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Introduction

Rates and equilibrium constants of the ligand-
induced conformational transition of an HCN ion
channel protein domain determined by DEER
spectroscopyf

2 Hannah A. DeBerg, © °° Royi Kaufmann,®
¢ Stefan Stoll @ *© and Daniella Goldfarb () *

Alberto Collauto,
William N. Zagotta,

Ligand binding can induce significant conformational changes in proteins. The mechanism of this process
couples equilibria associated with the ligand binding event and the conformational change. Here we show
that by combining the application of W-band double electron—electron resonance (DEER) spectroscopy
with microfluidic rapid freeze quench (URFQ) it is possible to resolve these processes and obtain both
equilibrium constants and reaction rates. We studied the conformational transition of the nitroxide labeled,
isolated carboxy-terminal cyclic-nucleotide binding domain (CNBD) of the HCN2 ion channel upon
binding of the ligand 3',5’-cyclic adenosine monophosphate (cAMP). Using model-based global analysis,
the time-resolved data of the unRFQ DEER experiments directly provide fractional populations of the open
and closed conformations as a function of time. We modeled the ligand-induced conformational change
in the protein using a four-state model: apo/open (AO), apo/closed (AC), bound/open (BO), bound/closed
(BC). These species interconvert according to AC + L = AO + L = BO = BC. By analyzing the
concentration dependence of the relative contributions of the closed and open conformations
at equilibrium, we estimated the equilibrium constants for the two conformational equilibria and the
open-state ligand dissociation constant. Analysis of the time-resolved ptRFQ DEER data gave estimates
for the intrinsic rates of ligand binding and unbinding as well as the rates of the conformational change.
This demonstrates that DEER can quantitatively resolve both the thermodynamics and the kinetics of
ligand binding and the associated conformational change.

resonance (DEER or PELDOR) is currently a well-established
tool in structural biology that complements X-ray diffraction,

Nanometer-scale conformational changes in proteins often play
a key role in protein function, for example as allosterically
communicating signals between different regions in a protein
or protein assembly.'™ Resolving and understanding the
mechanism of conformational transitions requires trapping
intermediate states and determining their structure at atomic
resolution along with the kinetic and thermodynamic character-
ization of the different steps in the cycle. This is a challenging
task, particularly the structural characterization of short-lived
intermediates because of the limited suitability of available structural
characterization methods for such states. Double electron-electron
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cryo-electron microscopy and NMR-based methods. It is based
on measurements of absolute distances and distance distribu-
tions between two spin labels attached to the protein at well-
defined sites. The technique is particularly useful for observing
protein conformational changes upon ligand or substrate bind-
ing and provides distance distributions at atomic resolution in
the range of 1.6-8 nm,”> or up to 16 nm if the protein is
deuterated.® DEER can also be used as a quantitative method
for determining equilibrium constants such as pK, values® and
substrate dissociation constants.” In principle, the time course
of conformational changes of a protein induced by substrate or
ligand binding can be probed by combining rapid freeze
quench (RFQ) and EPR distance measurements.

RFQ combined with EPR spectroscopy® is a well-established
approach used to trap and characterize paramagnetic inter-
mediates in different systems and has primarily served to detect
the EPR spectra of the intermediates. The main drawback of
commercial RFQ systems has been the large sample volume
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(~200 pL’) required to perform a single time point measure-
ment, where most of the sample is wasted. This is prohibitive
for proteins, where sample quantity is often very limited. Over
the years efforts have been directed towards increasing the time
resolution, reducing the sample amount, and improving the
collection system to widen the scope of applications of EPR-
coupled RFQ.>* So far, only a few examples of combined DEER
and RFQ have been reported. The first such application detected
folding events during the Light Harvesting Complex-II (LHC-II)
assembly, where the process was slow enough to allow the use of
manual mixing.'*> Later on, this approach was applied to the
same system where intra-molecular distances were measured
before folding, after 255 ms and 40 s folding time in the absence
of cryoprotectant, in the fully folded and assembled LHC-IL'?
Another application dealt with the examination of the metallo-B-
lactamase conformational variations during catalysis, where the
system was trapped at 500 us and 10 ms.'®"” These studies used
a commercial RFQ set-up with a home-built collection system.

In order to overcome the prohibitive requirement of a large
amount of sample needed for the collection of several samples
along the reaction time for RFQ-DEER, we developed a micro-
fluidic RFQ (uRFQ) setup that generates samples for W-band
DEER, requiring a total amount of only ~30 pL for each time
point in triplicate. This takes advantage of the minute sample
volume of 2-3 pL required for each W-band DEER sample.
Another unique feature of this system is that all time point
samples are collected in one go without having to stop and collect
each sample separately. In our previous work, we validated and
calibrated this system using a simple model reaction, but it has
not been applied to DEER measurements.®

Here we present a time-resolved study of the conformational
transition of the isolated carboxy-terminal fragment of the
HCN2 ion channel, containing the C-linker and the cyclic
nucleotide-binding domain (CNBD), upon binding of the
ligand 3’,5’-cyclic adenosine monophosphate (CAMP) by pRFQ
and W-band DEER. The equilibrium states of this conforma-
tional transition have been already studied by DEER through a
series of spin-labeled double mutants.'®'® As reported, the
mutant S563C/A624C labeled on both cysteine residues with
the spin label MTSL (S-(1-oxyl-2,2,5,5-tetramethyl-2,5-dihydro-
1H-pyrrol-3-yl)-methyl methanesulfonothioate) exhibits a large
distance difference of about 0.9 nm between the two conforma-
tions (Fig. 1). We show that our sample collection system is
efficient and reproducible, allowing DEER measurements of
samples with protein concentrations as low as 20 uM. We find
that a meaningful analysis of traces derived from multiple
samples obtained from the same system requires a model-
based global analysis of all the recorded DEER traces, in contrast
to the standard method for single DEER traces that relies on
model-free Tikhonov regularization.>® Specifically, we model the
distance distributions of the open and closed conformations as a
sum of Gaussian components.>’ This approach allows extracting
directly the fractional populations of the two conformations.
From the data acquired under equilibrium conditions, we could
determine all equilibrium constants related to binding and
conformational change within a four-state model. Modeling of
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Fig. 1 Structure of the cyclic nucleotide binding domain (CNBD) of the
HCNZ2 ion channel in the open (PDB 5JON, salmon color, without cAMP)
and closed (PDB 3ETQ, olive green, with cAMP) conformations. The Ca of
the 563 and 624 positions used for spin labeling and DEER are highlighted.
Only residues 504 through 634 are shown.

multiple data of the time-resolved experiments allowed estima-
tion of the rate constants associated with all equilibria.

Results
Effect of the ligand concentration

Fig. 1 shows models of the resting “open” conformation of the
CNBD of HCN2 in the absence of cAMP and the activated “closed”
conformation in the presence of cAMP, as derived from recent
DEER data,'®" along with the spin label locations for the double
mutant 563R1/624R1 used in this study. We examined the equili-
brated reaction, utilizing either an excess or an equimolar amount
of cAMP. The corresponding data are shown in Fig. 2. Under both
conditions there are clear changes between the traces in the
absence of ligand (labelled as ¢ = 0) and the trace with the ligand,
indicating the known transition of the CNBD from an open to a
closed configuration upon cAMP binding. Under ligand excess,
the RFQ DEER trace after 9 ms was indistinguishable from that of
the equilibrium trace (Fig. 2a). Therefore, the timescale of the
conformational change under these conditions is faster than we
can resolve with our device. With equimolar amounts of CNBD
and cAMP, the DEER trace at 9 ms differed from both the ligand-
free and the equilibrium states (Fig. 2b). This shows that the
transition is slowed down compared to the case of excess ligand,
indicating that the ligand binding is rate limiting.

The analysis of the DEER traces from Fig. 2a using model-
free Tikhonov regularization is shown in Fig. 3 and clearly
reveals the transition of the CNBD from the open to the closed
conformation upon cAMP binding. The distance distributions
which we obtained compare well with the earlier X-band DEER
data (see also Fig. S14, ESIt)."® In the absence of cAMP the
distance distribution exhibits a main peak at 3.6 nm and
shoulders at 4.4 and 2.6 nm, just like our data (Fig. 3). In the
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Fig. 2 Primary W-band DEER traces of samples obtained (a) under excess of cAMP ([CNBD] = 22 pM, [cAMP] = 3.8 mM) and (b) with stoichiometric
amount of cAMP (right; [CNBD] = [cAMP] = 46 uM). For t = 0, [CAMP] = 0. The grey lines indicate the fitted background function.
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Fig. 3 (a) DEER form factors of W-band DEER traces (Fig. 2a) of samples obtained under 173-fold excess of cAMP ([CNBD] = 22 uM, [cCAMP] = 3.8 mM);
fort = 0, [CAMP] = 0, and the fits obtained using DeerAnalysis® and Tikhonov regularization (x = 100). (b) The corresponding distance distributions. The
shaded areas show the result of the validation of the background correction, where the starting point was varied between 0.3 and 1.3 us.

presence of excess cAMP the X-band data also show a major
peak at 2.6 nm, and only a small difference is observed in the
intensities of the shoulders at the position corresponding to the
open state (without the cAMP). The distance distributions show
that each of the DEER distance distributions does not consist of a
single peak, but has a multimodal structure due to both backbone
and spin-label sidechain conformational heterogeneity. Therefore,
we analyzed the entire set of data using distance distributions
modelled as linear combinations of Gaussians with fixed distances
and widths, using the software GLADD>' (see Experimental
section). We found that three Gaussians optimally describe the
data (see Experimental section for details). The open conforma-
tion (¢ = 0) is described by two Gaussians centered at 3.58 nm
and 4.14 nm with a fixed intensity ratio of 1:1.27, and the closed
conformation is described by a single Gaussian centered at
2.61 nm. The fits for the data in Fig. 2a and b are shown in
Fig. S1a, b and c, d (ESIY), respectively.

In Fig. 4 we present DEER data and their analysis in terms of
three Gaussians for a sample without cAMP, samples with excess
and equimolar cAMP under equilibrium, and samples trapped
after 16 ms under equimolar conditions. The high-quality fits in
Fig. 4b confirm the adequacy of the multi-Gaussian analysis. The

15326 | Phys. Chem. Chem. Phys., 2017, 19, 15324-15334

distance distributions show that also in the absence of cAMP there
is a small contribution of the closed conformation (Fig. 4c, bottom).
A similar contribution can be seen when the data is analyzed using
Tikhonov regularization (Fig. S2, ESIt). We stress here that we
chose the three Gaussian fit not because the model-free analysis
did not give good fit, but rather because this approach allowed us
to carry out a global analysis on all samples measured in the work
(26 samples), as displayed in Fig. S3 (ESIt). This allowed us to
assess the uncertainties on the position and width of the three
Gaussian components on the whole set. We could have not
performed such a global analysis using a model-free approach.

A direct comparison between the model-free and model-based
analysis of the data shown in Fig. 4 is presented in Fig. S2b (ESI).
It shows that the position of the peak in the distance distribution
assigned to the closed conformation of the protein (r ~ 2.6 nm) is
practically identical. The two analysis methods provide also very
similar results for the distance distribution of the protein in the
unbound state.

Analysis of equilibrium data

Fig. 5 summarizes the results from DEER data obtained from
mixtures of the CNBD with equimolar (or nearly equimolar)

This journal is © the Owner Societies 2017
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Fig. 4 (a) DEER primary traces of samples obtained without cAMP (black trace), using a stoichiometric amount of cAMP (red and blue traces), and
upon incubation with a 116-fold molar excess of cAMP (green trace: [CAMP] = 5 mM); for all the samples [CNBD] = 43 puM. The grey lines
represent the fitted background correction. (b) Gaussian fitting of the experimental traces shown in (a) after background correction. (c) Fitted distance
distributions. The purple shaded area, containing one Gaussian (rp = 2.61 & 0.01 nm, w = 0.25 4+ 0.02 nm), is assigned to the distance distribution
originating from the protein in its closed state; the cyan shaded area, containing two Gaussians (ro; = 3.58 + 0.02 nm, wy = 0.32 + 0.02 nm, p; = 44 + 2%;
ro2 =414+ 0.02 nm, w, = 0.83 £ 0.02 nm, p, = 56 £ 2%) highlighted with different patterns, is assigned to the distance distribution originating from the
protein in its open state. For reference, the distance distributions obtained with Tikhonov regularization are shown in Fig. S2 (ESI¥).

amounts of cAMP under equilibrium conditions. The ratio
p = Pc/Po between the contributions of the closed and open
conformations is plotted versus the CNBD concentration. The
actual DEER data and their analysis are shown in Fig. S3 (ESIT),
and the concentrations are listed in Table S1 (ESIf).
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Fig. 5 Plot of the ratio, peq between the equilibrium populations of the
closed and open conformations as a function of the protein (= ligand)
concentration for samples prepared under equimolar or nearly equimolar
conditions. Vertical error bars are determined by propagation of
the uncertainties in the populations resulting from the GLADD analysis.
Horizontal error bars are drawn for samples prepared under nearly
equimolar conditions and reflect the difference between the protein and
the ligand concentrations. The lower and upper grey shaded areas show
the limiting values of peq obtained without ligand and with excess ligand,
respectively. The red line represents the modeling of the experimental data
performed according to the 4-states model shown in Fig. 6, where the
constants K and Kg were fixed to the values of peq without and with excess
of ligand, respectively, and Kp was determined by analysis of the experi-
mental data (Kx = 0.086 + 0.011, Kg = 1.25 &+ 0.07, Kp = (3.9 £ 0.4) uM).
The red shaded area, displaying the uncertainty on the calculated peq in
terms of tone standard deviation, was obtained by propagation of the
uncertainties on Ka, Ks, Kp.
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To analyze these data in terms of the underlying ligand-
induced conformational change in the protein, we use a four-
state model involving four distinct species: apo(unbound)/open
(AO), apo/closed (AC), bound/open (BO), bound/closed (BC).
These species interconvert via three equilibria according to the
scheme shown in Fig. 6. L indicates the ligand cAMP. The direct
interconversion AC + L = BC is excluded for structural
reasons, since in the closed form of the CNBD access to the
binding site of the ligand is blocked by the C helix."®

The equilibrium constants for the three equilibria are

[AC] [BC] [AQ][L]
Ky =—— B:m, DO = [BOJ 1)

- [AO]
The first two describe the conformational equilibria in the apo
and bound forms; Kpo is the intrinsic open-state dissociation
constant. One experimentally accessible quantity in this model
is the closed-to-open ratio,

_[closed]  [AC] + [BC] )
~ [open]  [AO]+ [BO] 2)

which can be obtained from DEER. The close-to-open ratio
under equilibrium conditions is indicated by peq. The other

kAf kAb ka ka

AC BC

Fig. 6 Four-state model used in the analysis of the DEER data. A and B
indicate apo (unbound) and ligand-bound biochemical states, O and C
indicate open and closed conformational states of the CNBD domain. L
indicates the ligand cAMP. The rate constants are indicated in green, and
the subscripts f and b indicate forward and backward, respectively.
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experimentally accessible quantity is the overall dissociation
constant,

_ [AO] + [AC]

Kp = m[ ] 3)

which can be determined from a fluorescence polarization
assay.'® K, is proportional to the open-state dissociation con-
stant Kpo via

_[AO]J(1 + Ka)

_ 1+ Ka
Ko = [BOJ(1 +KB)[L] =k

PO K

4)

Since ligand binding is known to promote the transition from
the open to the closed conformation, we expect Kg > Kj,. This
means that Kpo is larger than the measured Kp.

To determine K,, Kz and Kpo from the experimental equili-
brium data (peq and the total protein and ligand concentra-
tions, cp and ¢r), we express peq in terms of the equilibrium
constants (see ESIT for details):

_ KaKp(1 + Kp) + Kp(1 + Ka)[L]

= 5
Peq Kp(1 + Ks) + (1 + Ka)[L] (5)
with the equilibrium free ligand concentration given by
1 2
[L} = E \/(KD + AC) +4Kpcr, — (KD + AC) (6)

and the protein concentration excess Ac = ¢p — ¢.. For equimolar
samples, Ac = 0. In the absence of ligand, eqn (5) simplifies to

(cL = 0) (7)

whereas for excess ligand and under the assumption that
c/Kp > Kg® (see ESIT for details), it simplifies to

peq,() = KA

Peqxe = Kg (CL > KD) (8)

With our data, eqn (7) and (8) yield K, = 0.086 + 0.011 and
Kg = 1.25 £ 0.07. This quantifies that the conformational
equilibrium for the unbound form is predominantly in the
open state, and that ligand binding shifts it towards the close
conformation, but not strongly so. The overall dissociation
constant K, can now be determined by fitting eqn (5) to
the data in Fig. 5. This yields Kp = (3.9 + 0.4) uM and Kpo =
(8.1 & 1) uM. The constants are summarized in Table 1. The value
for Kp compares well with previous published values,'®*>>*

Table 1 Value ranges for the equilibrium and rate constants within the
four-state model in Fig. 6, determined from the analysis of RFQ-DEER data

Constant Value
Equilibria Ka 0.086 £ 0.011
Ky 1.25 £ 0.07
Kpo (8.1 + 1.0) pM
Kp (3.9 + 0.4) uM
Rates ks >0.032 ms !
kap >0.37 ms !
ks >2.5ms *
ksb >2.0ms ™"
kot 0.023-0.054 ms ™ *
on 2.9-6.6 mM ' ms ™"

15328 | Phys. Chem. Chem. Phys., 2017, 19, 15324-15334
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particularly with (2.8 £+ 1.5) uM* and (3.6 + 1.3) uM.*>* It differs
somewhat from one report of (8.0  1.0) uM."® We therefore also
determined the values of K,, Kz and Kp based on this larger value
of Kp. As detailed in the ESIt (see Fig. S4), the results give K, =
0.153 £ 0.024, K = 1.30 £ 0.05, and Kp of either (16.9 + 2.2) uM
or (15.2 £ 2.0) uM, showing that an increased K mainly affects
K, and Kpo.

Time-resolved pRFQ results

We next investigated the time dependence of the conformational
change using time-resolved pnRFQ-DEER. Fig. 7 summarizes all
the uRFQ data obtained from mixing CNBD with equimolar (or
nearly-equimolar) amounts of cAMP, where the closed-to-open
ratio p is plotted as a function of time for different CNBD
concentrations. The raw data are shown in the ESIt (Fig. S3);
together with the data acquired under excess ligand (shown in
Fig. 1), we have a total of 5 datasets for quantifying the kinetics
of this system.

We analyzed these multiple sets of data in terms of the four-
state model described above. Details of the procedure are given
in the ESL.t With known values for K, Kg, Kpo, and the total
protein and ligand concentrations cp and ¢y, the remaining free
parameters in the model are three reaction rate constants, one
for each equilibrium, e.g. kaf, kps, and ko

Data fitting was performed using the (K, K, Kpo) values
determined from analysis of the DEER traces recorded under
equilibrium conditions (Table 1) and for the two sets based on
the deviating literature K value (see Table S2, ESIf). The
calculated traces for an equimolar ratio of cAMP with respect
to CNBD were found to be essentially independent of ks¢, which
therefore cannot be determined from these data. This insensi-
tivity is due to the low initial population of AC (a consequence
of K, « 1), so that the expected non-equilibrium transients
in the AO-AC transition upon addition of ligand only have a
small effect on our observable p, much below the error of our
measurements. On the other hand, the data for the sample
prepared with an excess of cAMP could not be fit using a value
of kar below 0.032-0.10 ms™ ", the specific value depending on
the choice of the equilibrium constants (see Table S4, ESIT).
Such values resulted in an observable time dependence of p in
the time region for which RFQ experiments were performed,
which does not agree with the experimental data.

This observation reduces the problem of finding a set of
kinetic rates with which our experimental datasets can be
reproduced to fitting the values of kg¢ and k.g. The kinetic traces
obtained under equimolar conditions could be reproduced by
two sets of solutions. Only one solution is consistent with the
experimental data obtained under excess cAMP.

The fits obtained using the equilibrium constants from Table 1
are shown in Fig. 7 (see also Fig. S6, ESIt) and yield ko =
(0.023-0.054) ms ™" and the lower bounds k¢ > 0.032 ms™ " and
kge > 2.5 ms™ . For these values, the dataset with the lowest
protein concentration (Fig. 7a) shows the worst fit. This is likely
due to the uncertainty in the protein concentration, which
appears to be underestimated. For a cAMP concentration of
16.3 uM, which is assumed to bear a small uncertainty, a CNBD

This journal is © the Owner Societies 2017
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Fig. 7 Experimental (black squares) and modeled (red solid lines and shaded areas) RFQ DEER data obtained under equimolar or nearly equimolar ratio
between HCN2-CNBD and cAMP. Vertical error bars for the experimental data are determined by propagation of the uncertainties in the populations
resulting from the GLADD analysis. Horizontal error bars were determined as described in the ESI{ Uncertainty regions for the fitted traces

are determined by the range of kinetic rate constants giving a good agreement with the experimental data, namely ks > 0.032 ms ™, kgr > 2.5 ms

0.023 ms™ < ker < 0.054 ms™™.

concentration in the range of 20-25 pM yields a better fit of the
experimental data. If data are fit with the equilibrium constants
derived from the alternate literature value of K, = 8 uM, as
described in more detail in the ESI,i the low-concentration data
set fit improves while for the others it deteriorates (see Fig. S5,
ESIt). The data shown in Fig. 7d can be used to assess the
reproducibility of the experiment as all 8 samples were collected
from the same RFQ run. The first four data points were obtained
from the ¢ = 9 ms spot on the collecting cold plate and gave
p = 0.44 £ 0.16. This error is mostly attributed to variations in the
sample collection, namely to accidental subtle warming during the
sample transfer and packing into the EPR capillary, which results
in an effective change in the reaction time. As this time point is in
a region of a steep change of p with time, any small effect will lead
to a large change in p. The equilibrium data points in Fig. 7d were
obtained after thawing the RFQ samples, thus the effects of sample
collection are abolished and their variability only reflects the
reproducibility of the DEER measurements and of the mixing of
the two components through the device. Here the error was
considerably lower, giving p = 0.84 + 0.04.

Discussion

In this work we demonstrated the use of W-band DEER combined
with pRFQ for characterizing both the thermodynamics and

This journal is © the Owner Societies 2017
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kinetics of ligand-induced conformational transitions in proteins.
We studied the conformational transition of the isolated C-linker/
CNBD domain of the HCN2 ion channel upon binding of the
ligand cAMP. Under conditions of excess cCAMP, the transition was
completed within 9 ms; this is too fast for our pRFQ apparatus,
which has a deadtime of 5-7 ms. Under equimolar concentrations
of HCN2-CNBD and cAMP, the transition is slowed down and can
be followed, indicating that the ligand binding is rate limiting.
Under such conditions, not all CNBD molecules bind cAMP at
equilibrium because of the relatively large Kp. This reduces the
contribution of the closed conformation to the DEER distance
distribution. Nonetheless, using a global analysis of the data from
all samples, we were able to obtain consistent results and extract
relative amounts of the open and closed conformations.

The distance distributions for the open and closed confor-
mations were described by two and one Gaussian distributions,
respectively. Attempts to analyze all the data using Tikhonov
regularization did not give a coherent picture because of the
appearance of small peaks at various distances, and it was not
clear whether they should be considered as representing the
open or closed conformation, or could be disregarded as
insignificant. The model-based global analysis of the DEER
data revealed that the conformational ensemble at any time
point can be satisfactorily described as a linear combination of
the conformations at the start and at the end point of the
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kinetics, hence no intermediates that differ in spin label
distance from the conformations present in the starting and
end ensembles could be distinguished. We cannot exclude the
possibility of an intermediate with a lifetime shorter than the
deadtime of our setup (5-7 ms). Moreover, the DEER resolution
may be insufficient to discern any intermediates with distances
within the width of the distance distribution of the bound and
unbound forms for the conformational coordinate we probed.

When dealing with a conformational change coupled to ligand
binding, one has to consider two separate processes: the ligand
binding and the conformational change. Using a model of four
states coupled via three equilibria, we determined the closed/open
equilibrium constants in the unbound and bound states, K, and
Kg respectively, and the intrinsic open-state dissociation constant,
Kpo. Analysis of the crystal structure of the closed state of cAMP-
bound CNDB excluded the possibility that it can release the
ligand,”>*® and therefore the BC state can only be populated via
the BO state. Using the determined values of K,, Kz and Kpo,
it was possible to calculate the apparent Kp. There is good
agreement between this and the K reported in the literature.
According to our model and analysis, Ky, is smaller than Ko (due
to Kg > K,), and the microscopic dissociation constant is there-
fore underestimated by Kp. Analysis of the DEER data under the
assumption of a two-state model (AO + L = BC) yielded a Ky, that
was considerably larger than those reported in the literature and
overestimated Kpo. This shows that care must be exercised when
inferring microscopic binding thermodynamics from macro-
scopic binding constants measured with simple binding assays
that do not resolve protein conformational equilibria.

The four-state model simplifies to a two-state model
(AO + L = BC) in the limit of Ky = 0 and Kz > 1. This was the
case encountered in a recent study where substrate binding to the
substrate binding domain of a transporter was determined by
DEER.” However, given our values of K, and Kg, this limit is not
applicable to cAMP binding to CNBD, and we conclude that the
four-state model is necessary. The same four-state model with
three equilibria has also been found optimal in a recent single-
molecule FRET study of the CNBD-cAMP binding.”” In this
context, it should be noted that DEER on a doubly-labelled protein
directly probes the conformational equilibria and does not directly
report on the binding equilibrium. In contrast, single-molecule
FRET between labelled protein and labelled ligand directly reports
on binding, but not directly on conformational changes.

We determined rate constants using the time-resolved
RFQ-DEER data and the determined equilibrium constants.
The values, listed in Table 1, indicate that in the absence of
ligand the CNBD is predominantly in the open state, with a
transition rate to the closed form of at least 0.032 ms™'. Due to
specific interactions between the ligand and the C-helix, the
closing rate in the bound form is likely faster, which is consistent
with our finding of kgr > 2.5 ms™ . The values for the binding/
unbinding equilibrium show a significant off-rate and a sluggish
on-rate, both of which are contributing to the moderate value of
Kpo. In terms of the classification of the ligand-induced con-
formational change along the continuum between conforma-
tional selection and induced fit,>® the CNBD-cAMP system
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clearly represents pure induced fit, since there is no evidence
that would allow a AC + L = BC conversion necessary for the
conformational-selection limit.

This work shows that pRFQ-collected DEER samples with a
protein concentration as low as 20 uM can successfully be used
for DEER measurements. In addition, as the measurements
were carried out on duplicates, we show that the reproducibility
of URFQ-DEER data is good, especially considering the small
sample amounts used and the noise level in the DEER data.
Moreover, this series of experiments reflects the relatively
efficient sample collection in our pRFQ setup. Our results show
that the time scale of the conformational transition occurring
in HCN2-CNBD upon cAMP binding is barely within the time
window of our setup because of its relatively large deadtime.
One way of shortening the deadtime is to increase the flow rate.
However, our PDMS-fabricated mixing device cracks when
the flow increases beyond 300 uL min~'. Stronger materials
such as silicon can withstand higher pressures and will allow
higher flow rates, shortening the travel time in the device.'®*°
Overall, this work demonstrates the potential of the ptRFQ-DEER
methodology for combined analysis of energetics and kinetics of
protein conformational changes, and it will hopefully encourage
further development.

Conclusions

In this work we demonstrated that by combining DEER with
URFQ it is possible to explore the details of the thermodynamic
and kinetic parameters of a ligand binding to a protein.
Specifically, for the case of cAMP binding to HCN2-CNBD, we
could resolve the protein open/close conformational transition
and the ligand binding process. We observed that key factors in
such a study are the global analysis of all DEER data and the
use of a number of time resolved data sets in the analysis that
could compensate for the rather scarce number of data points
in each data set. With improvement of the time resolution, this
method has the potential to provide new insights into the
conformational changes of a broad range of proteins.

Materials and methods
Fabrication of the microfluidic device

The microfluidic device was prepared according to the procedure
described previously® with some improvements, outlined in the
following paragraphs, aimed at reducing the minimum achievable
reaction time (deadtime) and minimizing sample consumption.
A 60 pm SU-8 3050 (Microchem) photoresist layer was spin-
coated on a single-side polished 2” SI wafer (625 um thickness;
UniversityWafer, Inc.) using a rotational speed of 3000 rpm and,
through negative photolithographic processing, the negative
pattern of the mixing device was obtained (Fig. S7, ESIf).
Compared to the original design,® the pattern features the
same passive alcove-based mixer, but the linker between the
end of the mixer and the inlet of the ejection needle was
omitted in order to decrease the minimum achievable reaction
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time, basically restricting the volume after the mixer to just the
volume of the outlet needle, Vi = 82 nL.

From the photoresist pattern, a polydimethylsiloxane
(PDMS) device with a thickness of 8.6 mm was cast. The two
components of the Sylgard® 184 silicone elastomer kit (Dow
Corning) were mixed with a 1:10 (wt:wt) ratio of curing agent
to elastomer base. The mixture was then degassed for two
hours under a 85 kPa vacuum, carefully poured into the
PTFE-made casting device in order to avoid the formation of
air bubbles, and heat-cured for two hours at 90 °C. Besides the
microfluidic pattern, the casting device also formed a cylinder
of 0.67 mm diameter and 6.0 mm length, to host the outlet
needle, and a chamber for pressurized nitrogen, centered
around the outlet needle and situated on the opposite side
with respect to the microfluidic mixing device, with 9 mm
diameter and 2.6 mm height. On the sides of the device, two
1.6 mm-diameter receptacles with a length of 5.8 mm were
cast — using PEEK cylinders - in order to host the inlet tubings
carrying the reactants, and another receptacle with the same
diameter and a length of 10 mm, connected directly to
the nitrogen chamber, was cast to host the tubing carrying
pressurized nitrogen. Channels connecting the aforementioned
receptacles for the inlet tubings with the inlets of the micro-
fluidic mixing device were drilled through the PDMS matrix
using a 20-gauge (0.026” ID, 0.036” OD) sharpened blunt-end
needle (McMaster-Carr). Inside the outlet channel, a 9 mm-long
32-gauge needle (ID = 0.004”, OD = 0.009"; McMaster-Carr) was
hosted in a 6 mm #30 AWG PTFE tubing (0.012” ID, 0.030” OD;
Cole-Parmer) in order to prevent the needle from slipping off
the device during operation.

After thoroughly cleaning the surfaces with soap, water and
ethanol and after careful drying, a glass plate with a thickness
of 1.0 mm was bonded to the side of the PDMS device hosting
the microfluidic mixing device by activating the surfaces with a
plasma asher for 30 seconds at 20 W.*° In the same way,
another glass plate with the same thickness, containing a
central hole with a diameter of 1.3 mm, was bonded to the
opposite side of the PDMS device closing the chamber for
nitrogen in such a way that the outlet needle passes in the
center of the hole; upon feeding pressurized gas into the
chamber, this constitutes the spraying system. After bonding
the two glass slides to the PDMS cast, the finished device was
heated overnight at 90 °C in order to improve the bonding
between the polymer and the glass.

The depth of the microfluidic channels was determined by
optical profilometry on the same finished device that was used
for the UNRFQ/DEER measurements. For this purpose, a Zeta-300
Optical Microscope (Zeta Instruments, Inc.) was used to map
the glass-to-air and air-to-PDMS interfaces defining the upper
and lower boundaries of the channels. The images were
recorded using a x20 lens, resulting in in-plane and z resolu-
tions of 0.364 pm and 0.058 um, respectively. The depth of
the channel, measured as the height difference between the
two aforementioned surfaces, matched the thickness of the
photoresist pattern; this latter was measured with a stylus
profilometer (Bruker DektakXT).
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Collection system

As in the original design,® the aerosol produced by the device
was sprayed onto a cold metal surface to stop the reaction by
rapid freezing. The vertical distance between the end of the
9 mm long ejection needle and the cold disc was approximately
2.5 mm. The shape of the cold aluminum disc on which the
RFQ samples were collected has been optimized in order to
reduce the distance between the tip of the needle and the cold
metal surface and to improve the yield of sample collection
(Fig. S8, ESIT). This metal disc, made of aluminum due to its high
thermal conductivity,® was rotated with 0.098 rpm (50 pL min ")
to 0.589 rpm (300 uL min ") during sample collection to prevent
fresh sample to accumulate on already frozen one, which would
increase the freezing time.® A typical ratio between the length of
the arc on which the sample was deposited and the volume of the
sprayed sample was 1 cm per 10 pL.

To prevent the cold surface of the disc from cooling the
microfluidic device, a heating device composed of a silicone
rubber heater (Electro-Flex Heat, EFH-SH-1X2-5-124A) glued to a
3 mm thick aluminum slab was placed on the side of the
microfluidic device containing the mixer; the temperature was
manually controlled by adjusting the voltage supplied to the
heating element, and monitored through a thermocouple
inserted in a hole in the aluminum slab. The entire RFQ
system, comprising the mixing/spraying device and the cold
trap, was enclosed inside a nitrogen-fed glove box in order to
prevent the formation of frozen air moisture on the surface of
the cold disc, which would strongly impair the performance.

The reactants were fed through the microfluidic device using
a computer-controlled syringe pump (Harvard Apparatus, PHD
ULTRA™). The feeding rate was identical for the two solutions;
furthermore, a common solvent was used for both reactants
to ensure that the solutions would have the same viscosity.
A LabVIEW interface was developed to simultaneously control
the syringe pump and the rotation of the disc, in order to
facilitate the collection of samples at different time points within
the same experiment. The program kept constant the amount of
material sprayed per unit arc length by adjusting the rotational
speed to the flow rate. A sufficient spacing was left on the disc
between samples corresponding to different time points in order
to prevent accidental mixing. Between the time when a new flow
rate was set and the time when the sample was collected, a user-
controlled delay was applied allowing for stabilization of the flow
along the Tygon® tubings and inside the device. The holder of
the PDMS device could be tilted in such a way that the flow of the
reaction mixture sprayed by the device could be directed away
from the disk surface when the sample had to be discarded (i.e.
during the priming and flow stabilization intervals, vide infia).
This operation was performed manually, while the LabVIEW
interface provided the operator with an acoustic signal every
time that the tilt angle had to be changed.

RFQ experimental setup

Reactants were fed into the device using Tygon® tubings (0.03”
ID, 0.09” OD; Cole-Parmer). Two 22 cm long segments (100 pL)
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were connected to the two inlets of the device. These tubings
were in turn connected to 1 mL syringes (BD Luer-Lok™), filled
with water/glycerol 7:3 v:v as a pushing fluid, via the same
Tygon® tubings. A 12 mm 20-gauge metal connector (0.026” ID,
0.036"” OD; McMaster-Carr) joined the two. In each tube a very
small air bubble (1-2 pL) was left between the pushing solution
and the reactant-containing solution in order to prevent mixing
between the two, which would alter the concentration of the
reactants at the mixing device. Before sample collection, both
reactants were brought inside the mixing device.

After having set the apparatus under nitrogen atmosphere
and having brought both reactants at the inlet of the micro-
fluidic mixing device, the metal disc was cooled down by
pouring liquid nitrogen inside a bowl into which the bottom,
conical part of the rotating disc was immersed. The specific
design of this part (Fig. S8, ESIt) enhances heat exchange. In
order to bring the disc to a temperature much lower than the
melting point of the sprayed mixture (for water/glycerol 7:3 v:v
the freezing point is at 260.8 K and the flow point at 255.2 K*?),
liquid nitrogen was continuously poured for 15 minutes,
achieving a surface disc temperature below 120 K. Next, the
reactants were first flowed at a low flow rate (25 pL, min~" per
channel) for 10 seconds in order to prime the device; during this
time no sample was collected. After this, samples corresponding
to several flow rates - typically in the range from 50 L min~" per
channel to 300 uL min~" per channel with a logarithmic progres-
sion — were deposited on the cold surface disc, with a volume of
approximately 30 UL per sample, starting from the lowest flow rate
and progressively increasing it. Flow rates above 300 pL min~" led
to cracks in the device, whereas flow rates below 50 uL min™*
resulted in low efficiency of the mixing device, leading to a poor
mixing of the solutions. A pressure of nitrogen gas of 1.0-1.5 bar
in the outlet chamber was used to achieve a good and fast
spraying of the reaction mixture. Whenever the flow rate of the
reactants was changed, a 2.5 seconds delay was inserted during
which no sample was collected; this allowed the system, including
the syringes, the tubings and the microfluidic device, to stabilize
with respect to the new conditions. During the course of the
experiments, the temperature of the microfluidic device was kept
between 20-25 °C.

Collection of the samples from the disc into 0.60 mm ID,
0.84 mm OD quartz capillaries for W-band EPR was performed
according to the procedure outlined previously.® Collection at
120 K was found to result in a poor packing efficiency and a low
EPR signal. However, if the temperature of the aluminum disc
was raised to around 220 K, which is still safely below the flow
point of the reaction mixture, sample collection became more
efficient due to the softer nature of the glass and to the absence
of small crystals. For this purpose, the time delay between the
end of the disc cooling and the start of sample collection was
calibrated by replicating the RFQ experiment without sample
and using a thermocouple to monitor the temperature of
the surface of the metal disc; this also allowed to define the
suitable time window for sample collection. A typical time
window for sample collection extends from 15 minutes to
45 minutes after cooling of the metal disc has been completed.
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Three samples were collected for each time point. After
collection, the samples were stored in liquid nitrogen until
measurements were carried out, and the samples were loaded
into the EPR probe and into the spectrometer while immersed
in liquid nitrogen in order to prevent thawing.

The calibration of the time axis is described in the ESI7 (see
Fig. $9 and S10).

Protein expression and purification

Protein expression was performed as previously described.'®
The gene encoding residues 443-640 of a cysteine-free fragment
comprising the C-linker and the cyclic-nucleotide binding
domain of the murine HCN2 ion channel was cloned into the
PMALC2T vector (New England Biolabs). The vector contains an
N-terminal maltose-binding protein tag separated from the
channel gene by a thrombin-cleavable linker. Cysteine muta-
tions were introduced at residues 563 and 624. The protein
construct was transfected into BL21(DE3) Escherichia coli cells,
and 2-4 liter cultures of cells were grown in Luria Broth at
37 °C. At an optical density of 0.6-0.8, the cells were induced
with 1 mM isopropyl B-p-1-thiogalactopyranoside and grown
overnight at 18 °C. Cells were pelleted by centrifugation at
4000 x g at 4 °C for 10 min and resuspended in 150 mM KCl
and 30 mM HEPES, pH 7.2. DNase at a final concentration of
5 ung mL™' and two tablets of protease inhibitors (Roche,
cOmplete EDTA-free) were added to the buffer. The resuspended
cells were lysed by an Emulsiflex-C3 homogenizer (Avestin) and
clarified by centrifugation at 186 000 x g at 4 °C for 45 min.

The bacterial lysate was purified with amylose affinity chro-
matography, and maltose-binding protein was cleaved off by
thrombin incubation at room temperature for 4 h. The protein
(10-50 uM) was then spin-labeled with 100 uM S-(1-oxyl-2,2,5,5-
tetramethyl-2,5-dihydro-1H-pyrrol-3-yl)methyl methanesulfono-
thioate (Toronto Research Chemicals) per cysteine mutation for
1 h at room temperature. To remove maltose-binding protein
and excess spin label, the sample was purified by ion exchange
chromatography. It was diluted in buffer containing 10 mM
KCl, 30 mM HEPES, 10% glycerol, pH 7.2, and purified on an
SP-Sepharose column (GE Healthcare, HiTrap SP FF). Fractions
containing protein were pooled and concentrated to 50-100 uM
using a 10 kDa MWCO centrifugal filter (GE, Vivaspin). The protein
was buffer exchanged into D,0O with 150 mM KCl, 30 mM HEPES,
and 10% glycerol (pH 7.2) using a PD-10 column (GE Healthcare)
and concentrated using a 30 000 MWCO centrifugal filter.

Preparation of the samples for the RFQ experiments

The concentrations of the CNBD and cAMP reactants
were assessed before each RFQ experiment by measuring the
absorbance at 280 nm (g5 = 18000 M~ " cm™ ') and at 260 nm
(2260 = 14650 M~ ' em™ 1), respectively.

As the typical concentration at which the HCN2 protein was
prepared for long-term storage was insufficient for the RFQ
experiments, especially considering the two-fold dilution resulting
from mixing the reactants in a 1:1 volume ratio inside the
microfluidic device, centrifugal concentration was performed at
4 °C using a polyethersulfone membrane with a 10 kDa molecular
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weight cutoff (VivaSpin 500, GE Healthcare Life Sciences). After this
operation, the concentration of HCN2-CNBD was measured again.

The deuterated buffer in which the protein and the cAMP were
prepared for long-term storage contained 10% w:w glycerol. As
the optimal conditions for RFQ sample collection were deter-
mined for 30% v:v (41% w:w) glycerol, an appropriate amount
of perdeuterated glycerol was added to the solutions and the
resulting dilution was taken into account.

The reference samples for the starting point of the kinetics
(¢t = 0) were produced by manually mixing the protein with an
equal volume of buffer containing 30% v:v of perdeuterated
glycerol. The reference end-point samples were prepared by
adding the same cAMP solution used in the RFQ experiment
and incubating for ¢ ~ 30 minutes, marked as “equilibrium” in
the plots. In addition, some samples collected via the RFQ
device were thawed and frozen again.

EPR measurements

EPR measurements were performed on a home-built W-band
spectrometer (94.9 GHz, 3.5 T).>**® All measurements were
carried out at 25 K and with a shot repetition time of 50 ms.

Field-swept EPR spectra were recorded monitoring the echo
generated by the sequence m/2-t-n-t-echo (n/2 = 15 ns, T =
30 ns, T = 500 ns) while sweeping the magnetic field at a rate of
0.067 mT s~ '; the two-step phase cycle (+x)-(—x) was applied on
the first microwave pulse, and the echo was integrated over its
full width at half maximum.

DEER traces were recorded using the dead time-free 4-pulse
sequence®® (1/2),, ~1,~(),,~(t1 + toper)~(1)y,~(T2—tpper) (1), ~T2~
echo, with pulse lengths (n/2),, = 30 ns, (x),, = 60 ns, (1), =
25 ns, 7, =450 ns and 7, = 2.15 ps. The refocused primary echo at
the frequency v; was recorded as a function of the delay tpggg,
which defines the position of the pump pulse at the frequency v,
with respect to the primary echo generated by the first two
pulses. The pump pulse frequency v, was set on the maximum
of the EPR spectrum in order to maximize the modulation depth,
and the observer frequency v, was set 65 MHz lower; tpger Was
stepped in increments of 25 ns starting from —200 ns up to
+2 us, resulting in 89 points in the dipolar evolution trace.
Typical acquisition times were 1 hour for the reference samples
(¢t = 0, equilibrium: ¢ ~ 30 minutes) and 9-16 hours for the
samples obtained from the RFQ apparatus.

For the ¢ = 0 reference sample, the dipolar evolution trace
was collected for longer times in order to get a better estimate
of the contribution to the DEER trace coming from intermole-
cular interactions. Traces were acquired up to 4 ps (7, = 4. 5 ps)
and 6 ps (1, = 6. 5 us) with a step of 25 ns and 50 ns,
respectively; the acquisition time was 4-6 hours. Evolution
times longer than 2 ps were tested, but did not indicate
the presence of distance distribution features corresponding
to larger spin-label separations than would escape detection
at 2 ps (Fig. S11, ESIY).

We also tested for orientation selection (Fig. S13, ESIt). For
this, the magnetic field was changed by —3.38 mT, —1.96 mT
and +5.24 mT relative to the original setting, which had put the
spectral maximum at the pump frequency. The pump and
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observer frequencies were kept constant with v, — v; = 65 MHz.
We found that while the modulation depth strongly depends on
the position of the observer and pump pulses within the EPR
powder pattern, the distance distribution does not, except for the
Bpump = Bmax — 3.38 mT setting. Accordingly, all measurements of
RFQ samples were carried out setting the pump pulse frequency
to the maximum of the EPR spectrum (blue traces, Fig. S13, ESIT)
where there is the least orientation selection. Also, the similarity
between our data collected under these conditions and the
distance distributions derived from X-band DEER measurements
on the same doubly-labeled mutant'® in the absence of cAMP and
with excess cAMP under equilibrium conditions support the
exclusion of orientation selection effects (see Fig. S14, ESIT).

Data analysis

Background correction of all the traces was performed assuming
a three-dimensional homogeneous distribution of spin labels,
giving a background function B(tpggr) = Bo-e “™**, The correc-
tion was performed for each sample individually by fitting
this function to the tail of the DEER trace. The fit interval was
optimized by examining the zero-frequency region of the spec-
trum obtained after Fourier transformation of the background-
corrected trace so as to get a shape of the frequency spectrum
close to the one of a Pake pattern. This operation was performed
using the DeerAnalysis 2013.2 software.>

All the recorded and background-corrected DEER traces,
those from the RFQ samples as well as the ones from the
reference samples, were analyzed simultaneously using a global
fitting approach. We modeled the distance distributions as a
sum of Gaussians, each defined by center and width. These
were kept the same for all the traces, whereas the relative
weights of the components were allowed to vary for each trace.
We used the implementation of this approach provided by the
software GLADD.>"

The choice of the initial parameters for the fitting routine,
which constitutes a critical point in the analysis procedure, was
performed as follows. In the first step, all the DEER traces were
individually fit with the software DD*"** using the minimum
number of Gaussians that gave a reasonable agreement with the
experimental data; this was identified with the model giving the
lowest Akaike information criterion score. By putting together all
the results of this analysis, it was possible to conclude that three
Gaussians are sufficient to describe all distributions in our
dataset. Furthermore, correlating the weights of the components
and the reaction time showed that the closed conformation can
be described by a single Gaussian whereas the open conforma-
tion is described by the sum of two Gaussians.

The results of the above-mentioned analysis — namely the
center and width of the three Gaussian components, their
relative weights, the modulation depth and the slope of the
background decay function - were used as starting parameters
for the global fitting routine. Optimization was then performed
with respect to the center and width of the three Gaussian
components (kept the same for all the samples) and their
weights (varied). The ratio between the weights of the two
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Gaussians needed to fit the open conformation was kept
constant.

The validation tool included in the GLADD software allowed
estimating the uncertainties of the parameters resulting from
the global fit; these uncertainties are reported at the 68%
confidence level.

For selected samples, results from the global analysis
approach were compared with results obtained from model-
free Tikhonov regularization of the DEER traces. For this
purpose, the DeerAnalysis 2013.2 software®® was used with a
regularization parameter of o = 100.
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