
 Paper Type

www.landesbioscience.com	 Intrinsically Disordered Proteins	 e26372-1

Intrinsically Disordered Proteins Volume 1 e26372; 2013; © 2013 Landes Bioscience

RESEARCH PAPER

Introduction

Heat production by the appendix (a 20-cm-long, slender organ) 
of the Sauromatum guttatum inflorescence is well-documented in 
the literature.1,2 The generally accepted mechanism of heat-produc-
tion in the Sauromatum appendix is that the alternative oxidase in 
the mitochondria is the heat-generating enzyme.3 The alternative 
oxidase accepts electrons directly from the reduced ubiquinone, 
and consequently, the proton pumping of the cytochrome pathway 
is bypassed and, therefore, energy is released as heat.

There are 3 phenolic compounds capable of activating the 
process that simultaneously leads to heat- and odor-production 
in a pre-mature Sauromatum appendix 24 h after application.4 
These compounds are: SA, ASA, and 2,6-DHBA. SA is the only 
natural inducer of heat-production that has been identified in the 
Sauromatum appendix, and its mechanism of action in thermo-
genic plants has never been elucidated.

Salicylic acid is present in many thermogenic as well as non-
thermogenic plants, and it exerts its effect on more than one cel-
lular activity in plants. The acid, in addition to triggering the 
thermogenic respiration in the Sauromatum appendix, acts as an 
endogenous signal in the resistance of many plants to a wide array 
of pathogens.5,6 SA in non-thermogenic plants activates a kinase7 
and binds to 2 proteins of 25 kDa8 and 650 kDa.9 The acid is also 
involved in many other plant functions.10

In our previous publications, we have described the isolation 
and purification of a novel 34.1 kDa NAD(P) reductase like pro-
tein (RL) from the Sauromatum appendix11 We also have shown 
that RL is present in 2 global conformations during  ESI sug-
gesting that RL conformation was sufficiently maintained for 
characterization in the gaseous environment of the ESI.12 An 
extended conformation (state A) that was only present at pre 
D-day (prior to the day of heat-production) when SA is unde-
tectable, and a compact conformation (state B) that was present 
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The mode of action of the thermogenic inducers (salicylic acid, aspirin, and 2,6-dihydroxybenzoic acid) in the appen-
dix of the Sauromatum guttatum inflorescence is poorly understood. Using ESI-MS and light scattering analysis, we have 
demonstrated that NAD(P) reductase like protein (RL) is the salicylic acid receptor in the Sauromatum appendix. RL was 
self-assembled in water into a large unit with a hydrodynamic diameter of 800 nm. In the presence of 1 pM salicylic acid, 
RL exhibited discontinuous and reversible volume phase transitions. The volume phase changed from 800 to 300 nm 
diameter and vice versa. RL stayed at each volume phase for ~4–5 min with a fast relaxation time between the 2 phases. 
ESI-MS analysis of RL extracted from appendices treated with salicylic acid, aspirin, and 2,6-DHBA at a micromolar range 
demonstrated that these compounds are capable of inducing graded conformational changes that are concentration-
dependent. A strong correlation between RL conformations and heat-production induced by salicylic acid was also 
observed. These preliminary findings reveal structural and conformational roles for RL by which plants regulate their 
temperature and synchronize their time keeping mechanisms.
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on D-day (the day of heat-production), when SA level is high.4 
Furthermore, a complex self-assembly of RL molecules into large 
organized structures has been demonstrated implying that RL 
may be found in the tissue as an oligomer.12

The present paper demonstrates that treatment of pre D-day 
appendices with SA, ASA, and 2,6-DHBA induced reversible 
conformational changes in RL molecules in a concentration 
dependent manner. These conformational changes were detected 
using ESI-MS and DLS.

Purified RL in SA solution behaved as a hydrogel under-
going reversible volume phase transitions from a hydrated to 
a dehydrated state as determined by DLS. The transitions 
occurred at a pM concentration range for both RL and SA, 
and they constituted an ultrasensitive switch-like response13,14 
in which RL switched between 2 discontinuous states.  
The ultrasensitive response was fast and most interestingly, 
the transition from one state to the other occurred every  
4–5 min.

RL in vivo and in vitro behaved as a bi-stable protein. 
Bistability may result from different mechanisms, such as mul-
tistep phosphorylation,15 positive feedback loops,16 and double-
negative feedback loops.17 These types of response can also be 
reversible.18,19 Examples of proteins present in 2 different confor-
mations in the cell are the prion protein,20 the spindle check-
point protein,21 the lymphotactin protein,22 and the cytoskeleton 

proteins.23 The presence of a second conformation has a dramatic 
effect on the function of these proteins. For example, the confor-
mational transition of the prion protein results in a conforma-
tional disease in the brain.20 We conclude that RL binds SA in 
the appendix tissue, and as SA level rises to a micromolar range, 
heat is generated.

Results

Induction of a discontinuous volume-phase transition of RL 
by SA

Purified RL has a great tendency to form large organized 
aggregates that can be observed under light microscopy. To char-
acterize these aggregates RL was solubilized in distilled water 
immediately after purification at a final concentration of 0.1 pM 
and the hydrodynamic diameter of its aggregates was determined 
in the presence and absence of 1 pM SA using DLS. The low 
concentration of both SA and RL was used to avoid non-specific 
interactions between RL molecules and SA. Under this condition, 
a uniform hydrodynamic diameter of ~800 nm was observed in 
the absence of SA. Upon addition of SA at a final concentration 
of 1 pM a discontinuous volume change to a 300 nm diameter 
occurred. The discontinuous volume change was reversible and 
it oscillated between 800 and 300 nm diameter with an identical 
time for each phase, 4–5 min (Fig. 1A). This discrete volume dis-
continuity from 800 to 300 nm diameter was watched for more 
than 30 min. This effect can only be attributed to the binding of 
SA to RL molecules. SA is a weak acid and is charged in distilled 
water but it is unlikely that it changed the pH of the distilled 
water (pH5 to 6). The relaxation time between the 2 states was 
fast and could not be determined under our setup parameters.

The reversibility of the volume change resembles a relaxation 
oscillation with 2 time variables, a slow one when RL was pres-
ent in either one of the 2 phases, ~4–5 min, and a fast one when 
RL was switching between the 2 phases. These discontinuous 
transitions with equal time period may provide a time keeping 
mechanism in which the phases and relaxation time (discontinu-
ous transition) between phases can be modulated.

To test whether addition of charge would affect the phase tran-
sition of RL, ATP which has several negatively charged groups 
and it is present as ATP4- in water, was added to 0.1 pM RL solu-
tion at a final concentration of 10 μM in the presence of 1 pM 
SA (Fig. 1B). Upon addition of ATP, the switching between the 
phases stopped for about 30 min and RL had a 800 nm diameter 
after which, switching resumed with the same rhythmic kinetics. 
It created a temporarily single rectangular wave. The addition 
of ATP that is negatively charged may temporarily interrupt the 
crosslinking between RL molecules and allow water molecules to 
interact with RL molecules. Such a delay in phase transition may 
allow synchronization with other oscillators with different phase 
and/or time delay in one single cycle of volume-phase transition.

To determine whether disulfide bonds were involved in the 
formation of the aggregate, 10 µM DTT or β-mercaptoethanol 
was added to the RL solution in the absence of SA (Fig. 1B). The 
800 nm diameter of the aggregate contracted and condensed to 
~300 nm diameter in about 4–5 min, and after 20 min in the 

Figure 1. A square wave relaxation oscillation of RL. RL was purified from 
D-day appendices using RP-HPLC-ESI-MS. Hydrodynamic behavior of 0.1 
pM purified RL solubilized in distilled water in the presence of 1 pM SA 
(A), in the presence of 1 pM SA and 10 µM ATP (B), and in the presence of 
10 µM DTT (C).  The measurements were carried out using DLS. T, period.
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dehydrated phase the volume went back to 800 nm diameter, 
and it did not resume a rhythmic kinetic. It suggests that DTT 
reduced disulfide bonds between cysteine residues required for 
RL switching. It converted the square wave oscillation to a rect-
angular wave in which the 2 phases had an unequal period.

This set of experiments suggests that (1) a fixed phase rela-
tionship is needed for oscillation; (2) the hydrated and dehy-
drated phases can be under different control because they react 
differently to different treatments.

Induction of graded conformations of RL by thermogenic 
inducers

RL was extracted from appendix sections treated with ther-
mogenic inducers for ~24 h until heat was generated. The data 
obtained by ESI-MS analysis of purified RL is for the monomeric 
RL since the protein was in 70% ACN/IP solution containing 
0.05% TFA when it was injected into the ESI. Usually, under 
these conditions oligomirization does not occur. The ESI-MS 
spectrum of RL from a pre-mature appendix tissue treated with 
10 µM SA for 24 h shows the appearance of a CSD centered at 
[M + 29H]29+ and [M + 28H]28+, a more compact conformation 
that previously was called state B (Fig.  2B). The RL envelope 
from a D-1 appendix tissue treated with distilled water (control) 
was at intermediate state, between state A (a less compact confor-
mation) and B, and the CSD centered at [M + 29H]29+(Fig. 2A). 
This appendix section did not produce heat whereas, the treated 
one produced heat. The CSD of RL shifted to the right of the 
envelope after application of 10 µM SA solution relative to the 
untreated D-1 appendix (Fig. 2C). It seems that the appendix 
tissue response to SA treatment resulted in the appearance of a 
more compact conformation of RL.

ESI-MS analysis of RL extracted from appendix tissue treated 
with high concentrations of inducers shows that RL underwent 
conformational changes that resulted in a more expanded con-
formational than state A (Fig. 3). The most profound conforma-
tional change was observed with of RL from an appendix tissue 
treated with 100 µM 2,6-DHBA. It shows the appearance of a 
CSD centered at [M + 40H]40+and [M + 42H]42+and the control, 
untreated one centered at [M + 36H]36+, a shift to the left of RL 
envelope. RL envelope shifted significantly to the left at 200 µM 
SA. In contrast, application of 200 µM ASA did not shift RL 
envelope to a more expanded conformation. The hydrated and 
dehydrated forms of RL molecules detected by DLS may rep-
resent the 2 conformations detected by ESI-MS. The hydrated 
form of RL molecules may represent state A, the expanded con-
formation, and the dehydrated form of RL molecules may repre-
sent state B, the compact conformation.

Figure 4 shows the shifts in the directions of the RL envelope 
as a result of various treatments with the inducers. SA at 100 
µM imprinted a CSD centered at [M+37H]37+and at 200 µM at 
[M+39H]39+. It seems that as the concentration of SA increases 
the shift to the left to a more expanded conformation increases 
as well. At 100 µM SA the right side of the RL envelope did not 
change and it may suggest the presence of an additional confor-
mation that is more compact. At 200 µM SA, the CSD of the 
control disappeared and the shift to the left was more profound. 
The ESI-MS spectrum of RL treated with 100 µM and 200 µM 

Figure 2. SA effect on RL conformation using ESI-MS. A D-1 appendix 
was divided into 2 sections. One section was placed in water (A) and the 
other in 10 µM SA (B). After 24 h RL was extracted and purified using 
RP-HPLC/ESI-MS. CSD of RL centered around [ [M + 28H]28+ for the treated 
appendix and around [M + 29H]29+for the untreated appendix. For an 
easy comparison the data from A and B were plotted side-by-side (C). 
Columns in (C) denote envelopes of RL ions from A and B- and trend lines 
based on moving average of two data points of RL ions were plotted on 
top of each envelope. Intensities are relative to the 100% maximum peak 
height in A and B-.
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ASA shows the appearance of a CSD centered at [M+36H]36+as 
the control but the intensity of the protein ion peaks was higher 
than the control. This may suggest either a balance distribution 
of states A and B that results in higher peak intensities on the 
right and left sides of the RL envelope or, a better protonation of 
RL molecules after ASA treatment than the control. These results 
clearly demonstrate that in vivo, at the micromolar range, RL 
molecules undergo conformational changes that are dependent on 
both time and inducer concentrations. The result of the graded 
response in vivo is a significant reduction (in the order of 106) in 
RL sensitivity to the inducers relative to the in vitro response.

SA induces a heat wave
Under the assumption that RL may signal in the cell in a 

graded manner, heat production was determined at incremental 
steps of 10 µM. At inducer concentrations higher than 1 µM, 
thermogenic response was detected using thermocouples (Fig. 5). 

The changes in temperature were slow and the time for 
reaching a peak was about 6–8 h. The maximum ampli-
tude of the heat waves fluctuated between 0ºC to 6°C at 
different SA concentrations. However, application of 10 
µM SA was enough for a conformational change from 
state A to state B (Fig. 3) as well as for a temperature rise 
(Fig. 5). No transition to state B was observed at 100 and 
200 µM SA and the appendix tissue stayed at ambient 
temperature.

The heat waves also shifted backward and forward 
in time relative to the beginning of the experiment. The 
appendix sections reached maximum temperature at dif-
ferent times, between 23 to 28 h from the exposure to 
SA treatment. The temperature profiles changed among 
appendix sections obtained from 1 inflorescence and 
among different appendices. Since SA was constantly 
supplied to the appendix sections, its concentration in 
the tissue did not fluctuate and therefore it was not the 
reason for the random outcome of the temperature pro-
files. One possible explanation is that the decrease in the 
sensitivity of RL to the inducers in vivo may cause varia-
tion in heat-production in which state A is preferable over 
state B. Temperature fluctuations were observed in more 
than 50 inflorescences.

Discussion

Square wave oscillation of RL hydrogel
RL occupies large volumes for a 34 kDa protein. The 

Stokes radii for the folded and unfolded conformations of 
bovine α-lactalbumin with a molecular mass of 14.2 kDa 
are ~1.9 and 2.5 nm, respectively.25 This means that RL is 
in an oligometric form in water and that RL hydrogel has 
a high water content. The swelling of a polymer gel is usu-
ally determined by the interaction between the oligomer 
molecules and its affinity for water.26 Water molecules 
prevent the collapse of the oligomer network and they 
create a microenvironment different from the surround-
ing environment. There are several proteins that can form 
hydrogel, including NCK (non-catalytic region of tyro-

sine kinase)/WASP (Wiskott-Aldrich syndrome protein) family 
proteins and nephrins, which, are involved in actin signaling.27,28 
Artificial proteins, have also been used to form hydrogels.29,30

Hydrophobic interactions, hydrogen bonds, and van de Waals 
forces can be involved in the oligomerization of RL. The water 
in this kind of gel can be bound, free, or interfacial, and in most 
cases the interaction with water molecules is reversible. In gen-
eral, water is an active component in protein conformation31 and 
self-assembly proteins.32

The thermogenic inducers can replace interactions between 
RL side-chains and/or backbone with water, and consequently 
structural reorganization can take place. SA is a weak acid and 
is negatively charged in water. It interacts with several amino 
acids residues of human serum albumin suggesting redundant 
binding sites to proteins with a preference for His, Trp, Lys, or 
Arg.33 Non-charged SA forms the most stable complexes with 

Figure  3. Effect of SA, ASA, and 2,6-DHBA on RL conformation using ESI-MS. 
Sections of D-2 and D-3 appendices were incubated either in 100 or 200 µM 
solutions of one of the inducers. After 24 h RL was extracted and purified using 
RP-HPLC/ESI-MS. CSD of RL centered around [M + 36H]36+ for appendices treated 
with 100 and 200 µM ASA. CSD centered around [M + 38H]38+ and [M + 37H]37+ 
for appendices treated with a 100 µM SA solution, and [M + 40H]40+and [M + 
39H]39+ for appendices treated with 200 µM SA solution. CSD centered around [M 
+ 40H]40+ for appendices treated with 100 µM 2,6-DHBA solution, and around [M 
+ 36H]36+for RL from untreated appendices, control. RL was extracted from 32 g 
appendix for 100 µM 2,6-DHBA treatment; 35 g appendix for 100 and 200 µM ASA 
treatments; 39 g for 100 µM and 200 µM SA treatments; 31 g for the control.
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polar amino acids residues. Charged SA binds preferably to basic 
amino acid residues, and at the same times destabilizes non-polar 
interactions with neutral and hydrophobic amino acids. Binding 
to His and Trp is stable with either non-charged or charged SA. 
The protein backbone also affects SA binding. Helical peptides 
such as poly-Lys and poly-Glu exhibit the highest affinity for SA.

The existence of 2 separate phase and their reversibility can give 
rise to 2 threshold levels and 2 sudden discontinuous transitions 
(subcritical Hopf bifurcations), from hydrated phase to dehydrated 
one and vice versa. The hydrated phase is stable until a threshold 

is reached, whereby it switches to a more condensed phase in an 
all-or-none response. The dehydrated phase remains stable until it 
passes another threshold and only then it become hydrated.

Polymer hydrogels usually undergo a volume phase transition 
as a response to environmental stimuli such as temperature and 
small molecules.34,35 In our case, SA is the stimulus that induces 
volume phase transition of RL. The volume phase transition of 
RL requires extremely low concentrations of SA, at a picomo-
lar range. To the best of our knowledge it is the most sensitive 
response to SA published in the literature.

RL hydrogel as a reservoir
It is unclear whether RL is present in the cell in both mono-

meric and oligomeric forms. RL can act as a reservoir for the stor-
age and transport of compounds of biological importance such as 
volatiles that attract pollinators. In human mast cells, the matrix 
of secretory vesicles can be reversibly condensed and uncon-
densed in the present of a trigger.36 Another example is the secre-
tory vesicles in algae belonging to the Phaeocystisspecies.37 It is 
possible that RL serves as a matrix for storage in the osmiophilic 
deposits detected in the Sauromatum appendix.38-40 Its properties 
may allow accumulation of various compounds including odor-
iferous volatiles that are released during heat-production. If RL 
molecules were also temperature sensitive as some other hydro-
gels, it would add another layer of complexity to its function.

The periodic switching between phases and the uniform 
sizes of RL in each phase strongly suggests a special organized 
structure. The oligomerization can proceed in different assembly 
pathways as we have previously shown.12 Oligomeric interfaces 
often have significant electrostatic and geometrical shape that 
can give rise to specific interactions.41 For example, a new active 
site at the interface between subunits can be formed.

RL-A tunable 2-way switch
Monomeric RL undergoes a large-scale conformation transi-

tion from one state to another in the Sauromatum appendix dur-
ing development.12 RL envelope shifted from [M+37H]+37 and 
[M+39H]+39 (state A) to [M+29H]+29 (state B). Application of 
10 µM SA to pre D-day appendices induced a transition from 
state A in which SA undetectable in the tissue to state B in 
which SA concentration high in the tissue. The concentration of 
SA in the appendix tissue is ~1 µgg-1 fresh wt4 and it is equiva-
lent to ~7 µM, within the range of this experiment. At higher 
concentrations of SA and 2,6-DHBA (100 and 200 µM) RL 
adopted conformations that are even more expanded than state 
A. It strongly suggests that the conformation of RL can switch 
between expanded and compact conformations depending on 
the inducer concentration. These conformations are stable since 
they are detected in ESI droplets. It also suggests that state A 
may include several expanded conformations depending on the 
inducer concentrations.

The capability of RL to adopt several conformations resembles 
intrinsically unstructured proteins or metamorphic proteins that 
are capable of adopting more than 1 conformation.42-45 One char-
acteristic of unstructured protein is the formation of hydrogel.27

Ultrasensitive and graded response of RL
The oscillatory, ultrasensitive response of RL arises from its 

conformational flexibility. If RL could undergo discontinuous 

Figure 4. Side-by-side comparison of the effects of inducers on RL con-
formation. The data from Figure 2 were plotted side-by-side for an easy 
comparison of the conformational changes induced by SA, ASA, and 
2,6-DHBA. The black columns are the control envelope from Figure  2 
and the gray columns represent an envelope obtained after an inducer 
application. Trend lines based on moving average of protein ions were 
plotted on top of each envelope. Intensities are shown relative to the 
100% maximum peak for each envelope. The results are noticeably dif-
ferent for each inducer. A strong shift to the left, to a more expanded 
state is observed with 2,6-DHBA. For SA, the 200 µM shifted the enve-
lope to the left and this shift seems to be similar to the 100 µM 2,6-DHBA. 
For ASA, the envelope did not shift, and only the intensity of the peaks 
increased as a result of more surface exposure and protonation of basic 
amino acids.
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transitions from state A to state B and vice versa every 4–5 min in 
the appendix tissue, that would imply that its temperature started 
rising after RL had switch conformation ~259 times (i.e., 19 to 
28 h after exposure to SA). This discontinuous transitioncould 
reduce the sensitivity of RL to SA and consequently heat would 
not be produced. Only when RL is present in state B for a long 
time heat can be produced. In order to keep RL in state B, a regu-
latory negative element(s) that prevents the transition of state B 
to state A may exist. Furthermore, the temperature rises slowly, 
over a period of several hours suggesting that the transition from 
state A to state B is also regulated. If state A is positively regulated 

(fast transition to state B) and state B is negatively regulated (slow 
transition to state A), the temperature will rise quickly and the 
peak will form earlier than 24 h. However, if state A is negatively 
regulated (slow transition to state B), the temperature will rise 
slowly and the peak will form after 24 h. It has been shown that 
ultrasensitive responses are subject to random fluctuations.46,47 
They also generate noise signals that play an important role in 
different signal pathways.48

Temperature sensor oscillator
The strong correlation between the conformation state of RL 

and heat production led us to conclude that RL plays a major 
role in heat-production. One putative scenario can be that on 
D-day the conformation of RL is converted to a more compact 
one and the stored energy is released as heat. It has been shown 
that mechanical stress induced in a condensed material can dis-
sipate its energy into heat.49 The energy stored in the hydro-
gel may not be substantial to raise the appendix temperature 
significantly above ambient temperature but it may serve as 
a signal to transformed chemical energy into heat. The water 
content of the hydrogel may also affect the thermal conductiv-
ity and heat production of the appendix tissue. Water is a good 
conductor of heat and RL molecules can respond to changes in 
temperatures. Besides using the heat for the release of odorous 
compounds, heat can be used as a signal. For example, at high 
temperatures, MAP kinase cascade is activated and heat shock 
proteins accumulate.50

Another scenario can be that the conformational changes of 
RL may set the upper and lower temperature limits. State B may 
set the upper limit and state A the lower limit of the plant tem-
perature. Since RL response is graded and both states are not 
connected, each temperature limit can be raised or lowered sepa-
rately and heat may or may not be produced. We have shown 
that RL in Arabidopsis is in state A,12 a state that does not present 
during  heat-production. In this way RL molecules can keep the 
cellular temperature within a specific range and maintain energy 
homeostasis. RL is mainly located in the cytoplasm where it can 
stimulate glycolysis but it is also present in the mitochondria 
where it can affect mitochondrial respiration.11 RL basically adds 
a level of control and complexity that was undetected so far to 
the widespread concept of how heat is generated by the mito-
chondrial alternative oxidase and the uncoupling protein. It is 
interesting that the timekeeping mechanism is very slow, about 
24 h instead of 4–5 min. One can only assume that RL in the 
appendix tissue is negatively regulated to prevent switching back 
and forth between the 2 phases.

Clock
The circadian rhythm of the S. guttatum appendix seems to be 

linked to temperature. Heat is produced 25–26 h after applica-
tion of SA. It deviates from a 24 h cycle and the reason maybe a 
reset to the correct timekeeping process. The fast transitions are 
suitable for triggering synchronization of cell energy metabolism 
and time keeping. Fast modulation of the threshold of relaxation 
oscillators can lead to synchronization.51,52 The switch between 
the 2 phases of RL can act as a biological clock in which switching 
every 4–5 min can produce a pulse. This clock may operate dif-
ferent than the circadian oscillators described in the literature.53

Figure 5. Time courses of heat production induced by SA. Temperature 
changes in the Sauromatum appendix over 48 h at various concentra-
tions of SA were determined. Sections of one appendix were placed in 
the appropriate concentrations and immediately connected to thermo-
couples. The effect of SA concentration from 1 to 70 µM was performed 
with 1 appendix at pre D-day (A), and with a second appendix at pre 
D-day from 70 to 140 µM (B), and a third one from 140 to 210 µM. The 
temperature of the treated sections was subtracted from the control, a 
section treated with water. Growth chamber temperature was between 
20–21°C.
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Energy homeostasis
RL is present in the cytoplasm and in the mitochondria as 

well. Its ability to behave as a switch challenged the conven-
tional assumption that the activity of the alternative oxidase is 
a simple overflow mechanism. Our data suggest the presence of 
a system that controls the plant temperature, and therefore, its 
energy homeostasis. It has also been shown that variants of iso-
flavone reductase can served as a NADH sensor.54 It is unknown 
at the moment if RL molecules change their conformation in 
the presence of NADH, but it is clear that in the presence of 
SA, RL induces directly or indirectly a high respiration rate that 
would result in a lower level of NADH. It is possible that the 
energy homeostasis of the cell is controlled by changes in RL 
conformation.

Conclusions and research directions
RL in the presence of SA is a bi-stable protein that behaves 

as a 2-way switch that can also be converted to a graded switch. 
These properties are associated with heat-production and the 
release of odoriferous volatiles. These properties may allow RL 
to be a signal and to function as a clock, as well as a storage 
site for biological important compounds. The sensitivity of RL 
to SA and its properties make it a perfect candidate for being 
the receptor of SA in thermogenic and non-thermogenic plants. 
Many more experiments are needed to in order to understand the 
complex behavior of RL. We hope that these preliminary results 
will stimulate the research on thermoregulation in plants.

Methods and Materials

Plant material
Corms of Sauromatum guttatum were kept at 4°C and the 

inflorescences were allowed to develop under normal day/night 
cycle (15L/9D) at room temperature with a photon flux density 
of 210 µmolm-2sec-1. The developmental stage of the appendix 
was determined retroactively with respect to the day of inflores-
cence opening and heat-production (D-day).

Dynamic light scattering
All reagents were filtered through a 0.22 μM filter prewashed 

with 0.1 N HCl. RL was solubilized in distilled water to a final 
concentration of 0.1 pM. The scattering light measurements were 
performed with an argon-ion (λ = 488 nm) laser spectrometer 
(Brookhaven Instruments) at a 45° scattering angle using 12 ml 
quartz cuvettes with a 1.5 mm path length. The autocorrelation 
function of the fluctuation intensity of the scattered light was 
processed by a Brookhaven BI-9000AT autocorrelator. Particle 
size distribution was calculated using the CONTIN method.24

ESI-MS
A Micromass Quattro II tandem quadrupole MS fitted with 

an ESI source (Waters, Inc.) via a variable splitter allowing man-
ual fraction collection was used in this study.11 The instrument 

was operated in a positive ESI mode at a probe tip voltage of 3.6 
kV and a cone voltage of 45 V. The source and nebulizer tem-
peratures were maintained at 150 and 400°C, respectively, using 
N

2
 as both nebulizing and bath gas. The instrument was cali-

brated using water clusters over the range of 100–2400 Da. Data 
acquisition was performed from m/z 500 to 2000 in the contin-
uum-scanning mode at 450 Da sec-1. Instrument tuning, mass 
calibration, data acquisition, processing and display were accom-
plished using MassLynx™ 3.4 and MaxEnt™ software (Waters 
Inc.). This procedure provided a protein molecular mass with 
an accuracy of ± 0.1%. The low mass errors reported on indi-
vidual spectra indicate the precision of the mass determination 
and therefore its reproducibility. The performance of the ESI-MS 
system has been verified by the identification of carbonic anhy-
drase (29,030 Da, Bovine erythrocytes, Sigma-Aldrich Corp.) as 
a standard.

Induction of a thermogenic response
The Sauromatum appendix was cut transversely into equal 

length sections and immediately placed in an appropriate solu-
tion for 24 h for RL purification and ESI-MS analysis and for 
48 h for temperature measurements. Sections were placed in 
aqueous solutions containing different concentrations of ther-
mogenic inducers; SA (Fisher Scientific), ASA (Sigma-Aldrich), 
2,6-DHBA (Spectrum), or in distilled water as a control. The 
inducer solution was prepared as follows: a known amount of 
inducer was dissolved in 100 µl ethanol and diluted with distilled 
water to form a 1 mM stock solution that was further diluted 
with distilled water to an appropriate concentration. The appen-
dix sections in the inducer solutions were kept in an environmen-
tal chamber at 20-21ºC.

Under these conditions the pK
a
 of SA which, is a weak acid, is 

3.0 at 25°C. Its second dissociable group, the hydroxyl group in 
position 2, has a pK

a
 of ~13. The pK

a
 of ASA is 3.5, and of 2,6-

DHBA is 1.3. Therefore SA, ASA, and 2,6-DHBA were charged 
in distilled water with different ratio between non-charged and 
charged states. The ratio between non-charged and charged for 
SA is ~1:100.

Temperature measurements
Precision thermocouples (copper/constantan, Omega) were 

inserted into appendix sections, and a data logger (Omega) col-
lected the temperature data over a 48 h period at 2 min inter-
vals. The effect of a treatment on heat-production was calculated 
by subtraction a particular temperature of a water treated sec-
tion (control) from that of a treated section, and the result was a 
temperature change triggered by SA at a certain concentration. 
Temperature measurements were performed under constant light 
at 20–21°C.

Disclosure of Potential Conflicts of Interest

No potential conflicts of interest were disclosed.



e26372-8	 Intrinsically Disordered Proteins	 Volume 1 

References
1.	 Meeuse BJD. Thermogenic respiration in aroids. 

Annu Rev Plant Physiol 1975; 26:117-26; http://
dx.doi.org/10.1146/annurev.pp.26.060175.001001

2.	 Meeuse BJD, Raskin I. Sexual reproduction in the 
arum lily family with emphasis on thermogenic-
ity. Sex Plant Reprod 1988; 1:3-15; http://dx.doi.
org/10.1007/BF00227016

3.	 Elthon TE, McIntosh L. Characterization and solu-
bilization of the alternative oxidase of Sauromatum 
guttatum mitochondria. Plant Physiol 1986; 82:1-
6; PMID:16664973; http://dx.doi.org/10.1104/
pp.82.1.1

4.	 Raskin I, Ehmann A, Melander WR, Meeuse BJD. 
Salicylic Acid: a natural inducer of heat produc-
tion in arum lilies. Science 1987; 237:1601-2; 
PMID:17834449; http://dx.doi.org/10.1126/
science.237.4822.1601

5.	 Delaney TP, Uknes S, Vernooij B, Friedrich L, 
Weymann K, Negrotto D, Gaffney T, Gut-Rella M, 
Kessmann H, Ward E, et  al. A central role of sali-
cylic Acid in plant disease resistance. Science 1994; 
266:1247-50; PMID:17810266; http://dx.doi.
org/10.1126/science.266.5188.1247

6.	 Vlot AC, Dempsey DA, Klessig DF. Salicylic 
Acid, a multifaceted hormone to combat dis-
ease. Annu Rev Phytopathol 2009; 47:177-206; 
PMID:19400653; http://dx.doi.org/10.1146/
annurev.phyto.050908.135202

7.	 Zhang S, Klessig DF. Salicylic acid activates a 48-kD 
MAP kinase in tobacco. Plant Cell 1997; 9:809-
24; PMID:9165755; http://dx.doi.org/10.1105/
tpc.9.5.809

8.	 Du H, Klessig DF. Identification of a soluble, high-
affinity salicylic acid-binding protein in tobacco. 
Plant Physiol 1997; 113:1319-27; PMID:12223676; 

9.	 Chen Z, Klessig DF. Identification of a soluble 
salicylic acid-binding protein that may function in 
signal transduction in the plant disease-resistance 
response. Proc Natl Acad Sci U S A 1991; 88:8179-
83; PMID:11607212; http://dx.doi.org/10.1073/
pnas.88.18.8179

10.	 Raskin I. Role of salicylic acid in plants. Annu Rev 
Plant Physiol Plant Mol Biol 1992; 43:439-63; http://
dx.doi.org/10.1146/annurev.pp.43.060192.002255

11.	 Skubatz H, Howald WN. Purification of a NAD(P) 
reductase-like protein from the thermogenic appendix 
of the Sauromatum guttatum inflorescence. Protein J 
2013; 32:197-207; PMID:23467808; http://dx.doi.
org/10.1007/s10930-013-9472-7

12.	 Skubatz H, Howald WN. Two global conforma-
tion states of a novel NAD(P) reductase like protein 
of the thermogenic appendix of the Sauromatum 
guttatum inflorescence. Protein J 2013; 32:399-
410; PMID:23794126; http://dx.doi.org/10.1007/
s10930-013-9497-y

13.Tanaka T. Phase transitions of gels. In: Polyelectrolyte 
gels. Properties, preparation, and applications. 1992; 
480: 1-21, ACS symposium series, Eds, Harland RS, 
Prud’homme RK.

14.	 Tanaka T, Fillmore D, Sun ST, Nishio I, Swislow 
G, Shah A. Phase transitions in ionic gels. Phys Rev 
Lett 1980; 45:1636-9; http://dx.doi.org/10.1103/
PhysRevLett.45.1636

15.	 Markevich NI, Hoek JB, Kholodenko BN. Signaling 
switches and bistability arising from multisite phos-
phorylation in protein kinase cascades. J Cell Biol 
2004; 164:353-9; PMID:14744999; http://dx.doi.
org/10.1083/jcb.200308060

16.	 Ferrell JE Jr. Self-perpetuating states in signal trans-
duction: positive feedback, double-negative feedback 
and bistability. Curr Opin Cell Biol 2002; 14:140-
8; PMID:11891111; http://dx.doi.org/10.1016/
S0955-0674(02)00314-9

17.	 Giri L, Mutalik VK, Venkatesh KV. A steady state 
analysis indicates that negative feedback regulation 
of PTP1B by Akt elicits bistability in insulin-stimu-
lated GLUT4 translocation. Theor Biol Med Model 
2004; 1:2-18; PMID:15291972; http://dx.doi.
org/10.1186/1742-4682-1-2

18.	 Ferrell JE Jr. Tripping the switch fantastic: how a 
protein kinase cascade can convert graded inputs 
into switch-like outputs. Trends Biochem Sci 
1996; 21:460-6; PMID:9009826; http://dx.doi.
org/10.1016/S0968-0004(96)20026-X

19.	 Laurent M, Kellershohn N. Multistability: a major 
means of differentiation and evolution in biologi-
cal systems. Trends Biochem Sci 1999; 24:418-
22; PMID:10542403; http://dx.doi.org/10.1016/
S0968-0004(99)01473-5

20.	 Nguyen J, Baldwin MA, Cohen FE, Prusiner SB. 
Prion protein peptides induce α-helix to β-sheet 
conformational transitions. Biochemistry 1995; 
34:4186-92; PMID:7703230; http://dx.doi.
org/10.1021/bi00013a006

21.	 Luo X, Tang Z, Xia G, Wassmann K, Matsumoto T, 
Rizo J, Yu H. The Mad2 spindle checkpoint protein 
has two distinct natively folded states. Nat Struct 
Mol Biol 2004; 11:338-45; PMID:15024386; http://
dx.doi.org/10.1038/nsmb748

22.	 Sun Q, Tyler RC, Volkman BF, Julian RR. Dynamic 
interchanging native states of lymphotactin exam-
ined by SNAPP-MS. J Am Soc Mass Spectrom 
2011; 22:399-407; PMID:21472559; http://dx.doi.
org/10.1007/s13361-010-0042-3

23.	 Shkliar TF, Safronov AP, Toropova OA, Pollack GN, 
Bliakhman FA. [Mechanoelectric potentials in syn-
thetic hydrogels: possible relation to cytoskeleton]. 
Biofizika 2010; 55:1014-21; PMID:21268345

24.	 Provencher SW. Aconstrained regularization 
method for inverting data represented by lin-
ear algebraic or integral equations. Comput 
Phys Commun 1982; 27:213-27; http://dx.doi.
org/10.1016/0010-4655(82)90173-4

25.	 Gast K, Zirwer D, Müller-Frohne M, Damaschun G. 
Compactness of the kinetic molten globule of bovine 
α-lactalbumin: a dynamic light scattering study. 
Protein Sci 1998; 7:2004-11; PMID:9761482; http://
dx.doi.org/10.1002/pro.5560070917

26.	 Chin WC, Orellana MV, Verdugo P. Spontaneous 
assembly of marine dissolved organic matter into 
polymer gels. Nature 1998; 391:568-72; http://
dx.doi.org/10.1038/35345

27.	 Tompa P. Hydrogel formation by multivalent IDPs: 
A reincarnation of the microtrabecular lattice. Intrins 
Prot Disorder 2013; 1:e24068-1

28.	 Li P, Banjade S, Cheng HC, Kim S, Chen B, Guo 
L, Llaguno M, Hollingsworth JV, King DS, Banani 
SF, et  al. Phase transitions in the assembly of mul-
tivalent signalling proteins. Nature 2012; 483:336-
40; PMID:22398450; http://dx.doi.org/10.1038/
nature10879

29.	 Petka WA, Harden JL, McGrath KP, Wirtz D, 
Tirrell DA. Reversible hydrogels from self-assem-
bling artificial proteins. Science 1998; 281:389-
92; PMID:9665877; http://dx.doi.org/10.1126/
science.281.5375.389

30.	 Dinerman AA, Cappello J, Ghandehari H, Hoag SW. 
Swelling behavior of a genetically engineered silk-
elastinlike protein polymer hydrogel. Biomaterials 
2002; 23:4203-10; PMID:12194523; http://dx.doi.
org/10.1016/S0142-9612(02)00164-3

31.	 Rand RP. Probing the role of water in protein con-
formation and function. Philos Trans R Soc Lond 
B Biol Sci 2004; 359:1277-84, discussion 1284-
5; PMID:15306382; http://dx.doi.org/10.1098/
rstb.2004.1504

32.	 Levy Y, Onuchic JN. Water mediation in pro-
tein folding and molecular recognition. Annu 
Rev Biophys Biomol Struct 2006; 35:389-415; 
PMID:16689642; http://dx.doi.org/10.1146/
annurev.biophys.35.040405.102134

33.	 Rothfus JA, Wolf WJ. Analogous salicylic acid 
affinity regions in serum albumin and soybean 
β-conglycinin. J Am Oil Chem Soc 1997; 74:1193-
201; http://dx.doi.org/10.1007/s11746-997-0045-9

34. Kikuchi A, Okano T. Stimuli-sensitive hydrogels, in: 
G.S. Kwon (Ed.), Polymeric drug delivery systems, 
Taylor & Francis, Boca Raton, 2005; pp. 275-322.

35.	 Ulijn RV, Bibi N, Jayawarna V, Thornton PD, Todd 
SJ, Mart RJ, Smith AM, Gough JE. Bioresponsive 
hydrogels. Mater Today 2007; 10:40-8; http://
dx.doi.org/10.1016/S1369-7021(07)70049-4

36.	 Fernandez JM, Villalón M, Verdugo P. Reversible 
condensation of mast cell secretory products in vitro. 
Biophys J 1991; 59:1022-7; PMID:1868152; http://
dx.doi.org/10.1016/S0006-3495(91)82317-7

37.	 Orellana MV, Matrai PA, Janer M, Rauschenberg 
C. DMSP storage in Phaeocystis secretory ves-
icles. J Phycol 2011; 47:112-7; http://dx.doi.
org/10.1111/j.1529-8817.2010.00936.x

38.	 Skubatz H, Kunkel DD, Howald WN, Trenkle 
R, Mookherjee B. Sauromatum guttatum appen-
dix as an osmophore: excretory pathways, com-
position of volatiles and attractiveness to insects. 
New Phytol 1996; 134:631-40; http://dx.doi.
org/10.1111/j.1469-8137.1996.tb04928.x

39.	 Skubatz H, Kunkel DD. Further studies of 
the glandular tissue of the Sauromatum gut-
tatum (Araceae) appendix. Am J Bot 1999; 
86:841-54; PMID:10371726; http://dx.doi.
org/10.2307/2656705

40.	 Skubatz H, Kunkel DD. Developmental changes in 
the ultrastructure of the mitochondria of the thermo-
genic appendix of Sauromatum guttatum. J Electron 
Microsc (Tokyo) 2000; 49:775-82; PMID:11270859; 
http://dx.doi.org/10.1093/oxfordjournals.jmicro.
a023871

41.	 Ali MH, Imperiali B. Protein oligomerization: 
how and why. Bioorg Med Chem 2005; 13:5013-
20; PMID:15993087; http://dx.doi.org/10.1016/j.
bmc.2005.05.037

42.	 Murzin AG. Biochemistry. Metamorphic proteins. 
Science 2008; 320:1725-6; PMID:18583598; http://
dx.doi.org/10.1126/science.1158868

43.	 Yadid I, Kirshenbaum N, Sharon M, Dym O, Tawfik 
DS. Metamorphic proteins mediate evolutionary 
transitions of structure. Proc Natl Acad Sci U S A 
2010; 107:7287-92; PMID:20368465; http://dx.doi.
org/10.1073/pnas.0912616107

44. Goodchild SC, Curmi PMG, Brown LJ. Structural 
gymnastics of multifunctional metamorphic pro-
teins. Biophys Rev 2011; 3:143:153.

45.	 Bryan PN, Orban J. Proteins that switch folds. Curr 
Opin Struct Biol 2010; 20:482-8; PMID:20591649; 
http://dx.doi.org/10.1016/j.sbi.2010.06.002

46.	 Thattai M, van Oudenaarden A. Attenuation of 
noise in ultrasensitive signaling cascades. Biophys J 
2002; 82:2943-50; PMID:12023217; http://dx.doi.
org/10.1016/S0006-3495(02)75635-X

47.	 Berg OG, Paulsson J, Ehrenberg M. Fluctuations and 
quality of control in biological cells: zero-order ultra-
sensitivity reinvestigated. Biophys J 2000; 79:1228-
36; PMID:10968987; http://dx.doi.org/10.1016/
S0006-3495(00)76377-6

48.	 Caravagna G, Mauri G, d’Onofrio A. The inter-
play of intrinsic and extrinsic bounded noises in 
biomolecular networks. PLoS One 2013; 8:e51174; 
PMID:23437034; http://dx.doi.org/10.1371/jour-
nal.pone.0051174

49.	 Silberberg A, Hennenberg M. Relaxation of stored 
mechanical stresses along chemical reaction path-
ways. Nature 1984; 312:746-8; http://dx.doi.
org/10.1038/312746a0



www.landesbioscience.com	 Intrinsically Disordered Proteins	 e26372-9

50.	 Saidi Y, Finka A, Goloubinoff P. Heat per-
ception and signalling in plants: a tortuous 
path to thermotolerance. New Phytol 2011; 
190:556-65; PMID:21138439; http://dx.doi.
org/10.1111/j.1469-8137.2010.03571.x

51.	 Somers D, Kopell N. Rapid synchronization 
through fast threshold modulation. Biol Cybern 
1993; 68:393-407; PMID:8476980; http://dx.doi.
org/10.1007/BF00198772

52.	 Campbell SR, Wang D, Jayaprakash C. 
Synchronization rates in classes of relaxation oscil-
lators. IEEE Trans Neural Netw 2004; 15:1027-
38; PMID:18238085; http://dx.doi.org/10.1109/
TNN.2004.833134

53.	 Dunlap JC. Molecular bases for circadian clocks. Cell 
1999; 96:271-90; PMID:9988221; http://dx.doi.
org/10.1016/S0092-8674(00)80566-8

54.	 Núñez-Corcuera B, Serafimidis I, Arias-Palomo E, 
Rivera-Calzada A, Suarez T. A new protein carrying 
an NmrA-like domain is required for cell differentia-
tion and development in Dictyostelium discoideum. 
Dev Biol 2008; 321:331-42; PMID:18638468; 
http://dx.doi.org/10.1016/j.ydbio.2008.06.027


