBDand its
complex with TRX1. The experimental SAXS curves from the
ASK1-TBDzTRX1 complex and ASK1-TBD alone are shown in
Fig. 6A. The absence of aggregation in both samples was con-
firmed by the inspection of the SAXS data and the linearity of
the Guinier region (inset in Fig. 6A). The apparent molecular
masses of ASK1-TBD and the ASK1-TBDzTRX1 complex were
estimated by comparison of the forward scattering intensity
I(0) with that from reference solutions of bovine serumalbumin
(Table 3). The estimated mass of 37 kDa for the ASK1-
TBDzTRX1 complex corresponds well to a 1:1 stoichiometry
(theoretical molecular mass 5 38.6 kDa) in agreement with the
results from SVAUC. Values of the Rg calculated both from the
slope of the Guinier plot and from the distance distribution
(P(r)) function suggest the complex is more asymmetric com-
pared with ASK1-TBD alone (Table 3). This was further con-
firmed by the P(r) function, which revealed maximum dimen-
sions (Dmax) of ASK1-TBD alone and the ASK1-TBDzTRX1
complex to be 82 and 99 Å, respectively (Fig. 6B). These Dmax

values corroborate a more extended and asymmetric shape of
the complex compared with ASK1-TBD alone.
To obtain the information about the shape of these mole-

cules, the ab initio envelopes were calculated from the scatter-
ing data using the program DAMMIN (Fig. 6, C and D). The
reconstructed envelopes consist of an average of at least 10
individual reconstructions and the individual envelopes agreed
well with each other, as determined using normalized spatial
discrepancy. Normalized spatial discrepancy is a measure of the
degree each of the selected envelopes differs from one another.

FIGURE 5. Circular dichroism measurements. A, the comparison of the far-UV CD spectrum of the ASK41-TBDzTRX1 complex (solid line) with the sum of the
individual far-UV CD spectra of ASK1-TBD and TRX1 (dotted line). B, the comparison of the near-UV CD spectrum of the ASK1-TBDzTRX1 complex (solid line) with
the sum of the individual near-UV CD spectra of ASK1-TBD and TRX1 (dotted line). Proteins were mixed with the 1:1 molar stoichiometry. The mean residue
ellipticity (MRE) is plotted as a function of the wavelength.

TABLE 2

Summary of time-resolved fluorescence measurements of single tryp-
tophan (W) mutants of ASK1-TBD

ASK1-TBD
Trp mutant tmean

a,b b1
c,d f1

c,e b2
c,d f2

c,e

ns ns ns

W132 4.62 0.033 2.7 0.190 18
W175 5.35 0.038 2.0 0.180 18
W242 4.94 0.020 5.0 0.192 18
W272 4.22 0.032 2.5 0.162 16

0.013 Aggr. (.50)
a The mean fluorescence lifetime (tmean) was calculated using Equation 2.
b S.D. 5 0.05 ns.
c The fluorescence anisotropies r(t) were analyzed for series of exponentials (Equa-
tion 3), where the amplitudes bi represent the distribution of the correlation
times fi.

d S.D. 5 0.005.
e S.D. 5 15%.
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Values ,1 are considered to indicate no systematic differences.
Normalized spatial discrepancy values of 0.58 and 0.49 were
obtained for envelopes of ASK1-TBD and the ASK1-TBDzTRX1
complex, respectively. The envelope for ASK1-TBD alone (Fig.
6C) shows this domain adopts a compact and slightly asymmet-
ric conformation with one side being narrower than the other.
The envelope of the complex (Fig. 6D) is similar and shows a
more extended thicker part of the molecule, suggesting that
TRX1 interacts with this thicker end of the ASK1-TBD mole-
cule. The size (;20 3 ;35 3 ;30 Å) and the shape of this
additional area (shown in red in Fig. 6D) correspond well with
the size and the shape of the TRX1 molecule. The comparison
of both envelopes also suggests the interaction between TRX1
and ASK1-TBD is mediated through the large binding inter-
face, rather than one or few contacts. In good agreement with
results of CD measurements, the high similarity of obtained
envelopes also indicates that TRX1binding does not induce any
dramatic structural change within ASK1-TBD, although we
cannot rule out the possibility of a local conformational change
that is beyond the resolution of this method.

Structural Modeling of the ASK1-TBDzTRX1 Complex—To
further refine the structural details of ASK1-TBD and its com-
plex with TRX1, a structural model of ASK1-TBD was gener-
ated. Because the sequence 88–302 of ASK1 lacks homology to
any known structures, its models were created by ab initio
modeling using I-TASSER, Phyre2, and Robetta servers (32–
34). However, only one of the models calculated by the Robetta
server showed reasonable agreement not only with the SAXS-
based envelope (Figs. 7,A and B, the back-calculated scattering
curve based on this model fits the SAXS data with x2 values of
0.91) but also with the secondary structure prediction and the
results of time-resolved fluorescence measurements that sug-
gested all Trp residues that replaced Phe residues at four differ-
ent positions within ASK1-TBD are likely buried and located in
relatively rigid areas (Table 2). The superposition of this model
with the SAXS-based envelope is shown in Fig. 7A. The model
indicates that theC-terminal part ofASK1-TBDcontains a;50
residue long a-helix that protrudes from the more spherical
N-terminal part with the 3-layer a/b sandwich architecture.
The comparison of SAXS-based envelopes suggests TRX1
interacts with the N-terminal bulkier part of ASK1-TBD. Fig.
7C shows a superposition of the SAXS envelope of the ASK1-
TBDzTRX1 complex with its model, which was created by
inserting a crystal structure of TRX1 (37) into the empty part of
the complex envelope. The shape and size of the SAXS-based
envelope allowed for the TRX1 molecule to be oriented by its
catalytic WCGPC motif (Fig. 7C, shown in yellow) toward to
ASK1-TBD consistent with the tryptophan fluorescence data,
which suggested the involvement of Trp31 in binding to ASK1-

FIGURE 6. Structural characterization of ASK1-TBD and its complex with reduced TRX1 by SAXS. A, scattering intensity as a function of the scattering
vector s (s 5 4p sin(u)/l, where 2u is the scattering angle and l is the wavelength). Inset shows Gunier plots of ASK1-TBD and the ASK1-TBDzTRX1 complex at
concentrations 2.3 and 6 mg/ml, respectively. B, distance distribution function P(r). C, averaged and filtered DAMMIN shape envelope (spheres around the
dummy residues) of ASK1-TBD. D, averaged and filtered DAMMIN shape envelope of the ASK1-TBDzTRX1 complex. The main difference between the envelope
of the complex and those of ASK1-TBD alone is shown in red.

TABLE 3

Structural parameters determined from SAXS data

Sample Rg
a Rg

b Mw,I(0)
c Dmax

d

Å kDa Å

ASK1-TBD 23.7 6 0.3 24.2 6 0.2 ;25 82
ASK1-TBDzTRX1 28.9 6 0.2 29.3 6 0.1 ;37 99

a Determined by Guinier approximation.
b Determined from P(r) function.
c Estimated by comparison of the forward scattering intensity I(0) with that from
reference solutions of bovine serum albumin.

d Determined by indirect Fourier transformation from SAXS data.

Low-resolution Structure of the ASK1zTRX1 Complex
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TBD. The accuracy of this model was also assessed by calculat-
ing and comparing its theoretical SAXS scattering profile with
the experimental scattering curve and the calculated scattering
curve fitted the SAXS data well with x2 values of 1.10 (Fig. 7D).
ASK1 Residue Cys250 Is Located in the Vicinity of TRX1-bind-

ing Surface—The ab initiomodel of ASK1-TBD indicated that
the TRX1-binding site is located in the vicinity of the Cys250

residue located at theN-terminal end of the longa-helix, which
forms the C terminus of modeled ASK1-TBD (Fig. 7C). The
mutation of this residue inhibits the interaction between ASK1
and TRX1 (16, 17). To check whether the same holds true for
the isolated ASK1-TBD, mutant C250S was prepared and its
interaction with TRX1 was characterized using both SV AUC
and time-resolved fluorescence measurements. Analysis of the
sw isotherm as a function of reduced TRX1 concentration
revealed that ASK1-TBD C250S exhibits a significantly lower
binding affinity comparedwithWTwith the best-fitKD of 506

10 mM using 1:1 Langmuir binding model (Fig. 8A).
To further investigate the effect of the C250S mutation on

the interaction between ASK1 and TRX1, time-resolved fluo-
rescence measurements of Trp31 of TRX1 were performed.
Measurements of the emission anisotropies revealed different
hydrodynamic properties of TRX1Trp31when interactingwith
theASK1-TBDC250Smutant comparedwithWT (Table 1 and
Fig. 8B). Data analysis revealed four classes of correlation times,
one unresolved and very short (f1 , 100 ps), two longer corre-

sponding to segmental motions (f2 and f3 close to 1.3 and 3.8
ns, respectively), and the fourth correlation time flong 5 38 ns
reflects the overall rotational motion of the complex (Table 1,
Fig. 8B). The simultaneous presence of correlation times
observed either for TRX1 alone (f1 and f2) or TRX1 bound to
ASK1-TBD (f3) suggests an incomplete complex formation
when only a portion of TRX1 is bound to ASK1-TBD C250S.
This conclusion is fully consistent with results of SV AUC
measurements showing that TRX1 interacts with ASK1-TBD
C250S with weaker affinity compared with ASK1-TBD WT.
Moreover, a significantly longer mean excited state lifetime of
Trp31 was observed in this case. In particular, tmean 5 4.52 ns
for the ASK1-TBD C250SzTRX1 complex compared with 3.34
ns for the ASK1-TBD WTzTRX1 complex. This suggests that
Trp31 of TRX1 interacts with ASK1-TBD C250S by the altered
way, likely as a result of either different conformations ofASK1-
TBD or different interactions at the binding interface. Taken
together, both SV AUC and time-resolved fluorescence mea-
surements revealed the ASK1 Cys250 residue is likely located
either at or in close vicinity of TRX1-binding site and is crucial
for the interaction between ASK1 and TRX1.

DISCUSSION

In the present study, our main aim was to provide a structural
insight into the interaction between ASK1 and reduced TRX1.
TRX1, a ubiquitous oxidoreductase, was identified as a physiolog-

FIGURE 7. Superposition of SAXS envelopes with the ab initio models of ASK1-TBD and the ASK1-TBDzTRX1 complex. A, superposition of the SAXS
envelope with the theoretical model of ASK1-TBD (sequence 88–302) obtained by ab initio modeling using Robetta (34). The N-terminal CC motif of ASK1 is
shown in dark red. Phe residues that were mutated to Trp are shown in green. Cys250 is shown in red. B, comparison of the calculated scattering curve of the
theoretical model of ASK1-TBD (red line) with the experimental scattering data (black line). C, superposition of the SAXS envelope with the model of the
ASK1-TBDzTRX1 complex that was created using the theoretical model of ASK1-TBD and the crystal structure of human TRX1 (37). The catalytic 31WCGPC35

motif of TRX1 is shown in yellow. D, comparison of the calculated scattering curve of the theoretical model of the ASK1-TBDzTRX1 complex (red line) with the
experimental scattering data (black line).
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ical inhibitor of ASK1, which interacts with theN-terminal region
of ASK1 preventing homophilic oligomerization through the
N-terminal CC domain of ASK1. Only the reduced form of
TRX, but not the oxidized form where both Cys residues from
the redox catalytic 31WCGPC35 motif form an intramolecular
disulfide bond, interacts with ASK1 (1, 9, 10, 18). However, the
precise mechanisms of TRX1 binding to ASK1 as well as its
dissociation are still unclear as no structural data are available
on ASK1-TBD and its interaction with TRX1.
Screening of several constructs containing ASK1 sequences

between residues 46 and 302 showed that only the C terminally
His-tagged sequence 88–302 enables the preparation of a sol-
uble and stable protein that binds reducedTRX1with 1:1molar
stoichiometry andKD of;300 nM (Fig. 2A). On the other hand,
oxidized TRX1 showed significantly lower binding affinity with
KD of 6 6 2 mM (Fig. 2B), confirming the oxidation of TRX1
hinders its interaction with ASK1. However, the mechanism

behind the lower binding affinity of oxidized TRX1 is still
unclear. It has been suggested the oxidation of TRX1 generates
an intramolecular disulfide bond between Cys32 and Cys35

within the redox catalytic motif and this, in turn, causes the
dissociation of TRX1 from ASK1 (1, 9, 18). This hypothesis is
supported by the fact the redox inactive TRX1-CS mutant, in
which both Cys32 and Cys35 from the catalytic motif are
replaced by Ser, does not bind to ASK1 (1, 9, 18). SV AUC
experiments revealed that the TRX1-CSmutant exhibits negli-
gible binding affinity for ASK1-TBD (with KD of ;1 mM, Fig.
2C), confirming previous observations and suggesting these
active site Cys residues play an important role in TRX1 binding
to ASK1. In addition, our data also suggest that the interaction
between ASK1-TBD and reduced TRX1 does not involve the
formation of intermolecular disulfide bridges as SV AUC
experiments were performed under reducing conditions and all
obtained SV AUC data can be adequately fitted using the
reversible Langmuir-type kinetic model.
Under strong oxidative conditions or at high protein concen-

trations human TRX1 forms homodimers covalently linked
through the non-active site cysteine 73 (37). Because the TRX1
C73Smutantwas used throughout thiswork to avoid formation
of these homodimers, it is necessary to keep in mind data pre-
sented in this work cannot assess the potential role of this res-
idue in the interaction between TRX1 and ASK1.
The catalytic motif of human TRX1 also contains a con-

served tryptophan residue Trp31, which undergoes a subtle
conformational change uponbothTRX1oxidation,whenCys32

andCys35 are disulfide linked, and the replacement ofCys32 and
Cys35 by Ser (the TRX1-CS mutant) (37, 38). Crystallographic
analysis revealed that Trp31 is partially disordered in reduced
form, but ordered inTRX1-CS and oxidizedTRX1. This resem-
blance of TRX1-CS and oxidized TRX1 also likely contributes
to the ability of the TRX1-CS mutant to act as a competitive
inhibitor of thioredoxin reductase (44). Because both TRX1-CS
andoxidizedTRX1were shown to be unable to bind toASK1 (1,
9, 10, 18), it is entirely possible the similarity in the conforma-
tional behavior of Trp31 might contribute to their inability to
bind to ASK1. Consistent with this hypothesis, results of our
experiments strongly suggest that Trp31 is directly involved in
TRX1 binding to ASK1-TBD. First, the W31F mutation signif-
icantly reduced TRX1 binding affinity for ASK1-TBD (Fig. 2D).
Next, the time-resolved tryptophan fluorescence measure-
ments showed the TRX1 binding to ASK1-TBD both increases
tmean and suppresses the segmental dynamics of Trp31. In the
free TRX1, Trp31 exhibits relatively short tmean and a fast emis-
sion depolarization, suggesting this residue is exposed to the
solvent and highlymobile, in a good agreementwith its surface-
exposed location (Fig. 4C) as well as partially disordered nature
observed in structural studies (37). The longer tmean and a
slower and/or more restricted local and segmental motion of
Trp31 in the presence of ASK1-TBD suggest the motional
restriction of the catalytic motif and a lower accessibility of
Trp31 to polar environment and/or suppressed quenching inter-
actions in its vicinity upon complex formation (39, 40). Because
Trp31 is located on the surface of theTRX1molecule (Fig. 4C), it is
reasonable to interpret observed changes as a direct involvement
of this residue in TRX1 binding to ASK1-TBD.

FIGURE 8. ASK1 residue Cys250 is important for the interaction between
ASK1-TBD and TRX1. A, sedimentation velocity ultracentrifugation. The sw

isotherm obtained from SV AUC experiments of mixtures of ASK1-TBD C250S
(20 mM) and TRX1 (5–100 mM). The inset shows the sedimentation coefficient
distributions c(s) of mixtures of ASK1-TBD C250S and TRX1 at various concen-
trations and molar ratios underlying the sw data points. B, rotational correla-
tion time distribution of Trp31 (TRX1) in the absence and presence of ASK1-
TBD C250S. The unresolved component with very short correlation time
(f1 , 100 ps) observed in the fluorescence anisotropy decay of TRX1 alone is
not shown.

Low-resolution Structure of the ASK1zTRX1 Complex
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The SAXS experiments revealed ASK1-TBD is monomeric
in solution and adopts a compact and slightly asymmetric shape
with one side being narrower than the other (Fig. 6C). The
shape of the ASK1-TBDzTRX1 complex is similar but more
extended within its thicker part (Fig. 6D). The comparison of
obtained envelopes suggests that TRX1 interacts with the
thicker end of the ASK1-TBDmolecule through the large bind-
ing interface without inducing any dramatic structural change,
although a local conformational change, which is beyond the
resolution of thismethod, cannot be ruled out.Ab initiomolec-
ular modeling, although speculative as the 88–302 sequence of
ASK1 lacks homology to any known structures, provided a
structural model that shows reasonable agreement with the
SAXS-based envelope, the secondary structure prediction, and
the results of time-resolved tryptophan fluorescence measure-
ments (Fig. 7, Table 2). This structural model suggests TRX1
interacts with the bulkier part of ASK1-TBD close to the N
terminus of the long a-helix that protrudes from the more
spherical part of ASK1-TBD and forms its C-terminal end. This
longa-helix contains approximately one-half of theN-terminal
CC motif of ASK1, based on the prediction using the COILS
program (45), located between residues ;285 and 320 (shown
in red in Fig. 7). It has been suggested the TRX1 binding to the
N-terminal part of ASK1 blocks its homophilic interaction
through this N-terminal CC motif that is required for ASK1
autophosphorylation and activation (9). Our structural model
is consistent with this hypothesis as TRX1 binding close to the
N-terminal end of this long a-helix might affect its conforma-
tion and its coiled-coil interactions. In addition, both SV AUC
and the time-resolved fluorescence measurements suggested
that ASK1 residue Cys250, which has been shown to be impor-
tant for both TRX1 binding and the oxidative stress-dependent
signaling downstream of ASK1 (16, 17), is located either at or in
close vicinity of the TRX1-binding site (Fig. 8, Table 1) consis-
tent with our structural model (Fig. 7).
Taken together, biophysical and structural characterization

of the isolated TRX1-binding region of ASK1 revealed that this
part of ASK1 is a monomeric and rigid domain that forms a
stable equimolar complex with reduced TRX1. Residues from
the catalytic 31WCGPC35motif of TRX1 are essential for TRX1
binding to ASK1-TBD and the interaction does not involve the
formation of intermolecular disulfide bonds. Time-resolved
tryptophan fluorescence suggested a direct involvement of
Trp31 in theTRX1 binding toASK1. SAXS data revealed a com-
pact and slightly asymmetric shape of ASK1-TBD and sug-
gestedTRX1 interacts with this domain through the large bind-
ing interface without inducing any dramatic conformational
change.Molecularmodeling indicated theTRX1-binding site is
located close to theN-terminal end of a;50-residue longa-he-
lix that forms the C terminus of ASK1-TBD. In addition, our
results also show that ASK1 residue Cys250 is likely located
either at or in close vicinity to the TRX1-binding surface.
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Role of the EF-hand-like Motif in the 14-3-3 Protein-mediated
Activation of Yeast Neutral Trehalase Nth1*
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Background: The yeast neutral trehalase Nth1 is activated by the 14-3-3 protein binding.
Results: The 14-3-3 protein induces a structural rearrangement of Nth1 with changes within the EF-hand like motif being
essential for the activation process.
Conclusion: The EF-hand-like motif-containing domain is crucial for the 14-3-3-dependent activation of Nth1.
Significance: Structural basis of the mechanism of Nth1 activation.

Trehalases hydrolyze the non-reducing disaccharide treha-

lose amassed by cells as a universal protectant and storage car-

bohydrate. Recently, it has been shown that the activity of neu-

tral trehalase Nth1 from Saccharomyces cerevisiae is mediated

by the 14-3-3 protein binding that modulates the structure of

both the catalytic domain and the region containing the EF-

hand-like motif, whose role in the activation of Nth1 is unclear.

In this work, the structure of the Nth1z14-3-3 complex and the

importance of the EF-hand-like motif were investigated using

site-directed mutagenesis, hydrogen/deuterium exchange cou-

pled to mass spectrometry, chemical cross-linking, and small

angle x-ray scattering. The low resolution structural views of

Nth1 alone and the Nth1z14-3-3 complex show that the 14-3-3

protein binding induces a significant structural rearrangement

of thewholeNth1molecule. TheEF-hand-likemotif-containing

region forms a separate domain that interacts with both the

14-3-3 protein and the catalytic trehalase domain. The struc-

tural integrity of the EF-hand like motif is essential for the

14-3-3 protein-mediated activation of Nth1, and calcium bind-

ing, although not required for the activation, facilitates this

process by affecting its structure. Our data suggest that the EF-

hand like motif-containing domain functions as the intermedi-

ary through which the 14-3-3 proteinmodulates the function of

the catalytic domain of Nth1.

Trehalose (a-D-glucopyranosyl-(1-1)-a-D-glucopyranoside)
is a non-reducing disaccharide of glucose found in a broad vari-
ety of organisms, including bacteria, yeast, fungi, insects, and
plants, with the exception of mammalian cells. The generation
of trehalose is triggered by stresses, such as heat, drying, or

oxidative stress, indicating that the accumulated trehalose pro-
tects proteins and membranes from these stress conditions.
Moreover, it can also act as a signaling or regulatorymolecule in
some cells, connecting the trehalose metabolism to glucose
transport and glycolysis (1).
Hydrolysis of trehalose into two glucose subunits is carried

out by trehalases (2). Trehalase was first described in Aspergil-
lus niger and then in Saccharomyces cerevisiae and subse-
quently in many other organisms, including plants and animals
(3–6). It has been shown that the yeast S. cerevisiae possesses
several different trehalases: the vacuolar acid trehalase Ath1
with a lower pH optimum of about 4.5, and the cytoplasmic
neutral trehalases Nth1 and Nth2 with a pH optimum of about
7 (7–10). The sequence comparison revealed that neutral tre-
halases from yeast S. cerevisiae and Kluyveromyces lactis pos-
sess, compared with other organisms, an N-terminal extension
that contains several protein kinase A (PKA) phosphorylation
sites as well as the EF-hand-like calciumbindingmotif, suggest-
ing that this region is involved in the regulation of these
enzymes’ activity (11–13). Indeed, it has recently been shown
that the activity of S. cerevisiaeNth1 is regulated by PKA phos-
phorylation, Ca21, and the 14-3-3 protein binding (14–16).
In yeast S. cerevisiae, two 14-3-3 protein isoforms (Bmh1 and

Bmh2) with a great degree of homology have been identified
(17). Bmh1 and Bmh2 were shown to be essential in most lab-
oratory yeast strains (18). As in higher eukaryotes, yeast 14-3-3
proteins bind to and modulate the activity of plenty of proteins
involved in crucial cellular processes (19). In our previous
study, we identified two key phosphorylation sites within the
N-terminal segment of S. cerevisiae Nth1 that are responsible
for the 14-3-3 protein-mediated activation of Nth1 (15). This
activation is significantly more potent compared with the Ca21

only-dependent activation, which is more common among tre-
halases from other organisms. Subsequently, we showed that
the 14-3-3 protein binding affects the conformation of both the
region containing the EF-hand-like motif and the catalytic tre-
halase domain (Fig. 1), with changes in the EF-hand-like motif
being, surprisingly, most profound (20). Thus, these data sug-
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gested that thismotif plays an important, although unclear, role
in the activation of S. cerevisiae Nth1.
In this work, the structure of the Nth1z14-3-3 complex and

the importance of the EF-hand-like motif located between res-
idues 114 and 125 in the activation of Nth1 were investigated
using the site-directed mutagenesis, the hydrogen/deuterium
exchange (HDX)2 coupled to mass spectrometry (HDX-MS),
chemical cross-linking, and small angle x-ray scattering
(SAXS). The low resolution structural views of Nth1 alone and
the Nth1z14-3-3 complex show that the 14-3-3 protein binding
induces a significant structural rearrangement of the whole
Nth1 molecule. The EF-hand-like motif-containing region
forms a separate domain that interacts with both the 14-3-3
protein and the catalytic trehalase domain. The structural
integrity of the EF-hand-like motif is essential for the 14-3-3
protein-mediated activation of Nth1, and calcium binding,
although not required for the activation, facilitates this process
by affecting its structure.Our data suggest that the EF-hand like
motif-containing domain functions as the intermediary
throughwhich the 14-3-3 proteinmodulates the function of the
catalytic domain of Nth1.

EXPERIMENTAL PROCEDURES

Expression and Purification of Bmh1—DNA encoding
S. cerevisiae Bmh1 protein was ligated into pET-15b (Novagen)
using the NdeI and BamHI sites (21). The histidine-tagged pro-
tein was expressed by isopropyl 1-thio-b-D-galactopyranoside
induction for 5 h at 37 °C and purified from E. coli BL21(DE3)
using chelating Sepharoset Fast Flow (GE Healthcare) using
the standard protocol. Next, Bmh1 was purified by anion
exchange chromatography using Q Sepharoset Fast Flow (GE
Healthcare). The protein was eluted using a linear gradient of
NaCl (50–1000mM). Fractions containing Bmh1 were concen-
trated and further purified using size exclusion chromatogra-
phy on a Superdex 75 10/300 GL column (GE Healthcare) in a
buffer containing 20mMTris/HCl (pH7.5), 150mMNaCl, 1mM

EDTA, 1 mM DTT, and 10% (w/v) glycerol. The protein con-
centration of purified Bmh1 was determined from UV absorp-
tion at 280 nm using an extinction coefficient value of 28,880
M

21
zcm21 (22).

Expression, Purification, and Phosphorylation of Nth1—Nth1
from S. cerevisiae was expressed, purified, and phosphorylated
as described previously (15). To ensure that prepared Nth1 is
calcium-free, the final purification step (the size exclusion
chromatography) was done in the presence of either 1 mM

EDTA or EGTA (in a buffer containing 20 mM Tris/HCl (pH
7.5), 150mMNaCl, 1mMEDTAor 1mMEGTA, 1mMDTT, and
10% (w/v) glycerol). The protein concentration of purifiedNth1
was determined fromUVabsorption at 280 nmusing an extinc-
tion coefficient value of 142,560 M

21
zcm21 (22).

Mutants of Nth1 (D103L, D114L, D114E, D116L, K117L,
N118L, I121L, D125L, D125E, and D173L) were created by
using theQuikChangeTM approach (Stratagene). All mutations
were confirmed by sequencing, and phosphorylation was
checked by mass spectrometry.
Differential Scanning Fluorimetry—The thermofluor assay

was performed using a real-time PCRLightCycler 480 II (Roche
Applied Science). The proteins at a concentration of 0.2 mg/ml
were tested in the presence of 83 concentrated Sypro Orange
(Sigma-Aldrich) in a total reaction volume of 25ml in the Light-
Cycler 480 Multiwell Plate 96 (Roche Applied Science). The
plate was sealed with the LightCycler 480 Sealing Foil (Roche
Applied Science), and a temperature gradient from 20 to 95 °C
with a rate of 0.01 °C/s was applied. The wavelengths for fluo-
rescence excitation and emission were 465 and 580 nm, respec-
tively. The melting temperature values, Tm, corresponding to
the inflection points of the melting curves, were determined as
the minima of the negative first derivative using the Roche
LightCycler 480 SW 1.5 software (23, 24).
Enzyme Activity Measurements—The trehalase activity of

phosphorylated Nth1 (pNth1) WT and mutants was measured
by estimating the glucose produced by hydrolysis of trehalose
using a stopped assay as described previously (15, 25). Specific
trehalase activity of pNth1wasmeasured in the presence and in
the absence of Bmh1 and/or Ca21. The final concentrations of
pNth1, Bmh1, and Ca21 were 100 nM, 15 mM, and 10 mM,
respectively. The calcium was added to the 50 ml of reaction
mixture from the 200 mM stock solution of CaCl2. The assay
was performed at 30 °C in buffer containing 20 mM Tris-HCl
(pH 7.5), 150 mM NaCl, 10% (w/v) glycerol, and 30 mM treha-
lose. Experiments performed in the absence of Ca21 also con-
tained 1 mM EDTA or EGTA. The production of glucose was
detected using the Amplext Red glucose/glucose oxidase assay
kit (Invitrogen). The specific activity of trehalase was deter-
mined as mmol of glucose liberated/min/mg of protein at 571
nm.
Near-UV Circular Dichroism (CD) Spectroscopy—The near-UV

ECD spectra were measured in a quartz cuvette with an optical
path length of 1 cm (Starna) using a J-810 spectropolarimeter
(Jasco, Japan). The conditions of the measurements were as
follows: a spectral region of 250–320nm, a scanning speed of 10
nmzmin21, a response time of 8 s, a resolution of 1 nm, a band-
width of 1 nm, and a sensitivity of 100 millidegrees. The final
spectrumwas obtained as an average of five accumulations. The
spectra were corrected for a base line by subtracting the spectra
of the corresponding polypeptide-free solution. The ECD
measurements were conducted at room temperature (23 °C) in
buffer containing 20mMTris-HCl (pH7.5), 150mMNaCl, 2mM

2-mercaptoethanol, 10% (w/v) glycerol buffer. The Bmh1 con-
centration was 0.45 mgzml21, and the concentration of pNth1
WT and mutants was 0.69 mgzml21. After baseline correction,
the final spectra were expressed as mean residue ellipticities,
QMRW (degreeszcm2

zdmol21
znumber of residues21) and were

calculated using the equation,

@Q#MRW 5
uobs Mr

cl NR 10
(Eq. 1)

2 The abbreviations used are: HDX, H/D exchange; HDX-MS, H/D exchange
coupled to mass spectrometry; SV, sedimentation velocity; DSG, disuccin-
imidyl glutarate; DSS, disuccinimidyl suberate; DSS(G)D0 and DSS(G)D4,
non-deuterated and four-times deuterated cross-linkers disuccinimidyl
suberate (disuccinimidyl glutarate), respectively; pNth1, phosphorylated
Nth1; SAXS, small angle x-ray scattering; Nth1, yeast enzyme neutral tre-
halase; Bmh1, yeast 14-3-3 protein isoform.
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where uobs is the observed ellipticity in millidegrees, c is the
protein concentration inmgzml21, l is the path length in cm,Mr

is the proteinmolecular weight, andNR is the number of amino
acids in the protein (26).
Analytical Ultracentrifugation Measurements—Sedimenta-

tion velocity (SV) experiments were performed using a Pro-
teomLabTMXL-I analytical ultracentrifuge (BeckmanCoulter).
SV experiments of Bmh1 and pNth1 were conducted at loading
concentrations of 0.2–20 mM, 20 °C, and 42,000 or 48,000 rev-
olutions/min rotor speed (An-50 Ti rotor, Beckman Coulter).
All data were collected with absorbance optics at 280 nm. Sam-
ples were dialyzed against the buffer containing 20 mM Tris-
HCl (pH 7.5), 150 mM NaCl, and 2 mM 2-mercaptoethanol
before analysis. To study the effect of Ca21 on the interaction,
the dilution series of Bmh1 with constant concentration of
pNth1 were analyzed with and without 10 mM CaCl2 in the
buffer solution. The c(S) distributions were calculated from the
raw absorbance data using the software package SEDFIT fol-
lowed by fitting the chemical equilibrium using the Lamm
equation modeling implemented in the software package
SEDPHAT with the previously known s values of each compo-
nent (27, 28). Loading concentrations were slightly corrected in
the process of fitting.
Hydrogen/Deuterium Exchange Kinetics Coupled to Mass

Spectrometry (HDX-MS)—HDX of the Bmh1 protein, pNth1
protein, both proteins in the presence and in the absence of 10
mM Ca21, and pNth1 in the presence of the Bmh1 protein
and/or 10 mM Ca21 was initiated by a 10-fold dilution in a
deuterated buffer containing 20 mM Tris-HCl (pH/pD 7.5), 1
mM EDTA, 3 mM DTT, 150 mM NaCl, and 10% (w/v) glycerol.
The final protein concentrations were 3.16 mM for Bmh1 and
1.6 mM for phosphorylated Nth1. The molar ratio between
Bmh1 and Nth1 was therefore 2:1. Aliquots (80 ml) were taken
after 30 s, 1 min, 3 min, 10 min, 30 min, 1 h, 3 h, and 5 h of
exchange. The exchange was quenched by adding 20ml of 0.1M

HCl and rapid freezing in liquid nitrogen. Analysis was done as
described previously (20, 29).
Chemical Cross-linking Combined with Mass Spectrometry—

Both Bmh1 and pNth1 alone and pNth1 in the complex with
Bmh1 were cross-linked using cross-linkers disuccinimidyl
suberate (DSS) or disuccinimidyl glutarate (DSG). For the
cross-linking reaction, all proteins were dialyzed against buffer
containing 20mMHEPES (pH 7.5), 150mMNaCl, 1 mM EGTA,
and the protein concentrations were as follows: pNth1, 0.25
mgzml21; Bmh1, 0.25 mgzml21. All proteins were cross-linked
in the presence of 10 mM Ca21 using non-deuterated cross-
linkers (DSSD0 and DSGD0) and in the absence of Ca21 using
four-times deuterated cross-linkers (DSSD4 and DSGD4).
Freshly prepared stock solutions of cross-linkers (5 mgzml21 in
DMSO) were added in a 153 and 303 molar excess to each
protein alone or in a 503 and 1003 molar excess to the
pNth1zBmh1 complex. The reaction mixtures were incubated
for 2 h at room temperature. After that, samples that were
cross-linked in the presence of Ca21with non-deuterated com-
pounds were mixed with identical samples that were cross-
linked in the absence of Ca21 with deuterated compounds in a
1:1 molar ratio, and their analysis was performed as described
previously (20, 30).

SAXS—SAXS data were collected on the European Molecu-
lar Biology Laboratory P12 beamline on the storage ringDORIS
III (Deutsches Elektronen Synchrotron, Hamburg, Germany).
The pNth1zBmh1 protein complex and Nth1 were measured in
a concentration range of 1.8–15mgzml21. Bmh1wasmeasured
in a concentration range of 2.2–16.3 mgzml21. Data analysis
was performed using the ATSAS software suite (31). The data
were averaged after normalization to the intensity of the trans-
mitted beam, and the scattering of the buffer was subtracted
using PRIMUS (32). The forward scattering (I(0)) and the
radius of gyration (Rg) were evaluated using the Guinier
approximation. The distance distribution function (P(r)) and
the maximum particle dimension (Dmax) were determined by
the indirect Fourier transformation of the scattering data I(s)
using GNOM (33). The solute apparent molecular mass
(MMexp) was estimated by comparison of the forward scatter-
ing with that from reference solutions of bovine serum albumin
(molecular mass 66 kDa). Ab initio molecular envelopes were
computed using DAMMIN (34), which represents the protein
by a collection of dummy atoms in a constrained volume with a
maximum diameter defined experimentally by Dmax. For each
protein, 10 surfaces were generated and averaged using
DAMAVER (35). The averaged surfaces were then used as the
final SAXS three-dimensional structure.

RESULTS

The Integrity of the EF-hand-like Motif-containing Region Is
Crucial for the 14-3-3 Protein-dependent Activation of Nth1—
The catalytic activity of S. cerevisiaeNth1 is regulated by PKA-
mediated phosphorylation followed by 14-3-3 binding, with
Ca21 playing an unclear regulatory role (14–16). Fig. 2A shows
the activity of phosphorylated Nth1 (pNth1) in the presence of
Ca21,Mg21, andBmh1 (yeast 14-3-3 protein isoform). Samples
with Bmh1 only also contained additional 1 mM EDTA or
EGTA to ensure that no traces ofmetalswere present. As can be
seen, the Ca21 only-dependent activity of pNth1 is very small,
whereas Bmh1- and Bmh1 1 Ca21-dependent activities are
significantly higher, with the last one being a little bit more
profound. No significant difference was observed for the Bmh1
only-dependent activity of pNth1 in the presence of either 1mM

EDTA or 1 mM EGTA; thus, only the activity in the presence of
EDTA is shown. This activity (54 6 1 mmolzmin21

zmg21) is
somewhat lower compared with the activity measured in the
absence of EDTA (64–66mmolzmin21

zmg21 (20)). In addition,
no significant activation was observed in the presence of Mg21

alone, and the effect of Bmh1 1 Mg21 on pNth1 activity was
similar to that of Bmh1 alone.
Franco et al. (13) showed that theCa21-dependent activation

ofNth1 from Schizosaccharomyces pombe ismediated by a con-
served Ca21-binding EF-hand-like motif that is also present in
S. cerevisiae Nth1 (sequence 114DTDKNYQITIED125). To
investigate the importance of this motif in S. cerevisiae pNth1
activation, we performed site-directed mutagenesis of several
residues that correspond to both conserved and non-conserved
positions fromEF-handmotifs of numerousCa21-binding pro-
teins (Fig. 1B) (36, 37). We mutated residues Asp114, Asp116,
Asn118, andAsp125, which correspond to conserved positions 1,
3, 5, and 12 in EF-hand motifs participating in metal coordina-
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tion, and residues Lys117 and Ile121 at non-conserved positions
4 and 8, respectively, which are not involved inmetal coordina-
tion (36, 37). In addition, we also mutated residues Asp103 and
Asp173 from regions bordering the EF-hand-like motif.
To verify that the introduced mutations did not result in an

overall destabilization of the Nth1 structure, the stability of all
prepared mutants was checked by measuring the thermally
induced protein denaturation using differential scanning fluo-
rimetry. No significant differences in the temperature of the
unfolding transition (Tm) were observed for all Nth1 mutants
with the exception of the I121L variant (Table 1). The slightly
lower Tm of I121Lmutant might reflect different conformation
of the EF-hand-like motif because this residue (position) is
known to be important for the proper conformation of the
motif (36). The binding of selected phosphorylated Nth1
mutants to Bmh1was also checked by using analytical ultracen-
trifugation, and no significant differences compared with
pNth1WTwere observed (data not shown). Thus, all prepared
Nth1 mutants were found to be suitable for trehalase activity
measurements.
Next, the Bmh1-mediated activity of prepared pNth1

mutants in the absence and the presence of Ca21wasmeasured
(Fig. 2B). Although all mutants, with the exception of D116L,
showed either significantly or totally suppressed Bmh1-medi-
ated activity in the absence of Ca21 (Fig. 2B, white bars), the
presence of Ca21 (Fig. 2B, gray bars) rescued the activity of all
but the D114L, N118L, and D125L mutants. These three resi-
dues are located at positions crucial formetal coordination, and
their replacement with Leu had the most profound effect on
pNth1 activity both in the absence and the presence of Ca21.
On the other hand,mutations D114E andD125E, which should
rescue the Ca21 binding, showed high Bmh1-mediated activity

but only in the presence of Ca21. These data suggested not only
that the structural integrity of the EF-hand likemotif is essential
for the Bmh1-mediated activation of pNth1 but also that cal-
cium binding helps to mediate the activation process, probably
through the structural stabilization of the EF-hand-like motif.
pNth1 Mutants D114L and D125L Show Conformational

Behavior Similar to That of Wild Type—Trehalase activity
measurements revealed that pNth1mutants D114L and D125L
are unable to get activated in the presence of Bmh1 (Fig. 2B),
although their binding affinities for Bmh1 remain unchanged.
To compare the conformational behavior of these two inactive
mutants with pNth1WT, near-UV CD spectra, which are sen-
sitive to certain aspects of protein tertiary structure, of the
pNthl D114LzBmh1, pNth1 D125LzBmh1, and pNth1 WTz

Bmh1 complexes (with 1:2 molar stoichiometry) were meas-
ured. The comparison of spectra of complexes with sums of the
individual CD spectra of pNth variants and Bmh1 revealed no

FIGURE 1. A, domain structure of S. cerevisiae Nth1. Relative positions of the 14-3-3 protein binding sites (Ser60 and Ser83), the EF-hand like motif (sequence
114–125), and the catalytic domain (sequence 295–721) are shown. B, the sequence and the model of the EF-hand like motif (sequence 114–125) of Nth1.
Mutated residues important for metal coordination at positions 1, 3, 5, and 12 are shown in red. The structural model of the EF-hand like motif of Nth1 was
created using Modeler version 9.12 (46) and the structure of the EF-hand motif of calmodulin (Protein Data Bank code 1EXR) as a template (47). C, three-
dimensional model of the catalytic domain of yeast neutral trehalase Nth1 (sequence 295–721) was generated as described previously using the crystal
structure of trehalase Tre37A from E. coli (Protein Data Bank code 2JF4, sequence 145–533) as a template. The active site contains trehalase inhibitor validoxyl-
amine (shown as spheres), which was present in the structure of the template (20, 40).

TABLE 1

Midpoint temperatures of the protein-unfolding transition (Tm) for
Nth1 WT and mutants as determined using differential scanning
fluorimetry
Uncertainties are the S.E. values calculated from three experiments.

Nth1 variant Tm

°C

WT 53.6 6 0.3
D103L 52.3 6 0.2
D114L 52.7 6 0.2
D114E 53.4 6 0.2
D116L 53.1 6 0.1
K117L 53.6 6 0.1
N118L 52.8 6 0.5
I121L 50.4 6 0.3
D125L 52.6 6 0.2
D125E 53.3 6 0.1
D173L 52.5 6 0.1
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significant differences betweenmutants D114L and D125L and
pNth1 WT (Fig. 3). This suggested that the inability of these
twomutants to become activated by Bmh1 is not due to the lack
of the Bmh1-mediated conformational change (or interaction)
but rather results from subtle differences in the conformation
of the EF-hand-like motif-containing region that cannot be
observed by this method.
Ca21 Ions Do Not Affect the Dissociation Constant of the

pNth1zBmh1 Complex—Trehalase activity measurements
revealed that several pNth1mutants exhibit significantly higher
activity in the presence of Bmh1 1 Ca21 compared with the
presence of Bmh1 only (Fig. 2B). Therefore, we checked
whether the presence of Ca21 increases the stability of the
pNth1zBmh1 complex using analytical ultracentrifugation
(sedimentation velocity method). Continuous distributions of
sedimentation coefficients, c(s), for mixtures of pNth1 and
Bmh1 at five differentmolar ratios (from 5:1 to 1:20) both in the
absence and the presence of Ca21 are shown in Fig. 4. These

distributions (normalized on the peak height) showed that
Bmh1 and pNth1 form a complex with a weight-averaged sed-
imentation coefficient (sw,20) of 7.2 S, whereas Bmh1 and pNth1
alone show single peaks with sw,20 values of 3.6 and 5.1 S,
respectively. The low abundance of the complex formation at
7.2 S for samples containing the lowest and the highest concen-
tration of Bmh1 (0.2 and 20 mM, respectively) is due to the large
excess of either pNth1 or Bmh1 in these mixtures (the concen-
tration of pNth1 was 1 mM).

The analysis of sedimentation velocity data revealed no sig-
nificant effect of Ca21 on the apparent equilibriumdissociation
constant (Kd) of the pNth1zBmh1 complex becauseKd values of
10 3 1029 were determined both in the presence and the
absence of 10 mM Ca21. Thus, the more potent activation of
pNth1WT andmutants in the presence of Bmh11Ca21 com-
pared with that with Bmh1 only (Fig. 2B) cannot be explained
by the increase in the binding affinity of pNth1 for Bmh1.
The EF-hand-likeMotif of pNth1Adopts Different Conforma-

tions in the Presence of Ca21, Bmh1, and Bmh11Ca21—Many
proteins containing the EF-hand motif undergo a conforma-
tional change upon the Ca21 binding (37). To investigate
whether the same also holds true for pNth1, HDX-MS mea-
surements were performed. HDX-MS experiments are based
onmonitoring the deuteration kinetics of backbone amides and
enable characterization of protein dynamics and conforma-
tional changes because the rate of exchange of deuterium for
hydrogen depends on both the solvent exposure and the hydro-
gen bonding of the studied region (38, 39). Results of these
experiments are presented in Figs. 5 and 6. For the sake of com-
parison, these figures also show previously published data
obtained in the absence of Ca21 for pNth1 alone, Bmh1 alone,
and the pNth1zBmh1 complex (20).
Structural Changes within the EF-hand-likeMotif-containing

Region—The comparison of HDX-MS data for pNth1 in the
presence of Ca21, Bmh1, and Bmh1 1 Ca21 revealed large dif-
ferences in the deuteration kinetics for five peptides from the
region containing the EF-hand-like motif under all conditions

FIGURE 2. A, comparison of specific trehalase activities of pNth1 WT under
different conditions. Data in the presence of 30 mM trehalose are shown.
Specific activity of trehalase is expressed as mmol of glucose liberated/
min/mg of protein. Results shown are means6 S.D. from three experiments.
B, specific trehalase activities of pNth1 WT, and mutants in the presence of
Bmh1 (white bars) or Bmh11 Ca21 (gray bars). Data in the presence of 30mM

trehalose are shown. Specific activity of trehalase is expressed as mmol of
glucose liberated/min/mg of protein. Results are means 6 S.D. (error bars)
from three experiments.

FIGURE 3. The comparison of the near-UV CD spectra of pNth1
D114LzBmh1 (solid red line), pNth1 D125LzBmh1 (solid green line), and
pNth1 WTzBmh1 (solid blue line) complexes with the sums of the individ-
ual CD spectra of pNth1 variants and Bmh1 (corresponding colored dot-
ted lines). Themean residue ellipticity (MRE) is plotted as a function of wave-
length in degreeszcm2

zdmol21znumber of residues21).
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tested. Peptides 102–110, 110–124, and 156–172 exhibit sig-
nificantly slower deuteration in the presence of Ca21 (compare
black and red lines in Fig. 5A), with the peptide 110–124 (which
contains the EF-hand-like motif) showing the slower isotope
exchange only in short incubation times. In addition, an even
more profounddecrease in the rate of deuterationwas observed
for all pNth1 peptides between residues 102 and 185 in the
presence of Bmh1 (blue line) or Bmh1 1 Ca21 (green line).
Observed changes in HDX kinetics might reflect additional
conformational change and/or decreased accessibility to the
solvent. Interestingly, only the peptide 110–124 showed signif-
icant differences in isotope exchange kinetics when comparing
peptides from the pNth1zBmh1 complex with or without Ca21.
These results suggest that the region 102–185 of pNth1, espe-

cially the peptide 110–124 (the EF-hand like motif), adopts
three different structural states (and/or positions) in the pres-
ence of Ca21, Bmh1, and Bmh1 1 Ca21.
Structural Changes within the Catalytic Trehalase Domain of

pNth1—Exchange kinetics for four peptides from the vicinity of
the pNth1 active site whose deuteration was moderately but
significantly decreased upon the Bmh1 protein binding is
shown in Fig. 5B (20). It can be noticed that only the peptide
665–698 showed some decrease in the deuteration kinetics in
the presence of Ca21 (compare black and red lines). In addition,
the presence of Ca21 had no significant effect on isotope
exchange kinetics of these four peptides in the presence of
Bmh1 (compare blue and green lines).
Thus, HDX-MS data suggested that the Ca21 binding affects

mainly the structure of the EF-hand-like motif-containing
region, whereas its effect on the catalytic domain is less
profound.
Ca21-mediated Structural Changes of Bmh1 Molecule—We

also investigated whether the presence of Ca21 affects the deu-
terium exchange kinetics of Bmh1 peptides. A significant
decrease in the deuteration level in the presence of Ca21 was
observed for several peptides, with the strongest effect being
observed for helices H3 (peptides 39–47 and 48–61), H8 (pep-
tide 184–207), and H9 (peptide 227–232) (compare black and
red lines in Fig. 6). Only two peptides (184–207 and 222–232
from helices H8 and H9, respectively) showed significantly
decreased exchange kinetics when comparing peptides from
the pNth1zBmh1 complex with or without Ca21 (compare
green and blue lines in Fig. 6), suggesting that these helices
might interact with and thus be affected by changes within the
EF-hand-like motif of bound pNth1.
Binding to Bmh1 Affects the Relative Position of the N-termi-

nal Region and the Catalytic Domain of pNth1—Site-directed
mutagenesis and HDX-MS suggested that the structural integ-
rity of the EF-hand-like motif is crucial for pNth1 activation
and that its conformational change is an integral part of the
activation process. This also implied that this region might be
adjacent to the catalytic domain and that its conformational
changes affect the structure (or the accessibility) of the active
site and hence enable the activation. The crystallographic
structural data are available only for trehalase Tre37A from
E. coli (40) which shows homology with the catalytic domain of
S. cerevisiaeNth1 (sequence 295–721).We used this homology
to build a structural model of the catalytic domain of Nth1,
which, however, does not include either the region containing
the EF-hand like motif or the N-terminal segment containing
PKA phosphorylation sites (and the 14-3-3 protein-binding
motifs) (20). Therefore, we used chemical cross-linking com-
bined with mass spectrometry and SAXS to obtain structural
information concerning the relative position of the region con-
taining the EF-hand-like motif and the catalytic domain as well
as additional information about structural changes induced by
Ca21 and the 14-3-3 protein binding.
To enable easier distinction of changes induced by Ca21,

both pNth1 alone and the pNth1zBmh1 complex were cross-
linked by non-deuterated cross-linking agents (DSS and DSG)
in the presence of Ca21 and by four-times deuterated agents in

FIGURE 4. Sedimentation velocity analysis reveals that the binding affin-
ity of pNth1 for Bmh1 is unchanged in the presence of Ca21. Continuous
distributions of sedimentation coefficients, c(s), for mixtures containing con-
stant concentration of pNth1 (1 mM) and different concentrations of Bmh1
(0.2–20 mM) reveal no significant differences in the absence (A) and in the
presence (B) of Ca21. All distributions are normalized on the peak height. The
Lammequationmodeling of SV datawas performedusing the SEDPHAT soft-
ware package (27, 28). Data without Ca21 (A) and with 10 mM Ca21 (B) were
fitted using themodel, A1 Bº AB. Bmh1wasmodeled as a tight dimer that
interactswith pNth1 in 1:1 stoichiometry. Both series canbe fittedwith nearly
identical KD , 21 nMwith 95% confidence level (the best fitted value was 10
nM). Loading concentrations were slightly corrected in the fit (up to 10%).
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the absence of Ca21 (see “Experimental Procedures” for details).
The cross-linking experiments with pNth1 alone revealed 33
intramolecular distance constraints (Table 2), from which 17
can be compared with Ca–Ca distance constraints derived
from the homology model of the catalytic domain (data not
shown). No cross-links between the N-terminal region
(sequence 1–250) and the catalytic domain (sequence 300–
720) were observed, suggesting that in the absence of Bmh1,
these two domains are not in contact with one another. Quan-
tification of obtained cross-links (last two columns in Table 2)
revealed that the ratio between non-deuterated and deuterated
cross-links is close to 1:1 for all but two of them. The two excep-
tions are for the peptide from the region containing the EF-
hand like motif whose residues Lys-132 and Lys-142 are cross-
linked only in the presence of Ca21 (the abundances of DSG
andDSS cross-links are;78 and;90%, respectively). This sug-
gests that in the presence of Ca21, these two lysines are close
enough to form a cross-link. However, in the absence of Ca21,
this region possesses different conformation and/or flexibility,
and the distance between these two residues is too large to form
a cross-link.
The list of pNth1 cross-links from the pNth1zBmh1 complex

is shown in Table 3. In this case, the presence of Ca21 changed
the abundances of significantly more cross-links compared
with pNth1 alone. This confirmed that pNth1 (when bound to
Bmh1) adopts a different conformation that ismore sensitive to
Ca21 binding compared with free pNth1. The most profound
changes were observed for intramolecular cross-links Lys211–
Lys214, Lys214–Lys563, Lys257–Lys258, Lys258–Lys393, Lys385–
Lys517, Lys456–Lys458, and Lys589–Lys593. The presence of the
cross-link Lys214–Lys563, which was not observed for pNth1
alone, suggested that the part containing residue Lys214 and the
catalytic domain (containing Lys563) of pNth1 are much closer
to one another in the Bmh1-bound form. In addition, the dif-
ferences between conformations of pNth1 bound to Bmh1 in
the presence and the absence of Ca21 are also supported by
intermolecular cross-links between pNth1 and Bmh1 peptides
(Table 4). Although in the presence of Ca21 the intramolecular
cross-link between pNth1 residues Lys214 and Lys563 is prefer-
entially formed (Table 3), in the absence of Ca21, these two
residues preferentially form intermolecular cross-links with
Bmh1 residues Lys127 and Lys76, respectively (Table 4). A sim-
ilar effect was also observed for pNth1 residue Lys393, which
forms in the presence of a Ca21 intramolecular cross-link with
Lys258, whereas in the absence of Ca21, prefers an intermolec-
ular cross-link with Bmh1 residue Lys145 (Tables 3 and 4). The
results of chemical cross-linking for the Bmh1 alone corre-
spondwell with the distance restraints derived from the homol-
ogy model of the Bmh1 molecule (data not shown).

LowResolutionStructure of thepNth1zBmh1ProteinComplex—
SAXS offers information about the dimension and shape of a
protein in solution and was thus used here to gain visual insight
into the global architecture of Nth1, Bmh1, and their complex.
The experimental SAXS curves from Nth1, Bmh1, and the
pNth1zBmh1 complex are shown in Fig. 7A. The apparent
molecular mass of the pNth1zBmh1 protein complex was esti-
mated by comparison of the forward scattering intensity I(0)
with that from reference solutions of bovine serum albumin.
The estimated molecular mass of ;147 kDa corresponds well
to 2:1 molar stoichiometry, in good agreement with our previ-
ously published results (15). The Guinier analysis revealed that
Nth1 alone has a significantly larger radius of gyration (Rg of
52.0 6 0.4 Å) compared with Bmh1 alone (Rg of 32.6 6 0.1 Å)
and the pNth1zBmh1 complex (Rg of 40.5 6 0.1 Å), suggesting
that the complex is a more compact particle than Nth1 alone.
Thiswas further confirmedby the distance distribution func-

tion, P(r), which revealedmaximal dimensions (Dmax) of Bmh1,
Nth1, and the pNth1zBmh1 complex to be of 92, 183, and 127Å,
respectively (Fig. 7B). These values of Dmax corroborated a
more extended and asymmetric shape of free Nth1 compared
with the complex.
The calculated low resolution ab initio envelopes for Nth1

alone, Bmh1 alone, and the pNth1zBmh1 complex are shown in
Fig. 7,C–E. The envelope of Bmh1 alone shows a characteristic
cuplike shape of the 14-3-3 dimermolecule and agreeswell with
the theoretical model of Bmh1 dimer (Fig. 7C). The envelope
for Nth1 alone (Fig. 7D) shows that the enzyme adopts an
extended rodlike conformation, in good agreement with the
results of cross-linking experiments, where no cross-links
between the N-terminal region and the catalytic domain were
observed (Table 2). The narrower half probably represents the
flexible and unstructured N-terminal segment containing all
PKA phosphorylation sites and the 14-3-3-binding motifs,
whereas the thicker half would correspond to the rest of the
enzyme (the EF-hand like motif-containing region and the cat-
alytic domain).
The envelope of the complex is, as expected, more spherical

and shows that pNth1 adopts significantly different conforma-
tion when bound to Bmh1 (Fig. 7E). The shape of the envelope
suggests that the cuplike-shaped Bmh1 dimer is located within
the wide central part of the particle. The rigid bodymodeling of
the pNth1zBmh1 complex was performed using homology
models of Bmh1 and the catalytic domain of Nth1 (sequence
295–721). The rigid body model of the Nth1(295–721)zBmh1
complex displayed good agreement with both the low resolu-
tion molecular envelope and the results of cross-linking exper-
iments (Table 4). The inset in Fig. 7E shows the detailed view of
the binding interface between Nth1(295–721) and Bmh1,
where two of three observed intermolecular cross-links

FIGURE 5.HDX-MS reveals conformational changes of pNth1 upon the Ca21 binding.Graphs represent HDX kinetics for selected pNth1 regions that show
different deuterium exchange kinetics in the presence of Ca21, Bmh1, and Bmh1 1 Ca21 (for the sake of comparison, these figures also show previously
published data obtained in the absence of Ca21 for pNth1 alone andwhen bound to Bmh1 (20)). A, peptides from the N-terminal part of Nth1 that aremissing
in the homology model of the catalytic domain. B, peptides from the catalytic trehalase domain (shown in yellow, red, green, and blue) are mapped on its
homology structural model covering the sequence 295–721. Deuterium exchange is expressed as percentages relative to the maximum theoretical deutera-
tion level for pNth1 alone (black squares), pNth1 in the presence of Ca21 (red circles), pNth1 in the presence of Bmh1 (blue triangles), and pNth1 in the presence
of Bmh11 Ca21 (green triangles). Time units are in seconds.
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(Lys76(Bmh1)–Lys563(Nth1) and Lys145(Bmh1)–Lys393(Nth1))
are located. The third intermolecular cross-link (Lys127-
(Bmh1)–Lys214(Nth1)) involves Nth1 residue Lys214 outside of
the modeled catalytic domain. The molecular envelope also
suggested locations of the N-terminal segment and the
EF-hand like motif-containing region of pNth1. The central
part of the envelope is significantly wider than the maximum
width of the Bmh1 dimer envelope and more bulky on one side
just next to a-helices H5, H6, and H8 of Bmh1 and close to the
catalytic domain of Nth1. We believe that this bulky part rep-
resents the EF-hand-like motif-containing region of pNth1.
Peptides from a-helices H6, H8, and H9 of Bmh1 showed sig-
nificantly decreased exchange kinetics and the highest sensitiv-
ity to the presence of Ca21 upon the binding of pNth1 (Fig. 6).
In addition, the intermolecular cross-link Lys127(Bmh1)–
Lys214(Nth1) connects residues Lys127 from the a-helix H5 of
Bmh1 and Lys214 from the EF-hand-like motif-containing
region of Nth1 (Table 4). Thus, these data suggested that the
EF-hand-like motif-containing region of pNth1 forms a sepa-

rate domain that interacts with both the outer surface of the
Bmh1 dimer (outside its central channel involving helices H5,
H6, H8, and H9) and the catalytic trehalase domain.
The narrow protrusion located just in front of one ligand bind-

ing groove of Bmh1 probably represents the very N-terminal seg-
ment of pNth1, whereas the rest of the N-terminal part, which
contains bothphosphorylated 14-3-3 bindingmotifs (Ser(P)60 and
Ser(P)83; Fig. 1A), would be docked within the ligand binding
grooves of the Bmh1 molecule, as has been observed in other
structures of the 14-3-3 protein complexes (41–45).

DISCUSSION

The helix-loop-helix EF-hand Ca21-binding motif is a wide-
spread and versatile sequence found in a large number of protein
families (36, 37). The N-terminal part of S. cerevisiae contains
sequence that closely resembles such an EF-hand motif (Fig. 1),
suggesting the possibility that this sequence and the calciumbind-
ing play a role in the regulation of this enzyme activity (13). In this
work, various techniques of structural biology, including HDX-

FIGURE 6. HDX-MS reveals regions of Bmh1 that are affected by Ca21 and pNth1 binding. HDX kinetics for Bmh1 regions that show slower deuterium
exchange kinetics uponpNth1 bindingmapped on the surface representation of the structuralmodel of Bmh1dimer (shown in different shades of red). For the
sake of comparison, these figures also show previously published data obtained in the absence of Ca21 for Bmh1 alone and when bound to pNth1 (20).
Deuterium exchange is expressed as percentages relative to themaximum theoretical deuteration level for Bmh1 alone (black squares), Bmh1 in the presence
of Ca21 (red circles), Bmh1 in the presence of pNth1 (green triangles), and Bmh1 in the presence of pNth1 1 Ca21 (blue triangles). Time units are in seconds.
Peptides forming the ligand binding groove are marked with an asterisk.

TABLE 2

Intramolecular distance constraints of pNth1 derived from the cross-linking experiments in the presence and the absence of Ca21 and their
comparison with distance constraints derived from the homology model of the catalytic domain of Nth1

Cross-linker Cross-linked residues
Ca-Ca distance from the

homology model
Ca-Ca distance constraint from
the cross-linking experimentsa

pNth1
(DSS(G)/

DSS(G)D4)b

1Ca21
2Ca21

Å Å % %

DSG/DSGD4 Lys49–Lys584 #20 49.8 50.2
DSG/DSGD4 Lys49–Lys69 #20 55.7 44.3
DSS/DSSD4 Lys52–Lys104 #24 42.2 57.8
DSS/DSSD4 Lys52–Lys584 #24 48.4 51.6
DSG/DSGD4 Lys70–Lys75 #20 45.1 54.9
DSS/DSSD4 Lys70–Lys75 #24 53.4 46.6
DSG/DSGD4 Lys132–Lys142 #20 77.6 22.4
DSS/DSSD4 Lys132–Lys142 #24 89.8 10.2
DSG/DSGD4 Lys211–Lys214 #20 51 49
DSS/DSSD4 Lys211–Lys214 #24 45.4 54.6
DSG/DSGD4 Lys257–Lys258 #20 47 53
DSS/DSSD4 Lys257–Lys258 #24 50.3 49.7
DSG/DSGD4 Lys258–Lys343 #20 47.8 52.2
DSS/DSSD4 Lys258–Lys343 #24 55.6 44.4
DSG/DSGD4 Lys258–Lys393 #20 51 49
DSS/DSSD4 Lys258–Lys393 #24 51.3 48.7
DSG/DSGD4 Lys370–Lys371 3.9 #20 49.7 50.3
DSS/DSSD4 Lys370–Lys371 3.9 #24 45.4 54.6
DSG/DSGD4 Lys371–Lys718 17.7 #20 50.1 49.9
DSS/DSSD4 Lys371–Lys718 17.7 #24 48.9 51.1
DSG/DSGD4 Lys385–Lys517 17.5 #20 48.8 51.2
DSS/DSSD4 Lys385–Lys517 17.5 #24 45.5 54.5
DSG/DSGD4 Lys456–Lys458 6.5 #20 46.4 53.6
DSS/DSSD4 Lys456–Lys458 6.5 #24 51.4 48.6
DSS/DSSD4 Lys458–Lys461 7.6 #24 41.3 58.7
DSG/DSGD4 Lys461–Lys561 16.4 #20 48.1 51.9
DSS/DSSD4 Lys461–Lys561 16.4 #24 48.8 51.2
DSS/DSSD4 Lys537–Lys584 16.4 #24 44.9 55.1
DSG/DSGD4 Lys561–Lys563 5.6 #20 52.4 47.6
DSG/DSGD4 Lys589–Lys593 6.1 #20 46.2 53.8
DSS/DSSD4 Lys589–Lys593 6.1 #24 46.9 53.1
DSG/DSGD4 Lys593–Lys597 6.3 #20 46.9 53.1
DSS/DSSD4 Lys593–Lys597 6.3 #24 47.7 52.3

a The Ca–Ca interresidue distance constraints used were based on the length of the spacer arm, which is 7.7 Å for DSG and 11.4 Å for DSS. Concerning the flexibility of the
lysine side chains, the following cut-offs are generally used: 20 Å for a-carbons of lysine cross-linked with DSG and 24 Å for a-carbons of lysine cross-linked with DSS (30).

b Representation (%) of individual cross-link isoform (the ratio between the abundance of non-deuterated and deuterated cross-links). pNth1 was cross-linked by non-deu-
terated cross-linking agents (DSS and DSG) in the presence of Ca21 and by four-times deuterated agents in the absence of Ca21.
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MS, chemical cross-linking, and SAXS, were used to investigate
themechanismof the 14-3-3 protein-mediated activation ofNth1
and, especially, the role of EF-hand like motif in this process.

Site-directedmutagenesis of residues locatedat importantposi-
tions within the EF-hand like motif significantly affected the
Bmh1-mediated activation of pNth1 (Fig. 2B, white bars), thus
suggesting theessential roleof this region in theactivationprocess.
This is in a good agreement with our previous HDX-MS experi-
ments that revealedsignificant14-3-3protein-mediatedstructural
changes not only within the catalytic trehalase domain butmainly

in this region (20). Interestingly, the presence of Ca21 recovered
the Bmh1-mediated trehalase activity of most of the studied
mutants (Fig. 2B, gray bars), with the exception of those where we
mutated conserved positions 1, 5, and 12 of the EF-hand motif
(mutants D114L, N118L, and D125L) that are directly involved in
metal coordination (36, 37). The inability of theD114L andD125L
mutants to become activatedwas not due to the lack of the Bmh1-
mediated structural change, as documented by near-UVCDspec-
tra (Fig. 3), but rather resulted from different conformation of the
EF-hand like motif. In support of that, Ca21-binding rescue
mutants D114E andD125E showed high Bmh1-mediated activity
but only in the presence of Ca21. These data suggested that the
calcium binding to the EF-hand like motif facilitates the 14-3-3
protein-mediated activation of pNth1 because it enabled activa-
tion of mutants that are catalytically inactive in the absence of
Ca21.
The key role of the EF-hand likemotif-containing region in the

activation of pNth1 was further confirmed by results obtained
from HDX-MS and chemical cross-linking. These experiments
showed that this region adopts different conformational states
depending on the presence of Ca21, Bmh1, or both (Fig. 5 and
Tables 2–4). We suggest that these different structural states are
reflected by different trehalase activities under these conditions.
Consistently, the comparison of SAXS-based low resolution
molecular envelopes of both Nth1 alone and the pNth1zBmh1
complex (Fig. 7,Dand7E) revealedadramatic structural changeof
pNth1 upon its binding to Bmh1. The low resolution ab initio
shape of the pNth1zBmh1 complex also suggested that the EF-
hand-like-containing regionofNth1 forms a separate domain that
interacts with both the outer surface of the Bmh1 dimer and the

TABLE 3

Intramolecular distance constraints of pNth1 bound to Bmh1 derived from the cross-linking experiments in the presence and the absence of
Ca21 and their comparison with distance constraints derived from the homology model of the catalytic domain of Nth1

Cross-linker Cross-linked residues
Ca–Ca distance from the

homology model
Ca–Ca distance constraint from
the cross-linking experimentsa

pNth1
(DSS(G)/

DSS(G)D4)b

1Ca21
2Ca21

Å Å % %

DSG/DSGD4 Lys70–Lys75 #20 55.5 44.5
DSS/DSSD4 Lys70–Lys75 #24 49.0 51.0
DSG/DSGD4 Lys132–Lys142 #20 56.8 43.2
DSS/DSSD4 Lys132–Lys142 #24 52.9 47.1
DSG/DSGD4 Lys211–Lys214 #20 65.3 34.7
DSS/DSSD4 Lys211–Lys214 #24 58.8 41.2
DSG/DSGD4 Lys214–Lys563 #20 80.0 20
DSS/DSSD4 Lys214–Lys563 #24 60.1 39.9
DSG/DSGD4 Lys257–Lys258 #20 66.7 33.3
DSS/DSSD4 Lys257–Lys258 #24 59.3 40.7
DSG/DSGD4 Lys258–Lys393 #20 68.3 31.7
DSS/DSSD4 Lys258–Lys393 #24 71.2 28.8
DSG/DSGD4 Lys370–Lys371 3.9 #20 54.9 45.1
DSS/DSSD4 Lys370–Lys371 3.9 #24 47.9 52.1
DSG/DSGD4 Lys385–Lys517 17.5 #20 70.2 29.8
DSS/DSSD4 Lys385–Lys517 17.5 #24 50.8 49.2
DSG/DSGD4 Lys393–Lys396 5.1 #20 51.1 48.9
DSS/DSSD4 Lys393–Lys396 5.1 #24 49.5 50.5
DSG/DSGD4 Lys456–Lys458 6.5 #20 68.8 31.2
DSS/DSSD4 Lys456–Lys458 6.5 #24 63.7 36.3
DSS/DSSD4 Lys458–Lys461 7.6 #24 50.2 49.8
DSS/DSSD4 Lys537–Lys584 16.4 #24 51.1 48.9
DSG/DSGD4 Lys589–Lys593 6.1 #20 71.1 28.9
DSS/DSSD4 Lys589–Lys593 6.1 #24 55.1 44.9

a The Ca–Ca interresidue distance constraints used were based on the length of the spacer arm, which is 7.7 Å for DSG and 11.4 Å for DSS. Concerning the flexibility of the
lysine side chains, the following cut-offs are generally used: 20 Å for a-carbons of lysine cross-linked with DSG and 24 Å for a-carbons of lysine cross-linked with DSS (30).

b Representation (%) of individual cross-link isoform (the ratio between the abundance of non-deuterated and deuterated cross-links). pNth1 bound to Bmh1 was cross-
linked by non-deuterated cross-linking agents (DSS and DSG) in the presence of Ca21 and by four-times deuterated agents in the absence of Ca21.

TABLE 4

Intermolecular distance constraints between pNth1 and Bmh1
derived from the cross-linking experiments in the presence and the
absence of Ca21

Cross-linker
Cross-linked
residues

Ca-Ca distance
constraint from
the cross-linking
experimentsa

Bmh1zpNth1
(DSS(G)/

DSS(G)D4)b

1Ca21
2Ca21

Å % %

DSG/DSGD4 Lys127a-Lys214b #20 28.8 71.2
DSS/DSSD4 Lys127a-Lys214b #24 40.2 59.8
DSG/DSGD4 Lys76a-Lys563b #20 34.7 65.3
DSS/DSSD4 Lys76a-Lys563b #24 42.2 57.8
DSG/DSGD4 Lys145a-Lys393b #20 31.3 68.7
DSS/DSSD4 Lys145a-Lys393b #24 30.7 69.3

a The Ca–Ca interresidue distances constraints used were based on the length of
the spacer arm, which is 7.7 Å for DSG and 11.4 Å for DSS. Concerning the flex-
ibility of the lysine side chains, the following cut-offs are generally used: 20 Å for
a-carbons of lysine cross-linked with DSG and 24 Å for a-carbons of lysine
cross-linked with DSS (30).

b Representation (%) of individual cross-link isoform (the ratio between the abun-
dance of non-deuterated and deuterated cross-links). The pNth1zBmh1 complex
was cross-linked by non-deuterated cross-linking agents (DSS and DSG) in the
presence of Ca21 and by four-times deuterated agents in the absence of Ca21.

c Residues from the Bmh1 peptide.
d Residues from the pNth1 peptide.
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catalytic trehalase domain, thus supporting our hypothesis that
the conformation of this region modulates the 14-3-3-mediated
structural changes within the catalytic trehalase domain and thus
the resulting enzyme activity.
Therefore, based on our data, we suggest the followingmodel

of Nth1 activation. In the absence of the 14-3-3 protein, Nth1
adopts an extended rodlike conformation, and the trehalase
activity is very small, probably as a result of the inaccessibility of
the active site, as shown by the crystal structure of the homol-
ogous domain of the trehalase Tre37A from E. coli (Fig. 5B)
(40). The 14-3-3 protein binding to the phosphorylated N-
terminal segment of pNth1 induces a significant structural

rearrangement of the whole Nth1 molecule. This conforma-
tional change probably increases the accessibility of the active
site and thus activates the enzyme. The EF-hand-like motif-
containing region forms a separate domain that interacts with
both the 14-3-3 protein and the catalytic trehalase domain. The
structural integrity of the EF-hand like motif is essential for the
14-3-3 protein-mediated activation of Nth1, and calcium bind-
ing, although not required for the activation, facilitates this
process by affecting its structure. Our data suggest that the
EF-hand-like motif-containing domain functions as the inter-
mediary through which the 14-3-3 proteinmodulates the func-
tion of the catalytic domain of Nth1.

FIGURE 7. SAXS scattering data and the low resolution structure of Nth1, Bmh1, and pNth1zBmh1 complex. A, solution scatteringpattern for Nth1, Bmh1, and
the pNth1zBmh1 complex. Scattering intensity I(s) is plotted in relation to the scattering vector s (s 5 4psin(u)/l, where 2u is the scattering angle and l is the
wavelength).B, plotof thedistancedistribution functionsP(r)with themaximumparticledimensions (Dmax)of92,183,and127ÅforBmh1,Nth1,andthepNth1zBmh1
complex, respectively.C, superpositionof the SAXS-basedenvelope (spheres represent thedummy residues) of Bmh1with the theoreticalmodel of Bmh1 (sequence
4–236).D, SAXS-based envelope of Nth1 alone. E, overlay of the rigid bodymodel of the Nth1(295–721)zBmh1 complexwith SAXS-based envelope. The envelope is
shown in gray, the catalytic domain of Nth1 (sequence 295–721) is shown inmagenta, and Bmh1 dimer (sequence 4–236) is shown in cyan. A rigid bodymodel was
preparedusinghomologymodelsof thecatalyticdomainofNth1(295–721)andBmh1 (20). The inset shows thebinding interfacebetweenNth1(295–721)andBmh1,
where two of three observed intermolecular cross-links (Lys76(Bmh1)–Lys563(Nth1) and Lys145(Bmh1)–Lys393(Nth1)) are located.
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