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Abstract
Solvent access to the protein interior plays an important role in the function of many proteins. Phytochromes contain a 
specific structural feature, a hairpin extension that appears to relay structural information from the chromophore to the rest 
of the protein. The extension interacts with amino acids near the chromophore, and hence shields the chromophore from 
the surrounding solvent. We envision that the detachment of the extension from the protein surface allows solvent exchange 
reactions in the vicinity of the chromophore. This can facilitate for example, proton transfer processes between solvent 
and the protein interior. To test this hypothesis, the kinetics of the protonation state of the biliverdin chromophore from 
Deinococcus radiodurans bacteriophytchrome, and thus, the pH of the surrounding solution, is determined. The observed 
absorbance changes are related to the solvent access of the chromophore binding pocket, gated by the hairpin extension. We 
therefore propose a model with an “open” (solvent-exposed, deprotonation-active on a (sub)second time-scale) state and 
a “closed” (solvent-gated, deprotonation inactive) state, where the hairpin fluctuates slowly between these conformations 
thereby controlling the deprotonation process of the chromophore on a minute time scale. When the connection between 
the hairpin and the biliverdin surroundings is destabilized by a point mutation, the amplitude of the deprotonation phase 
increases considerably. In the absence of the extension, the chromophore deprotonates essentially without any “gating”. 
Hence, we introduce a straightforward method to study the stability and fluctuation of the phytochrome hairpin in its pho-
tostationary state. This approach can be extended to other chromophore-protein systems where absorption changes reflect 
dynamic processes of the protein.
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1  Introduction

The view of proteins as static structures obtained from X-ray 
crystallography, has evolved to a more biologically relevant 
understanding of proteins as dynamic molecules in solu-
tion [1–3]. This is in part due to advances in experimental 
techniques, which are able to detect the sparsely populated, 

transitory states. Such methods include nuclear magnetic 
resonance (NMR) [4], hydrogen–deuterium exchange (H/D) 
[5], single molecule fluorescence methods [6], and more 
recently time-resolved crystallography [7] and time-resolved 
serial femtosecond crystallography [8, 9]. Notwithstanding, 
elaborated molecular dynamics simulations have often indi-
cated the role of the dynamics of proteins in their function 
[2].

A complete overview of protein motion requires experi-
mentation on a range of timescales covering over ten orders 
of magnitude: from picosecond side-chain rotations, to 
larger amplitude collective motions taking place on time-
scales from nanosecond to milliseconds, as well as global or 
subglobal unfolding events with time constants of seconds 
to hours. The goal is to determine the relationship between 
these motions and the function of the protein [10]. For exam-
ple, the exact role dynamics plays in enzyme catalysis is 
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still not fully understood or agreed upon [11–13]. There 
are numerous examples of enzymes where the active site is 
protected by loops that open to let substrate in and close to 
protect the reaction from solvent [14, 15].

Often, solvent dynamics can be linked to the dynamic 
nature of proteins [16–18]. Furthermore, solvent exchange 
reactions involving water from bulk solvent to the protein 
interior influence the activity of the enzymes.

Recent studies have reported a link between a decrease in 
bilin-specific absorption and the deprotonation of the posi-
tively charged chromophore, which is embedded within a 
binding pocket of the phytochrome [19, 20]. Rather than 
using the above-mentioned extensive methods, we describe 
here a straightforward measurement approach where the 
deprotonation process of the biliverdin is linked to a sub-
global protein motion, and further, solvent accessibility to 
the protein interior.

Phytochromes are red light-sensing, multidomain pro-
teins, which generally consist of an N-terminal photosen-
sory module and a C-terminal output module. Here we 
study the photosensory module of a bacteriophytochrome 
from Deinococcus radiodurans (DrBphP). This CBD-PHY 
fragment consists of a chromophore binding domain (CBD) 

and a phytochrome-specific GAF-related domain (PHY). In 
the dark, CBD-PHY maintains the structural features char-
acteristic of red-light absorbing state (Pr) shown in ribbon 
representation in Fig. 1a. The biliverdin (BV) chromophore 
is covalently bound in a pocket of the CBD, and shown as 
ball and sticks in Fig. 1a. Absorption of red light in Pr causes 
isomerization of the BV D-ring which leads to formation 
of the far red-light absorbing state (Pfr) (Fig. S1), which is 
accompanied by large-scale structural changes within the 
CBD-PHY [21]. This photo-conversion acts as a control 
switch for activity of the output module, like enzymatic 
activity in two-component signaling [22]. Through these 
structural processes, phytochromes convert the ambient light 
cues to the host of biological processes within the cell.

A peculiar structural feature of phytochromes is a hairpin 
extension (circled in Fig. 1a) that initiates from the PHY 
domain and extends to form close contacts with the CBD 
[25]. Along the photoactivation of the protein, this exten-
sion has been shown to change its fold from �-sheet struc-
ture in Pr, to �-helix in Pfr, with each fold forming unique 
interactions with the CBD [21]. In Pr, these interactions are 
extensive enough to completely cover the binding pocket 
and protect BV from solvent [25] as shown in Fig. 1b. In 

Fig. 1   Structure of DrBphP constructs showing solvent protection of 
the BV binding pocket by the �-stranded hairpin extension A) Ribbon 
structure of the CBD-PHY dimer with one monomer coloured grey 
and the other coloured according to domains: the PHY domain is 
coloured purple and domains that make up the CBD, Per/ARNT/Sim 
(PAS) and cGMP phosphor diesterase/adenyl cyclase/FhlA (GAF), 
are coloured green and blue, respectively. The BV chromophore is 
represented as sticks with carbons coloured grey, nitrogens blue and 
oxygens red. The pyrrole water is shown as a yellow sphere. The hair-
pin is circled and tyrosine 263 is shown in yellow in both monomers. 
B) The coloured monomer subunit in A is shown in space fill rep-

resentation with an ∼ 90◦ rotation out of the page along the vertical 
axis. The BV is protected from solvent by the hairpin extension with 
only the carbonyl oxygen from the BV A-ring and the pyrrole water 
visible. C) The CBD is shown in the same orientation as B. Since the 
PHY domain is absent, the BV binding pocket is more exposed to 
solvent in this truncated construct. The exposed atoms include oxy-
gen from the BV A-ring (red), the pyrrole water (yellow), an ordered 
water (pink), as well as the oxygens of the D207 side chain. These 
atoms are also indicated in the magnification of BV above. The figure 
was prepared using PDB 4q0j [23] and VMD [24]
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the truncated CBD construct, shown in Fig. 1c, the BV is 
solvent-exposed due to the absence of the hairpin extension. 
Here, we link the movement of the hairpin extension in the 
dark state to the (de)protonation process of the BV-molecule 
under basic conditions. This is based on the assumption that 
the solvent access to the CBD pocket facilitates the pro-
ton transfer reaction (Fig. 2). Thus, by inducing a rapid pH 
change of (sub-)second time-scale and detecting the spectral 
changes of the biliverdin chromophore due to the changes 
of the BV protonation state, we are able to indirectly detect 
slow time-scale fluctuation of the hairpin extension and its 
effect on the solvent exposure to the CBD domain in the 
phytochrome in its Pr state.

2 � Results and discussion

The rate of BV deprotonation in the Pr state was determined 
for three different DrBphP samples, wild-type CBD-PHY 
(WT), CBD-PHY Y263F variant, and CBD. From previous 
studies it was shown that a decrease in absorbance at 700 
nm with a concomitant increase at 600 nm can be associated 
with BV deprotonation in DrBphP [20]. Here, a jump to pH 
10.8, near the pH titration midpoint for all three samples 
(Fig. S2), produces a clearly observable change of absorp-
tion at 700 nm, describing the decreased population of the 
protonated form (BV-H

4
)+ , while maintaining the function-

ality of the protein. The time it takes to equilibrate from the 
“fully protonated” to the “deprotonated” state (BV-H

3
 ) at 

pH 10.8 gives information about the solvent access to the 
binding site.

To confirm the functionality under the experimental 
conditions, the protein was left at pH 10.8 for 2.5 h and 
then illuminated with red light (Fig. S3). Consequently, the 
absorbance decreased at 700 nm and increased at 750 nm, 
as expected due to photoisomerization of the BV from Pr to 
Pfr [26]. This transition is reversible: the absorbance spec-
trum returned to the original state after illumination with 
far-red light (Fig. S3). However, very long incubation times 

(four hours or more) tend to lead to protein degradation (Fig. 
S4). By switching using red and far-red light illuminations, 
transitions between Pr and Pfr at pH 10.8, with final far-red 
illumination, can produce the endpoint absorbance values 
for the Pr state as well (Figs. 3 and S4). In this case, the 
switching between the states causes unfolding/folding of the 
hairpin which opens the hairpin extension and allows solvent 
access to the BV leading to fast deprotonation.

For kinetic data, the absorbance of the samples was meas-
ured after 13 s and up to 120 mins after dilution (Fig. 3). 
Each time point was measured separately after dilution to 
avoid illumination artifacts. The deprotonation process was 
followed using the absorbance at 700 nm, which is plotted 
as function of incubation time after the pH jump (Fig. 3, 
lower panel). The absorbance kinetics of the CBD-PHY WT 
and the Y263F variant are best fit to two exponential phases 
while one is sufficient for CBD (Eq. 1, Table 1). The fitted 
end-point absorbance for each construct is very similar to 
corresponding values from pH titrations (Fig. S2), and pho-
toisomerization at pH 10.8 (Fig. S4) confirming little to no 
measurement artifacts.

2.1 � Fast and slow BV deprotonation is observed

For all samples, there is a significant absorbance decrease 
that occurs within the 13 s experimental dead time. An expo-
nential fit gives a rate constant of about 10 min−1 for this 
phase (k

1
 ), reflecting a process of about 6 s and therefore 

being beyond the time-resolution limit of the experiment. A 
second, slower phase (k

2
 ) with a rate constant of 0.013 min−1 

corresponding to a time constant of about 76 min (Table 1), 
exists for the CBD-PHY WT and Y263F samples.

In addition to the rate constants, the amplitudes of the 
phases give important information. Since each protein has 
different BV absorbance properties and slightly different pKa 
values, the total absorbance change from pH 8.0 to 10.8 is 
variable (Fig. 3). For easier comparison, the kinetics are 
plotted as a function of total amplitude change in Fig. 4. 
From this and Table 1, the fast phase amplitude A

1
 for CBD-

PHY WT and Y263F is 47 and 60 % of the total absorbance 
change. For CBD, only a fast phase is observed and therefore 
makes up 100% of the amplitude change.

2.2 � Two‑state model for BV deprotonation

Although the pH titrations for CBD and CBD-PHY are 
similar (Fig. S2), CBD deprotonates within seconds while 
CBD-PHY takes over 2 h to reach the expected endpoint. 
This is attributed to gating of solvent access to the BV 
binding site by the extension as outlined in Fig. 2. In the-
ory, the hairpin may assume many conformations and mul-
tiple deprotonation pathways; however, the model assumes 
two general cases: closed and open, which prevents and 

Fig. 2   Cartoon model of BV deprotonation in CBD-PHY in its Pr 
state. The opening and closing of the hairpin extension is governed 
by the rate constants kop and kcl respectively. When the hairpin exten-
sion is open, BV is exposed to solvent and is deprotonated with a rate 
constant kdep . In this model, it is assumed that in the closed state (red 
CBD-PHY) BV deprotonation does not occur
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allows deprotonation, respectively. At neutral pH, the 
positively charged BV is highly favoured and there is no 
net change in the protonation state. If the pH is increased 
above the pKa of BV, the deprotonation reaction becomes 
significant. The amplitude of the fast phase reflects the dis-
tribution of states at the initial conditions [27]; therefore, 

the Keq is reflective of the open and closed populations at 
pH 8.0.

For CBD, all of the molecules are considered to be in 
the open state. Hence, the observed single exponential rate 
constant is taken as a limiting value for kdep . For PHY-con-
taining proteins, the observed deprotonation kinetics are a 

Fig. 3   Absorbance-monitored BV deprotonation Top row: absorb-
ance spectra of A CBD-PHY, B CBD-PHY Y263 and C CBD in the 
Pr state monitored after a jump from pH 8 (thick lines) to pH 10.8 
(thin lines). Spectra are normalized to the absorbance at 700 nm of 
the protein in pH 8.0 buffer. The representative spectra correspond to 
the time points of the filled circles in the plots below. The equilib-
rium absorbance at pH 10.8 determined by pH titration experiments 
(Fig. S2) is indicated by an arrow to the right-hand side axes. Bottom 

row: The normalized absorbance value at 700 nm is plotted against 
time (circles), and according to Eq. 1, a free parameter fit to a dou-
ble or single exponential (red line) is presented. The 700 nm absorb-
ance expected at equilibrium was determined by a jump to pH 10.8, 
followed by immediate illumination with red light (down arrow) and 
then driving the sample back to Pr with far red-light (up arrow)(Fig. 
S4)

Table 1   Parameters derived 
from fitting deprotonation 
kinetics to one or two 
exponentials as in Eq. 1

Rate constants have units of min−1
a CBD fit to single exponential
b Obtained by fitting the deprotonation transitions. Similar values obtained by switching the sample 
between Pr and Pfr Fig. S4
c Fraction of the fast phase amplitude Amp

1
 where the total amplitude equals Amp

1
 + Amp

2

d Equilibrium constant calculated using Keq = fAmp
1
/(1-fAmp

1
 ), reflects initial conditions, pH 8

e kop set to k
2
 , and reflects the opening rate constant at pH 10.8

f  If kop and kcl are independent of pH, then kcl = kop/Keq

Construct Fast phase Slow phase fAmp
1
 c Keq d kop 

e kcl f

Amp
1

k
1

Amp
2

k
2 Aendpoint b

CBD-PHY 0.15 9.7 0.17 0.013 0.65 0.47 0.89 0.013 0.015
CBD-PHY Y263F 0.29 10.7 0.19 0.013 0.52 0.60 1.5 0.013 0.008
CBD a 0.51 10.1 0.49 1
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combination of the microscopic rate constants that define 
each step in Fig. 2. Since this deprotonation model is analo-
gous to the Linderstrom-Lang model used for H/D exchange 
(Eq. 3), we can use equations derived for H/D to analyse the 
deprotonation to obtain kop and kcl from the observed kinetics 
(reviewed in [5, 28]).

The two phases observed for PHY-containing proteins 
are taken to reflect the relative population of the closed and 
open states that exist at time zero [27]. This is expected 
when kcl and kop are of similar magnitude so that both the 
closed and open states are significantly populated [27]. The 
simplified equations typically used for H/D are therefore not 
applicable (see Supplementary Information); deprotonation 
kinetics require the full equation for exchange, described in 
detail by Qian and Chan [27] and outlined in Supplementary 
Information in Eqs. S4 and S5.

For CBD-PHY WT and Y263F, the fractional amplitude 
change of the fast phase is 0.47 and 0.6, respectively. Since 
these values indicate the fraction of molecules that exist in 
solution, the values can be used to calculate the equilibrium 
constant (Keq ) for the transition from open to closed states 
as shown in Table 1. The remaining slow phase amplitude 
is due to the population of PHY domain-containing pro-
teins in the closed state. The rate of deprotonation in this 
case is limited by kop and can, therefore, be assigned to the 
rate constant measured for this phase (see Table 1) [27]. 
This condition is considered the EX1 limit of exchange as 
in Eq. S3. Using this value for kop and Keq , the value for kcl 
can be calculated as shown in Table 1. These rate constants 
were substituted into Eqs. S4 and S5 to generate the lines 
for CBD-PHY WT and Y263F in Fig. 4, demonstrating the 
applicably of this model. These equations have also used 

to simulate deprotonation time courses to better understand 
how the microscopic rate constants affect the observed kinet-
ics (Fig. S6).

Comparison of fAmp
1
 in WT and Y263F CBD-PHY sug-

gests more molecules are in the open state in solution for the 
mutant. Since the slow rate constant is the same for WT and 
Y263F, this results in a decreased value of kcl for the mutant. 
An example of the effect, an even larger selective decrease 
of kcl has on deprotonation is shown in the simulated black 
and red solid lines in Fig. S6.

The results of Y263F are in line with our previous study 
which shows that the conformation of the hairpin becomes 
partially uncoupled from the Pr/Pfr transition of the biliver-
din chromophore [29]. Specifically, the extension in Y263F 
is more likely to adopt Pfr-like �-helical architecture even 
when BV remains in the Pr state. According to the crystal 
structure, the hairpin in the Pfr conformation does not pro-
tect BV from solvent (Fig. S5) which is observed experi-
mentally as fast deprotonation when CBD-PHY is in the 
Pfr conformation (Fig. S4). The “closed” hairpin in Y263F 
likely adopts conformations that behave as open ones, grant-
ing solvent access to the binding site.

2.3 � Dynamics of the extension

The minute timescales of opening and closing of the exten-
sion determined using this method are much slower than typ-
ically observed in protein dynamics and for loops in particu-
lar [30]. It is not particularly surprising that the dynamics of 
the extension differs from other mobile loops presented so 
far: it is formed by 37 residues (Pro443 to His484) and is, 
therefore, much longer than most loops. Further, it contains 
clear secondary structures and thus does not fall neatly into 
any one category of loop architecture [31]. In light of this, 
it can be even considered as a separate subdomain. Indeed 
the dynamic behaviour is more like subglobal unfolding; 
for example, unfolding of the lysozyme �-domain occurs 
on the second timescale in the naturally occurring mutants 
I156T and D67H [32]. The opening and closing of the Ω
-loop in cytosolic phosphoenolpyruvate carboxykinase [33] 
and in cytochrome c [34] have also been described as fold-
ing and unfolding transitions as opposed to active site loops 
that remain rigid like a swinging gate [14, 15]. To note, 
dynamic events in the hairpin extension in the dark-adapted 
phytochromes have been reported by means of NMR (inter-
nal dynamics on the � s to ms timescale) [35] and by H/D 
exchange studies (on the second time-scale) [36].

A folding transition of the extension is known to occur 
as a part of the function of phytochrome: it readily adopts 
an �-helical structure in the light-activated Pfr state shown 
in Fig. S1 [21, 37]. The idea that proteins have pre-exist-
ing pathways of structural organization has gained atten-
tion in the last decade [2, 38]. Specifically, the alternate 

Fig. 4   Kinetics of BV deprotonation scaled according to the frac-
tion of total amplitude and modelled as in Fig. 2. Absorbance values 
(filled circles) have been converted to fraction of total amplitude of 
the exponential fits for easier comparison. At the top, 0 represents no 
change and 1 represents 100% of the total change. The black (CBD-
PHY WT) and blue (CBD-PHY Y263F) solid lines were generated 
by substituting the corresponding rate constants for kop , kcl and kdep in 
Table 1 into Eqs. S4 and S5.
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conformations adopted after ligand binding or other modifi-
ers are always accessible to the protein as dynamic substates, 
even in the absence of the triggering event. It is therefore 
conceivable that conformational dynamics of the extension 
occurs in the absence of any light induced BV isomerization. 
Especially extension residues 472–477 that form a solvent 
exposed �-strand in the crystal structure [21, 23, 25] but are 
actually predicted to form an �-helix based on the primary 
sequence (Fig. S1).

The stability of the extension in the context of the Pr 
state as a whole may only be slightly tipped in favour of �
-sheet structure. This coincides with the determined Keq , 
indicating the closed and open states have similar energy 
levels (Table 1). For Y263F, which disrupts an interaction 
between the extension and the CBD, the balance seems to 
be further tipped away from retaining the �-sheet conforma-
tion. Although the closed and open states may be close in 
energy, the slow interconversion suggests a high energy bar-
rier between them. If pre-existing pathways are considered, 
the extension needs to break contacts with the CBD, unfold, 
fold to an �-helix, unfold, and then fold back to a �-sheet 
reforming contacts. The kop and kcl includes a rate constant 
for all these unfolding and refolding processes.

The ability to act as a solvent gate to the BV binding 
site is similar to other loops that gate solvent and substrate 
access to the active site, like in triosephosphate isomer-
ase [39] and lactate dehydrogenase [40]. Presently, a clear 
functional purpose for this type of gate is missing, although 
(dynamic) interactions between water molecules and the 
biliverdin have been indicated, both in the resting state as 
well as in the intermediate states of the photocycle [41–43].

3 � Conclusions

Here, we show a method that uses the intrinsic pH depend-
ence of BV absorbance to monitor the equilibrium and 
kinetic properties of the PHY domain hairpin extension; an 
interesting and unusual structural feature of phytochromes 
for which the function has yet to be established.

The method assumes that access to bulk solvent is 
required for BV deprotonation to proceed and that this 
access is gated by the extension (Fig. 2). The observed 
deprotonation kinetics, monitored by absorbance at 700 nm 
after a jump to high pH, reflect the energetic transition of 
the hairpin extension from a closed solvent protected, to an 
open solvent exposed state. To demonstrate that the effect 
observed in this study originates from the stability of the 
hairpin extension, we use a truncated construct CBD which 
lacks the PHY domain, and a CBD-PHY Y263F mutant, 
which has been shown to drive the equilibrium population 
of the extension from �-strand to �-helical structure [21, 
29]. For CBD, deprotonation is complete within seconds, 

while the Y263F mutation increases the amplitude of this 
fast phase relative to CBD-PHY WT. The rate of BV depro-
tonation is, therefore, dependent on the presence/stability of 
the PHY domain.

Energetic parameters were extracted from the observed 
kinetics using Eqs. S5 and S4 (Table 1). They indicate that 
the closed and open states are similar in energy but have 
a high energy barrier between them. This interpretation 
derives from the fast and slow phases of CBD-PHY WT 
and Y263F deprotonation: the fast phase coinciding with 
the significant population of open state at equilibrium, and 
the slow phase due to rate limiting opening of the extension. 
We note that with this approach, we are unable to access the 
mechanism of the proton transfer reaction from the chromo-
phore to the solvent, or the proton exchange reactions within 
the chromophore binding pocket. To expand the knowledge 
about these proton transfer events, faster detection methods 
and additional mutations at the chromophore vicinity would 
be required.

4 � Experimental

4.1 � Protein purification

The expression constructs, DrBphP coding domains CBD 
(residues 1–321) and CBD-PHY (residues 1–502) were 
kindly provided by the laboratories of Prof. R. D. Vierstra 
and Prof. K. T. Forest. Cloning of the CBD-PHY Y263F 
mutant is described elsewhere [29]. For all constructs, the 
expression vector pET21b(+) containing a C-terminal His6-
tag (Novagen) was used. Proteins were expressed and puri-
fied as previously outlined [21, 44]. Purified proteins from 
the final size exclusion chromatography step were concen-
trated to  30 mg mL−1 in 30 mM Tris pH 8, flash-frozen and 
stored at −80◦C.

4.2 � UV–vis spectroscopy

The absorbance measurements were carried out using a Cary 
8454 UV–vis spectrometer (Agilent Technologies). For pH 
jump experiments on a given day, a stock of phytochrome 
protein was made in 3 mM Tris pH 8.0 with an absorb-
ance value at 700 nm of 0.5. The stock was mixed 1+1 with 
either 60 mM Tris pH 8.0 or 60 mM glycine pH 10.8 giv-
ing a final buffer concentration of 31.5 mM Tris pH 8.0 or 
1.5 mM Tris and 30 mM glycine pH 10.8 (confirmed with 
a pH meter). The final concentration of phytochrome after 
mixing gave an absorbance at 700 nm of  0.25. The absorp-
tion spectrum at pH 8.0 was used as a zero time point and 
for normalization. For kinetic data, absorbance spectra were 
measured at specific time intervals after the dilution into pH 
10.8 buffer. Using this manual mixing set up, the smallest 
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possible time interval between dilution and measurement is 
13 s and is referred to as the experimental dead-time. The 
longest time interval was 250 min. As each measurement 
exposes the phytochrome to UV and visible light, repeated 
measurements were not taken to avoid illumination artifacts; 
instead, a separate dilution was made for every time interval.

4.3 � Data processing and analysis

Absorbance scans were normalized to the absorbance at 700 
nm of the time zero pH 8.0 spectra measured on the same 
day. These absorbance values were plotted as a function of 
time and fit to the exponential Eq. 1

where Ameasured is the normalized absorbance measured at 
700 nm, A i  and k i  are the amplitude and rate constant for 
the ith phase, respectively, t is time and Aendpoint is the final 
absorbance value.

The equation for BV deprotonation demonstrated in Fig. 2 
is written below:

where [(BV-H
4
)+]c represents the fully protonated BV in the 

solvent protected form with the extension in close contact 
with the GAF domain and [(BV-H

4
)+]o represents the solvent 

exposed form when the extension is separated from GAF, kop 
and kcl are the rate constants for opening and closing of the 
extension and kdep is the rate constant for deprotonation of 
the solvent exposed [(BV-H

4
)+].

This approach is analogous to the Linderstrom-Lang 
model for amide exchange [45]:

in which closed represents the closed (protected), proto-
nated state, open represents the open (unprotected) proto-
nated state where exchange is possible and exchanged rep-
resents the deuterated state. The kop and kcl are the opening 
and closing rate constants for the structural event leading to 
exchange, kint is the intrinsic rate constant for amide hydro-
gen-deuterium exchange in the open state [46].
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tary material available at https://​doi.​org/​10.​1007/​s43630-​021-​00090-2.
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