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a b s t r a c t

Water plays an important role in many essential biological processes of membrane proteins
in hydrated lipid environments. In general, the 1H polarization transfers between water
molecules and site-specific protons in proteins can be classified as coherent (via dipolar spin
diffusion) and incoherent (via chemical exchange and nuclear Overhauser effect) transfers.
Solid-state NMR is the technique of choice for studying such water-protein interactions in
membrane-bound proteins/peptides through the detection of 1H polarization transfers from
water to the proteins. These polarization transfer mechanisms often exist simultaneously
and are difficult to quantify individually. Here, we review water-protein polarization transfer
techniques in solid-state NMR, with a focus on the recent progress for the direct detection of
site-specific kinetic water-protein chemical exchange processes on the sub-millisecond time
scale in membrane-bound proteins. The measurements of the pure chemical exchange ki-
netics provide a unique opportunity to understand the role that water plays in the structure-
function relationships of membrane-bound species at the water-bilayer interface. In addi-
tion, the perspective of chemical exchange saturation transfer (CEST) experiments in
membrane-bound proteins/peptides is further discussed.
1. Introduction

Biological membranes are comprised of crowded membrane-bound proteins in a hydrated lipid environment [1]. These
proteins conduct many essential biological processes with the aid of water, such as inter- and intra-cellular signal trans-
duction across complex cellular and organelle membranes [2e4]. The membrane lipid interactions are well studied and have
profound impacts on the structure and function of membrane-bound proteins and peptides [5e9]. However, water-protein
interactions [10e15] are also critically important for understanding how proteins function in their complex environment.
Nuclear magnetic resonance (NMR) is the only spectroscopic technique with atomic resolution that is capable of studying
water-protein interactions in detail. In solution NMR, water-protein interactions have been intensively used to study protein
dynamics and binding via relaxation parameters using multi-dimensional NMR [16e19]. On the other hand, a growing
number of solid-state NMR studies of water-protein interactions using magic-angle-spinning (MAS) [15,20e28] and oriented
samples [29] have been reported. These studies have demonstrated that the water-protein interactions can be revealed
through 1H-1H polarization transfer betweenwater and specific proton sites in proteins, mediated by coherent 1H dipolar spin
diffusion (SD) and incoherent chemical exchange or nuclear Overhauser effect (NOE) [25,30,31]. Chemical exchange is the
proton substitution process between the proton in water molecules and the exchangeable protons in the proteins. SD is the
distance-dependent magnetization transfer through 1H-1H dipolar interactions and is considered to be the most efficient
1H-1H polarization transfer mechanism in the presence of strong proton dipolar interactions, such as in rigid solids. The NOE
is based on dipolar cross effects between two motional-modulated spins that are in close proximity. These polarization
transfer mechanisms provide an opportunity for characterizing how the protein interacts with water. For instance, H/D
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Abbreviations

CEST chemical exchange saturation transfer
CP cross polarization
DOPC 1,2-dioleoyl-sn-glycero-3-phosphocholine
DOPE 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine
DMPC dimyristoylphosphatidylcholine
gA gramicidin A
HETCOR heteronuclear correlation
LG Lee-Goldburg
LGCP Lee-Goldburg cross polarization
LGSL Lee-Goldburg spin-lock
M2FL full length M2
MA magic angle
MAS magic-angle-spinning
NMR nuclear magnetic resonance
NOE nuclear Overhauser effect
REDOR rotational-echo double-resonance
SD spin diffusion
TM transmembrane
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exchange experiments allow one to characterize the accessibility of water in the M2 proton channel of the Influenza A virus
[32] to the transmembrane helical backbone and how the deuterated water participates in conformational changes in pro-
teins [33]. Moreover, SD experiments can effectively identify those residues that are exposed to water, such as forming
hydrogen-bonds with water [34]. However, thesemechanisms are often present simultaneously inwater-protein polarization
transfer experiments [31]. Especially in the presence of strong 1H intramolecular SD associated with the relatively rigid
membrane-bound protein environments and because of the very high concentration of water surrounding the membranes,
observing site-specific chemical exchange betweenwater molecules and specific proton sites in a protein is rather difficult. In
this perspective review, we discuss the water-protein polarization transfer techniques in solid-state NMR, with a focus on the
recent progress for detecting site-specific kinetic water-protein chemical exchange processes on the sub-millisecond time
scale in membrane-bound proteins/peptides.

As diagramed in Fig.1, detecting thewater-protein chemical exchange in biological solids is different from detecting that in
mobile systems. In solution, due to the fast molecular tumbling, the proton dipolar interactions are averaged out. Thus the
water-protein interactions are primarily under a chemical exchange process that can be detected through relaxation NMR
usingmulti-dimensional spectroscopy [16e19]. On the other hand, in biological solids, a proton from a protein (colored as red
in Fig. 1b) is not only in chemical exchange with water, but also under fast intramolecular dipolar SD with other protons
within the protein. When the proton-proton dipolar interactions are very strong, the SD becomes so dominant that any red
protonmagnetization induced by chemical exchange with water can disperse into other protons in the protein rather quickly,
making it difficult to detect the site-specific water-protein chemical exchange. In addition, the protons in those residues that
are hydrogen-bonded with water [34] are, in fact, in close proximity with water and thus are subject to the intermolecular
dipolar coupling mediated SD polarization transfer from water. Consequently, the observed water-proton polarization
transfer could be induced either by chemical exchange or by intermolecular dipolar coupling mediated SD or are simply the
result of the relayed polarization transfer, first via chemical exchange and then by the intramolecular dipolar SD, which would
lead to very different interpretations of howwater interacts with the protein. Here, wewill first overview the solid-state NMR
techniques for studying water-protein interactions, followed by introducing the recent development for probing pure water-
protein chemical exchange in membrane-bound proteins/peptides. Finally, we use the Influenza A full length M2 (M2FL)
protein as an example to characterize the M2 proton channel conduction mechanism using the water-protein chemical
exchange processes.

2. Solid-state NMR techniques for water-protein polarization transfers

In many two-dimensional (2D) 1H-15N/13C heteronuclear correlation (HETCOR) spectra of membrane-bound proteins/
peptides, additional cross-peaks with water protons were clearly observed in both MAS [14,21,27,30,31] and oriented sample
[11,29] solid-state NMR. Since a direct polarization from mobile water to proteins is rare (unless the water is confined)
[35e37], such cross-peaks with the water protons are believed to take place during the cross polarization (CP) step, which is
used for transferring 1H magnetization to 15N/13C spins [21]. In solid-state NMR water-protein interactions in membrane-
bound proteins/peptides are studied via the polarization transfer from water to the proteins. A 1H T2 filter with a
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Fig. 1. Schematics for the water-protein chemical exchange processes in solution (a) and in biological solids (b), where KIM and KMI represent the exchange rate
constants between the water pool (M) and a specific proton (I) in a protein. Note that in solution the polarization can be further transferred through NOE inside
the protein.
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sufficiently long echo time t, as shown in Fig. 2a, largely suppresses all protons in a protein while sufficiently retaining the
polarization of the mobile water, so that the mobile water polarization can be spin-locked for polarization transfer to 15N/13C
sites for one-dimensional (1D) observation via CP. As first demonstrated by Harbison et al. [38], such a 1H T2 filter allowed for
monitoring the kinetic transfer from solvent water to the Schiff-base nitrogen of the bacteriorhodopsin membrane protein.
Many sophisticated pulse sequences [20e23,25], including shaped pulses for selectively polarizing the water signals,
rotational-echo double-resonance (REDOR)-based dephasing for a 1H T2 filter, and proton detection versions for improved
sensitivity, have been proposed for probing the water-protein interactions. Depending on how the mobile water propagates
its polarization to the protons in the protein, two classes of representative schemes are shown in Fig. 2.

First, the mobile water is spin-locked for polarization transfer. Such an 1D version (Fig. 2a) can be extended to 2D ho-
monuclear correlation experiments, as shown in Fig. 2b, allowing for site-specific monitoring of water-protein interactions in
complex protein systems [21,31]. It is worthy to note that when the mobile water is spin-locked during the CP contact time,
there is, in fact, a mix of coherent dipolar SD (both inter- and intra-molecular dipolar couplings) and incoherent chemical
exchange driven contributions. Even with spin-locking the 1H magnetization along the magic-angle (MA) using the Lee-
Goldburg (LG) sequence [39] to suppress the dipolar SD, the polarization transfer processes during CP are rather compli-
cated, involving a three-spin system (water proton, a specific proton in the protein, and a15N/13C spin), from which it is not
straightforward to extract chemical exchange rates from the spin dynamics [40].

Secondly, the selective polarization of the mobile water is flipped to the z axis for a mixing time, tmix, during which its
polarization is transferred to other protons in a protein, as shown in Fig. 2c and d. Again, when themobilewater signal evolves
in the indirect dimension t1, as in Fig. 2d, this allows for site specific monitoring of the transferred polarization buildups.
During tmix, the water-protein polarization transfer could be driven by the coherent process via the intermolecular dipolar SD
between water and protein when there exists any water-protein hydrogen-bonding, and by the incoherent process through
chemical exchange and NOE. As the coherent dipolar SD is primarily dependent upon the dipolar couplings involved, it can be
manipulated by experimental techniques. For instance, 13C-13C spin diffusion can be greatly enhanced by the rotary resonance
conditions [41e43] during tmix under MAS, and consequently becomes one of the most powerful tools for obtaining 13C-13C
homonuclear correlation spectra for protein structural elucidation, but it can also be suppressed by efficient heteronuclear
decoupling during themixing time, such that the chemical exchanged cross peaks can be revealed in the 13C-13C homonuclear
correlation spectra [27]. Similarly, when 1H-1H dipolar couplings are suppressed by MAS, the radio frequency-driven
recoupling [44] can be used to re-introduce the coherent dipolar SD during tmix [45e47] for the determination of struc-
ture and dynamics of membrane-associated peptides. By comparison, the incoherent chemical exchange and NOE represent
kinetic processes in the systems and can only be manipulated by temperature, not by any experimental techniques. For the
incoherent process, differentiating the chemical exchange and NOE is rather difficult. It is generally believed that NOE be-
tweenwater and protein protons is dominated by long-range dipolar couplings to bulk water [48]. It is worthy to note that, in
the presence of strong intramolecular 1H-1H dipolar couplings in the protein, any 1H signal in the protein obtained via the
water-protein polarization transfer could be rapidly dispersed into other protons through the intramolecular SD during tmix,
such that the detection of the site-specific water-protein transfer is obscured.
3. Water-protein chemical exchange polarization transfer

For relatively rigid membrane-bound proteins/peptides, the intramolecular dipolar SD is the major mechanism for
transferring polarization among protons within a protein, as illustrated in Fig. 1b, meaning that any polarization changes of a
specific proton induced by a water-protein polarization transfer would be quickly dispersed to other protons that are not
subject to direct water-protein interactions. In order to probe site-specific water-protein chemical exchange, minimizing the
intramolecular dipolar SD is critically important. In this regard, fast MAS (60 kHz or higher) [49,50], along with diluting the 1H
coupling network via protein deuteration, is a convenient way to suppress the strong 1H dipolar interactions for reducing the
SD. This can be easily incorporated into NMR techniques shown in Fig. 2 with direct proton detection. Conversely, when the
sample is spinning moderately or even under static condition, spin-locking the 1H magnetization along the MA using the LG
sequence [39] is an effective way to suppress 1H-1H intramolecular dipolar SD. However, even when the 1H is spin-locked
along the MA by the LG sequence during CP (i.e., LGCP), the polarization transfer process from water to protein during
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Fig. 2. Representative pulse sequences used for the water-protein polarization transfer with the observation of 15N/13C signals via CP. A 1H T2 filter is highlighted
in the beginning of the sequences to suppress the proton signals from the proteins while sufficiently retaining the polarization of the mobile water. The selected
water polarization is spin-locked for CP transfer to 15N/13C for (a) 1D and (b) 2D observations, or it is flipped to the z axis, (c) without and (d) with its chemical
shift evolution, for a period of time tmix allowing for polarization transfer to other protons, followed by detecting 15N/13C via CP.
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LGCP involves a three-spin system (i.e., water proton, a specific proton in the protein, and a15N/13C spin), making it difficult to
extract the water-protein chemical exchange from water to the proton in proteins, as alluded to before [40].

Recently, 1D chemical exchange measurements [15] were proposed, as diagramed in Fig. 3a, to probe specific water-
protein chemical exchange kinetics without the influence of SD. Here, the specific proton in a protein is indirectly moni-
tored by its near-by 15N. The specific proton is first dephased by the 1H T2 filter and then re-polarized via chemical exchange
with the mobile water during the Lee-Goldburg spin-lock (LGSL) time (tSL). The main difference, as compared to the schemes
in Fig. 2, is that after the 1H T2 filter the mobile water magnetization remains along the MA in the entire period of the water-
protein polarization transfer, such that the SD is minimized. Importantly, only water protons and a specific proton in the
protein are involved in polarization transfer during tSL, so that a two-spin system (Mdwater; Idthe specific proton in the
protein) can be used to describe the chemical exchange between theM and I spins using the Solomon equations, rather than a
complex three-spin system during LGCP:

d MðtSLÞ
d tSL

¼ �
 

1
TM1r

þKMI

!
MðtSLÞ þ KIMIðtSLÞ (1)

d IðtSLÞ
d tSL

¼KMIMðtSLÞ �
 

1
TI1r

þKIM

!
IðtSLÞ (2)

here M(tSL) and I(tSL) are the M and I magnetizations along the MA at a given LGSL time, tSL. TM
1r and TI

1r are the spin-lattice
relaxation times in the LGSL for M and I protons, respectively. Because the M and I magnetizations are along the MA, the cross
relaxation between M and I has been negligible in the above equations. p is the concentration of the water molecules in the
pool of water M that participate in exchangewith the specific proton in the protein. KIM represents the exchange rate constant
from the specific I proton to the water molecules, while the exchange rate constant KMI fromwaters to the specific I proton is
p* KIM.

For simplicity, by assuming that the M and I protons have the same spin-lattice relaxation time in the LGSL, i.e., TM
1r ¼

T I
1r ¼ TH1r, the analytical solution can be derived from the Solomon equations [15]:
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IðtSLÞ¼ Ið0Þ þ ½pMð0Þ� Ið0Þ�f1� exp½1�ðpþ 1ÞKIMtSL�gexp
�
� tSL

.
TH1r
�.

ðpþ1Þ (3)
Clearly, the chemical exchange term is scaled by the population difference between the water molecules and the specific
proton in the protein involved in the chemical exchange. In the case of one water molecule exchanging with one proton in the
protein, the population difference should be null and thus no chemical exchange can be observed during LGSL. Therefore, the
trajectory of I(tSL) in Eq. (3) is not sensitive to their exchange process. Note that when I(0) represents any residual magne-
tization due to incomplete dephasing, this residual magnetizationwill contribute to initial signals, but will not be involved in
the chemical exchange process.

On the other hand, when the magnetization I(0) is dephased completely before the LGSL, the solution for I(tSL) becomes:

IðtSLÞ¼pMð0Þf1� exp½ � ðpþ 1ÞKIMtSLÞ�gexp
�
� tSL

.
TH1r
�.

ðpþ1Þ (4)
Clearly, the observation of the chemical exchange term in Eq. (4) is now dependent solely on the population of the water
molecules that participate in the exchange and builds up the I(tSL) magnetization that has been selectively dephased at the
beginning of LGSL. Fig. 3b shows the simulated recoveries of the dipolar-dephased 1H magnetization at various chemical
exchange rate constants.

Due to the strong 1H spin diffusion associated with themembrane-bound biological systems, in the study of water-protein
interactions using the schemes in Fig. 2, all proton magnetization from the protein needs to be dephased during the 1H T2
filter in order to prevent any 1H-1H SD among protons in the protein from interfering with the specific proton in exchange
with the mobile water [24,51]. Often, this requires the 1H T2 filter to have a long enough echo time t or simultaneously apply
both 13C and 15N REDOR dephasings for a long period of time when there exist relatively mobile functional groups, such as
methyl and ammonium groups, to suppress all protons in the protein. In contrast, in the scheme shown in Fig. 3a, the 1H
magnetization is spin-locked along theMA [39] where the 1H-1H SD is suppressed, thus no 1H-1H polarization transfer among
the protein protons is expected. Therefore, it is sufficient to dephase only the 1H magnetization that is bonded with the
indirectly observed 15N site. Fig. 4 shows the spectra in control experiments using an amino acid histidine powder sample
lyophilized from a pH 6.3 solution. At this given pH, the histidine exists in two tautomeric states [52], i.e., the neutral t and
charged states (shown in the insert of Fig. 4a). When the 15N 180� pulses were not applied (i.e., without REDOR), all three
protonated nitrogen sites (Nε2

t , Nd1
þ , and Nε2

þ ) were observed, while the non-protonated Nd1
t was not observable because of the

short LGCP contact time used in the experiments.When the 180� pulses were applied on 15N (i.e., with REDOR), the intensities
for those protonated nitrogen sites (Nε2

t , Nd1
þ , and Nε2

þ ) were dramatically decreased, indicating that the dephasing is sufficient
with 154 ms dephasing time for the directly bonded NH pairs (having a dipolar coupling of ~10 kHz) [53].

The protons directly bonded with the aromatic nitrogen are effectively dephased by 15N REDOR, but other protons such as
Ca-, Cb-, and aromatic ring carbon protons remain. The big question is whether or not those protons would be transferred to
the 15N dephased proton through SD during LGSL? Fig. 4b shows the dipolar-dephased 15N MAS NMR spectra of the histidine
powder lyophilized from a pH 6.3 solution at different tSL. Clearly, the REDOR-dephased protonated 15N resonances do not
gain intensity as tSL increases, implying that the protons that are covalently bonded with the nitrogen do not gain any
magnetization from other protons through SD. In fact, there is a slight decrease in intensities due to the proton spin-lattice
relaxation time along the MA.
Fig. 3. (a) 1D pulse sequence used to probe water-protein chemical exchange indirectly via 15N. (b) Simulated buildups of the dipolar-dephased 1H magnetization
as a function of spin-lock time tSL at various exchange rate constants. Adapted with permission from Ref. [15] Copyright 2021 American Chemical Society.
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Fig. 4. (a) 15N MAS NMR spectra in the aromatic region of the histidine powder lyophilized from a pH 6.3 solution with and without 15N dipolar dephasing at tSL¼
100 ms using the pulse sequence in Fig. 3a. 256 scans were used for signal averaging. (b) Dipolar-dephased 15N MAS NMR spectra in the aromatic region at
different tSL. 2048 scans were used for signal averaging. In these experiments, the LGCP contact time of 200 ms and a total dephasing time of two rotor periods, i.e.,
154 ms, were used.
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4. Characterization of the M2 proton conduction mechanism using the water-protein chemical exchange processes

The M2 protein from the Influenza A virus is a 97-residue membrane protein with a 24-residue N-terminus and a 51-
residue C-terminal segment connected by a single transmembrane (TM) helix of 22 residues. It assembles as a tetrameric
bundle that conducts protons at a slow rate (102-103/s) when activated at low pH, which is essential for the viral life cycle
[54,55]. The a-helical TM domain (residues 25e46) is responsible for proton conductance triggering the release of viral RNA
into the host cells. This tetrameric TM domain is an important drug target [56e59]. Fig. 5a shows the conductance domain of
the M2 proton channel, where the four His37 residues residing just below the center of the TM helix are known as the heart of
the proton conducting channel, the key to the mechanism of proton transport [10]. There have been two debated proton
transport mechanisms in the literature: 1) the low-barrier hydrogen bond model in which the proton is transferred through
the breaking and reforming of hydrogen-bonds between two pairs of His37 dimers [10,60] or 2) the proton shuttling model in
which an individual His37 residue shuttles protons through imidazole ring reorientations and exchanges protons with water
without the process of forming inter-monomer His37 hydrogen-bonds [12,13]. Although M2 spectra dramatically vary
depending on the M2 constructs and lipids used in sample preparation [12,61e66], the 1H-15N HETCOR spectra from either
the M2FL in DOPC/DOPE [14] or the truncated M2 protein in viral-envelope-mimetic lipid membranes [13] show correlations
between water and the His37 imidazolium nitrogen, indicating that water molecules are involved in proton conductance.
However, the HETCOR spectra represent only the equilibrium state in water-protein exchange processes at a given CP contact
time during which complex exchange processes take place, therefore, their interpretation could yield different conductance
mechanisms. On the other hand, the water-protein chemical exchange measurement sheds light onto the kinetic process of
the water with hydronium ions interacting with the protons in the His37 tetrad, leading to a better understanding of the
conductance mechanism of the M2 proton channel.
104



Fig. 5. (a) Conductance domain of the M2 proton channel from the Influenza A virus. (b) The low-barrier hydrogen bond model. The proton is transferred through
the breaking and reforming of the intermonomer imidazole-imidazolium hydrogen bonds between the His37 residues. (c) The water-His37 hydrogen bonding
model. The His37 shuttles protons through imidazole ring reorientations and exchanges protons with water. (b) and (c) were adapted with permission from
Ref. [69] Copyright 2021 American Chemical Society.
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Fig. 6a and b shows the expanded 15N spectra of the His37-labeled M2FL at different pHs in lipid bilayers using various tSL
values. The description of theM2FL samples and experimental details can be found in Supporting Information. Clearly, the 15N
spectra (black) without 15N dephasing show similar line-shapes and intensities at different tSL. With a short LGCP contact
time, the 15N signals were only cross-polarized from the protonated 15N sites of His37 sidechains (i.e., the t state Nε2

t and the
charged state Nd1

þ and Nε2
þ ). The non-protonated t state Nd1

t (~250 ppm) could hardly be polarized. These observed 15N res-
onances are spread from 165 to ~200 ppm, while their correlated 1H frequencies extend up to 19 ppm [14]. Such high 15N and
1H frequencies indicate the formation of short imidazole-imidazolium H-bonds [67]. When 15N selective dephasing was
applied, the bonded protons of the charged His37 H-Nd1

þ and H-Nε2
þ sites were dephased at the beginning of LGSL, thus no

signals from the charged His37 Nd1
þ or Nε2

þ protons were expected. However, in the presence of thewater-protein exchange, the
proton from the charged His37 H-Nd1

þ or H-Nε2
þ (presumably H-Nε2

þ ) was re-energized during LGCP, such that the signals from
the charged His37 Nd1

þ or Nε2
þ could still be observed. As shown in the red spectra, the 15N signals were largely reduced at a

short tSL (50 or 100 ms). Clearly from Fig. 6a and b, much of the spectral intensity that appears at ~165 ppm in black was not
recovered in the red spectra even when tSL was long, indicating that these signals at ~165 ppm belong to Nε2

t that is less
accessible by the hydronium ions. This assignment was confirmed by the 15N-15N correlation spectrum [27]. It is clear from
the red spectra of Fig. 6a and b that the dipolar-dephased 15N signals from the charged His37 Nd1

þ or Nε2
þ recovered their in-

tensities as tSL increased, implying that their bonded protons gain magnetization during LGSL. As 1H spin diffusion is sup-
pressed during the LGSL and any relayed transfer is largely eliminated (c.f. Fig. 4), this observed gain can only be facilitated by
chemical exchange between this particular proton and the hydronium ions.

Fig. 6c and d shows the recovery of the dipolar-dephased 15N signals as a function of tSL. Clearly, the signal recovery at pH
5.8 is much faster, reaching the maximum at tSL of ~ 0.5 ms, as opposed to that at tSL of ~ 1.2 ms at pH 6.2. In separate ex-
periments, TH

1r was measured to be 16.2 and 15.8 ms for pH 6.2 and 5.8, respectively. These values were used as a constant to
fit the recovery trajectories, yielding the exchange rate constant KIM of 1750 ± 550 s�1 and 4000 ± 1500 s�1 between hy-
dronium ions and the protons in the His37 NH bonds for theM2FL for pH 6.2 and 5.8, respectively, at�10 �C. It appears that KIM

at pH 5.8 is about twice as fast as that at pH 6.2 [15], indicating that the increase of the proton dynamics at lower pH is directly
proportional to the proton concentration. Again, this represents an average value over a number of different His37 states with
various exposures to hydronium ions. It is anticipated that the exchange model [14,15] established at �10 �C should be
relevant at the physiological temperature but the exchange rates should be faster.

Different from the HETCOR spectra that represent the equilibrium state in water-protein exchange processes and cannot
be used to trace the origin of the water-protein cross peaks, the observed kinetic recovery of the dipolar-dephased 15N signals
supports the low-barrier hydrogen bond model and discriminates against the proton shuttling mechanism [12,13] in the
M2FL proton channel in lipid bilayers. In the proton shuttling mechanism [12,13], the non-protonated 15N site by accepting a
proton from a hydronium ion originating from the viral exterior becomes protonated and thus is not capable of receiving an
additional hydronium ion, as it has to remain facing the viral exterior so that the other 15N site in the same His residue can be
ready to release its proton to the viral interior. Furthermore, this proton transport seems to involve only the protonation of the
neutral His37 residues followed by deprotonation of these residues. In other words, the protonated 15N signals from the
charged His37 residues should not regain any intensity when dephased, but the protonated 15N signals from the neutral His37
residues are expected to recover fully. This is contrary to the kinetic recovery processes observed in Fig. 6c and d, where the
protonated 15N signals at ~175 ppm from the charged His37 sites almost recover to their full intensities and only a fraction of
the signals at ~166 ppm (partly from the neutral His37 residues) have regained their intensity. On the other hand, this kinetic
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Fig. 6. (Top) Expanded 15N MAS spectra of the His37-labeled M2FL at pH 6.2 (a) and pH 5.8 (b) in lipid bilayers at �10 �C without (black) and with (red) 15N-
dipolar dephasing in different spinlock time tSL. (Bottom) Normalized dipolar-dephased 15N integral over the region of 200 and 160 ppm as a function of tSL at pH
6.2 (c) and pH 5.8 (d). The red lines represent the best fit curves. Adapted with permission from Refs. [15] and [27]. Copyright 2021 American Chemical Society.
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recovery can be well explained by the LBHB model: 1) the reformed imidazole-imidazolium hydrogen bonding His37 pairs
always allow the His37 tetrad to be ready for accepting the next hydronium ion. 2) In the His37 tetrad, as illustrated in Fig. 5b,
all of the green protons are dephased in applying the 15N REDOR dephasing sequence. But the red protons from water are
taking the green proton positions through the exchange processes allowing the recovery of the dipolar-dephased 15N signals.
The existence of such intermonomer imidazole-imidazolium hydrogen bonds has evidently been confirmed by the obser-
vation of the hydrogen-bond mediated 15N-15N J-couplings [68,69].

Similarly, converting this 1D version of the chemical exchangemeasurements diagramed in Fig. 3a into a 2D versionwould
allow for site-specific determinations of water accessibility, as demonstrated in the Aquaporin Z membrane protein [70].
5. Conclusions and perspectives of water-protein chemical exchange experiments in solid-state NMR

It is known that coherent SD and incoherent chemical exchange as well as NOE are classified as water-protein polarization
transfermechanisms [25,30,31]. Thesemechanisms represent different water-protein interactions: SD is distance-dependent,
mediated by intermolecular 1H-1H dipolar interactions, and therefore can reveal the specific sites in the protein that bonds
with water. Although the intramolecular dipolar couplings in the protein do not directly contribute to the water-protein
polarization transfer, they can rapidly disperse the water-protein transferred polarization into other protons in the protein
obscuring the detection of the site-specific water-protein transfer. Chemical exchange is the proton substitution process
between the proton inwater molecules and protons in the protein, and thus provides an important tool for characterizing the
role of water in the structure and function of the protein. While NOE is based on dipolar cross effects between two motional-
modulated spins that are in close proximity, and thus can be used to enhance specific 15N/13C sites in the protein that are in
the water-protein interface [30,71e73]. However, 1H-1H NOE betweenwater and protein protons is dominated by long-range
106



R. Zhang, T. Cross and R. Fu Magnetic Resonance Letters 1 (2021) 99e111
dipolar couplings to bulk water [48]. Temperature is an important variable to control the water-protein polarization transfer
contributions from various mechanisms, as it is sensitive to the incoherent chemical exchange/NOE. On the other hand, fast
MAS has been used to probe the structuredwater that contributes to the polymorphic nature of pharmaceuticals [74]. It could
dramatically weaken the 1H homonuclear dipolar interactions and thus suppress the SD, making the chemical exchange and/
or NOE contributions dominant. Therefore, differentiating the underlying water-protein polarization transfer mechanisms is
important in terms of knowing exactly howwater interacts with the protein. In particular, the chemical exchange mechanism
provides a unique opportunity to understand how water participates in the structure and function of the protein. As
demonstrated above with the example of the M2FL protein, the measurements of the kinetic processes of the pure chemical
exchange betweenwater and the protons in the His37 NH bonds in the center of the M2FL transmembrane helix allow for the
characterization of the proton conduction mechanism in the M2 proton channel.

Another perspective for pure water-protein chemical exchange experiments is to utilize the mobile water for detecting
those invisible or buried protons that are in exchangewithwater inmembrane-bound proteins/peptides. It is well known that
by saturating a small proton resonance via continuous irradiation, the large unsaturated proton magnetization (i.e., water 1H
signal) continuously moves to the saturated proton resonance through chemical exchange, a process called chemical ex-
change saturation transfer (CEST) [75]. Consequently, the water signal decreases and therefore, by directly monitoring the
sensitive water signal, those proton sites in exchange with water can be revealed, even though they are severely overlapped
by other 1H resonances. The CESTmethod has been exclusively used in solution NMR for studying protein folding [76e81] and
it has recently been extended to a static 2H application in biological solids [82], but it has yet to be utilized in solid-state NMR
of membrane-bound proteins/peptides due to the strong 1H-1H spin diffusion in the relatively rigid membrane bound pro-
teins. With the suppression of 1H-1H spin diffusion either by spin-locking along the MA or by fast MAS, the CEST experiments
become possible in the study of membrane bound proteins/peptides.

Fig. 7 shows the potential of the CEST method (see Supporting Information) with gramicidin A (gA) samples hydrated in
lipid bilayers for the first time, where the water relative signal intensity is plotted as a function of 1H saturation offset, Dn. GA,
an antibiotic from Bacillus brevis, is a polypeptide of 15 amino acid residues having the sequence of formyl-L-Val1-Gly2-L-Ala3-
D-Leu4-L-Ala5-D-Val6-L-Val7-D-Val8-L-Trp9-D-Leu10-L-Trp11-D-Leu12-LTrp13-D-Leu14-L-Trp15-ethanolamine. All the alter-
nating D- and L-amino acid side chains project on one side of the b-strand secondary structure, so as to force the strand to take
on a helical conformation. In lipid bilayers, the polypeptide forms a monovalent cation selective channel that is dimeric, but
single-stranded. The high-resolution structure of the channel monomer has been defined with 120 precise orientational
constraints from solid-state NMR of uniformly aligned samples in lipid [83e85]. The polypeptide backbone lines the pore
wide enough only for a single file of water molecules. For monovalent cations to pass through the pore, theymust be stripped
of all but two of their waters of solvation prior to entering the single file region of the pore. In Fig. 7, no water 1H signal can be
observed when the 1H saturation is applied to the water resonance itself at 4.7 ppm, but its signal intensity is not affected as
the 1H saturation offset moves away, unless the saturation offset is close to 1H sites that are in exchange with water. Clearly,
the CEST profiles indicate a significant signal at ~7.7 ppm, suggesting the existence of a 1H site in the gA channel that
chemically exchanges with water on the time scale of milliseconds which is consistent with the recent 17O study indicating
great stability for the N-H ... O]C hydrogen bonds [34]. Since the mobile water molecules themselves are generating high
Fig. 7. Plots of water 1H signal intensity as a function of 1H saturation offset recorded on 600 MHz for the gramicidin A sample hydrated in lipids under static
(blue) and 10 kHz MAS (red) conditions.
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resolution resonances without the need of fast MAS, the CEST experiments can also be applied in the static or mechanically
aligned gA sample, as shown in the blue curve in Fig. 7. It is noted that the dips at ± 10 kHz are also observed in the CEST
profile representing the rotary resonance condition under MAS [41,86]. Moreover, the residual quadrupolar couplings of
water were observed in 17O NMR spectra, indicating the water dynamics in the interface of lipid bilayers [34] as well as in
polymer-based lipid-nanodiscs [87].

It is worth noting that, for CEST experiments, slow to intermediate exchange conditions on the NMR time scale must be
fulfilled, i.e.,DnIM>> KIM orDnIM ~ KIM, whereDnIM (in Hz) is the chemical shift difference betweenwater and a specific proton
site with an exchange rate of KIM. Therefore, ultra-high fields [88] have a great advantage for CEST experiments as DnIM in-
creases, expanding measurable KIM values that cannot be observed at lower fields. Since water is critical for the functioning of
membrane-bound proteins/peptides [89e91] and chemical exchange is an extremely common phenomenon in protein sci-
ence, it is anticipated that the pure water-protein chemical exchange experiments in biological solids would provide a new
opportunity to characterize structure-function relationships of membrane bound proteins/peptides.
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