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ABSTRACT: Ionizable amino acid side chains in proteins undergo
constant protonation and deprotonation reactions. These proton
exchange dynamics are a fundamental feature of proteins and their
electrostatic character, as well as the basis for many biological
processes, such as general acid−base enzyme catalysis. Such
dynamics have been measured in a site-specific way for aspartates,
glutamates, and histidines by pH-dependent NMR relaxation
experiments. Linear free-energy relationships between kinetic and
thermodynamic parameters have been established that allow the
description of proton-mediated proton exchange at low to neutral
pH. Here, we complement the picture by determining the proton
exchange kinetics of lysine and tyrosine side chains at basic pH.
They display matching linear free-energy relationships that enable
the description of hydroxide-mediated proton exchange at high pH. The underlying maximal second-order rate constants are
approximately a factor of 40 higher for hydronium association compared to hydroxide dissociation. These combined findings provide
a general framework for describing protonation kinetics, allowing for the prediction of protonation and deprotonation rate constants
for ionizable groups with all possible pKa values across the entire pH range.
KEYWORDS: protonation, proton transfer, ionizable amino acids, NMR spectroscopy, NMR relaxation, lysines, tyrosines

■ INTRODUCTION
Proteins are dynamic entities whose properties and functions
arise in large part from their noncovalent interactions.1−3

Electrostatic forces are particularly important due to their
strength and long-range nature.4,5 There are seven amino acid
side chains with ionizable groups between pH 0 and 14. Four
(Asp, Glu, Tyr, and Cys) are predominantly negatively charged
or neutral in solutions with pH values above or below their pKa
values, respectively. Three (His, Lys, and Arg) are predom-
inantly positively charged or neutral in solutions with pH
values below or above their pKa values, respectively. Solution
NMR spectroscopy has a long history in determining the
protonation behavior (and the presence and absence of
charges) of ionizable groups in a site-specific manner6−9 at
equilibrium. Specifically, the chemical shifts of certain atoms in
the ionizable amino acids depend strongly on the degree of
protonation and thus are perfectly suitable probes for pKa value
determination.10 These experimental findings served as
benchmarks for a large number of computational investigations
of protein electrostatics.
In addition to the equilibrium of protonation and

deprotonation of the ionizable groups (pKa values), the
kinetics between these states are of critical importance for
the biophysical and functional properties of proteins. In fact,

general acid−base catalysis and proton transfer are central to
the vast majority of enzyme catalysis.11,12 For example, tyrosine
plays a key role in many enzymes, like in aldose reductase,13,14

ketosteroid isomerase,15,16 or epoxide hydrolase,17 while lysine
and arginine are important for DNA repair18 or cleavage.19

Proton exchange kinetics have been determined experimentally
for individual side-chains by pH-dependent NMR relaxation
for Asp and Glu at acidic pH in GB120 and for His at
moderately acidic to basic pH in a ribbon-helix-helix protein
and T4-Lysozyme.21 The fundamental idea of proton exchange
kinetics affecting relaxation or line shapes of certain amino-acid
positions in a pH-dependent way, dates back to at least 1980.22

In addition, exchange kinetics at single pH values have been
determined experimentally for His,23 Lys,24,25 and Arg24 or His
coupled with conformational exchange.26
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The small dimeric ribbon-helix-helix (rhh) protein from
plasmid pRN1 of Sulfolobus islandicus consists of an β-strand
formed by the two monomers followed by two α-helices per
monomer.27 It displays an extremely high thermodynamic
stability and is folded between pH 0 and 12.5.9,28 Unfolding is
extremely slow and no alternative states have been
experimentally detected, so no other processes interfere with
the protonation kinetics.9,28 Thus, it is an ideal target for
studying protonation kinetics at high pH, namely all eight Lys
residues and two out of three Tyr residues. The pKa values of
the three Arg residues and the third Tyr are higher than pH 13
and thus, beyond the scope of the current study.
Here, we determine the proton exchange kinetics of Lys and

Tyr side chains by measuring the pH dependence of transverse
relaxation rate constants (R2) for distinct 13C resonances in
each side chain. Our studies reveal the expected H2O/OH−

mediated exchange mechanism.21 Derived proton pseudo-first-
order on-rate constants (kon) range from 0.4 to 4 × 106 s−1, for
pKa values between 10 and 11, while second-order proton off-
rate constants (koff) range from 0.2 to 5 × 1010 M−1 s−1. This
closely agrees with the previously established linear free-energy
relationship between kinetic (kon and koff) and thermodynamic
(pKa) parameters,

20,21 and extends our understanding of
proton exchange by the H2O/OH− mediated exchange
mechanism at high pH. Combining these findings with
previously derived results20,21 yields to a complete and general
picture of protonation kinetics over the entire pH range, based
on aspartates, glutamates, histidines, and now lysines and
tyrosines. This allows the calculation of explicit protonation
rates at any pH value for all ionizable groups with all possible
pKa values.

■ RESULTS AND DISCUSSION
The small dimeric ribbon-helix-helix protein contains eight Lys
residues and three Tyr residues and is folded and stable up to
pH 12.5.9,28 Their resonances have been assigned and the pKa
values of all ionizable residues have been determined
previously9 using the macroscopic model,29 where multiple
chemical shifts per residue were used to follow pH titrations.
The pKa values of all eight Lys residues and two out of three
Tyr residues are amenable to investigation by pH titration
between pH 0−12. The pKa value of the third Tyr residue
(Y47) was determined to be above pH 13 and thus serves as a
negative control. Here, we monitor chemical shifts and
transverse relaxation rate constants (R2) in response to pH
perturbation for nuclei that exhibit a high chemical shift
difference between protonated and deprotonated forms,10

namely Lys 13Cδ and Tyr 13Cζ (Figure S1). Using this
approach, we are able to extract exchange terms (Rex) and
consequently protonation exchange rate constants (kex), as
previously reported for Asp and Glu,20 as well as His21

residues. Since we are not interested in the interplay of
intrinsic pKa values as in the previous study,

9 but rather in the
actual point of 50% protonation, we fitted the pKa values using
the Hill model (Figures S2 and S3), exactly as in the approach
for Asp and Glu.20 The Hill coefficient is cooperativity,
describing the pH titration curve in addition to the pKa value,
which can be 1 (no change in cooperativity, no coupling
between charged sides) and <1 (negative cooperativity,
coupling between charged sides). Derived parameters are
summarized in Table 1. pH titration curves for most residues
were fit with Hill coefficients close to 1, except for K12 and
Y16 with Hill coefficients around 0.8, and K32 with a Hill

coefficient of around 1.5. Both K12 and Y16 are located on the
same three-dimensional position of the intermolecular
antiparallel β-strand, pointing in the same direction. Therefore,
some negative cooperativity caused by Coulombic interaction
between K12 and Y16 side chains would be expected. The
positive cooperativity observed for K32, however, is likely an
artifact of low data quality�primarily resulting from low cross-
peak amplitudes combined with an incomplete transition
between fully protonated and unprotonated states across the
pH range used. Consequently, data for K32 were not analyzed
further. However, the transverse relaxation rate could not be
reliably analyzed anyway.
Studies on protonation exchange rate constants have shown,

that H31 in T4-lysozyme, with a pKa value of 9, undergoes
protonation and deprotonation by a H2O/OH− mediated
(Figure 1, blue) exchange mechanism (with konH2O and koffOH−), in

which H2O acts as the constant proton donor and OH− as the
pH dependent proton acceptor of the solvent.21 In contrast,
residues with pKa values of 7 and below undergo protonation
and deprotonation by a H3O+/H2O mediated (Figure 1, red)
exchange mechanism (with konH3O+ and koffH2O).

20,21 These two
mechanisms can be distinguished by a shift of the maximum in
R2 by 0.3 units toward higher pH than the pKa value (H3O+/
H2O mediated) or 0.3 units toward lower pH than the pKa
value (H2O/OH− mediated).20,21

Protonation−Deprotonation Exchange in Lysines
Twenty-two R2 values for 13Cδ, as well as their corresponding
chemical shift, have been acquired between pH 6 and 12. Their
pKa values and chemical shift differences (Δδ) were
determined using the Hill model. Most titrations displayed a
Hill coefficient close to 1. Furthermore, Hill coefficients can be
disregarded in the R2 vs pH analysis, since they only affect the
curves far from the pKa value, where the transition is only
visible by chemical shifts and not by R2, as has been shown
previously.20 Three (K53, K55, and K56) of the eight R2 vs pH

Table 1. Results of Chemical Shift Detected during pH
Titration of Lys 13Cδ and Tyr 13Cζ

pKa nH Δδ [ppm]
K6 10.79 ± 0.01 0.98 ± 0.02 4.63 ± 0.04
K12 10.54 ± 0.01 0.78 ± 0.01 4.68 ± 0.04
K30 10.86 ± 0.01 1.02 ± 0.01 4.96 ± 0.02
K32 10.48 ± 0.01 1.48 ± 0.06 3.66 ± 0.05
K45 11.27 ± 0.02 0.91 ± 0.01 6.91 ± 0.12
K53 10.25 ± 0.02 0.97 ± 0.03 5.73 ± 0.07
K55 11.08 ± 0.04 0.91 ± 0.04 5.46 ± 0.17
K56 10.96 ± 0.03 1.08 ± 0.05 4.71 ± 0.09
Y5 9.85 ± 0.01 0.99 ± 0.02 9.22 ± 0.09
Y16 9.85 ± 0.01 0.83 ± 0.02 10.22 ± 0.08
Y47 >13.7

Figure 1. Proton exchange in tyrosine and lysine. The H3O+/H2O-
mediated exchange mechanism is colored red, and the H2O/OH−-
mediated exchange mechanism is colored blue.

JACS Au pubs.acs.org/jacsau Article

https://doi.org/10.1021/jacsau.5c00245
JACS Au 2025, 5, 2334−2341

2335

https://pubs.acs.org/doi/suppl/10.1021/jacsau.5c00245/suppl_file/au5c00245_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.5c00245/suppl_file/au5c00245_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacsau.5c00245?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.5c00245?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.5c00245?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.5c00245?fig=fig1&ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.5c00245?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


profiles displayed a combination of sufficient data quality and
pronounced dispersion step (Rex) that they could be fit using
the H2O/OH−-mediated exchange mechanism, eq 8 (Figure 2,
red lines). For K53, and to a lesser extent K55 and K56, it can
be clearly shown that the model without exchange (Figure S4)

and the H3O+/H2O mediated exchange mechanism (Figure
S5) do not describe the data. This agrees with the theoretical
considerations of previous studies.20,21 Moreover, for three
residues (K12, K30, and K45), it was possible to describe the
data by manually choosing the minimal exchange rate (kex) in

Figure 2. Proton exchange in lysine residues in ribbon-helix-helix protein. 13Cδ R2 vs pH profiles for all eight lysines are shown. Red lines (K53, K55,
and K56) represent fits using the H2O/OH−-mediated exchange mechanism. Gray lines (K12, K30, and K45) estimates using the H2O/OH−-
mediated exchange mechanism with minimal chosen kex values that agree with the data. Profiles for K6 and K32 could not be analyzed. pKa values
are shown as blue vertical lines. Results of the fitting and estimations are summarized in Table 2.
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agreement with the data. K6 and K32 could not be quantified
in any meaningful way because of their insufficient data quality.
The results of the fits and estimations are shown in Table 2.
konH2O ranges from 0.4 to around 4 times 106 s−1, while koffOH−

ranges from 0.03 to 0.5 times 1010 M−1 s−1, and there is a good
agreement between fitted and estimated values.

Protonation−Deprotonation Exchange in Tyrosines
Twenty-two R2 values for 13Cζ, as well as their corresponding
chemical shift, have been acquired between pH 7 and 12.
However, due to spectral overlap, only eight R2 values were
sufficiently resolved for residue Y5. Two (Y5 and Y16) of the
three R2 vs pH profiles displayed a combination of sufficient
data quality and well-pronounced dispersion step (Rex) and
could be fit using the H2O/OH−-mediated exchange
mechanism, eq 8 (Figure 3, red lines). For Y16, it can be
easily shown that the model without exchange (Figure S4) and
the H3O+/H2O-mediated exchange mechanism (Figure S5) do
not describe the data. Y47 with an estimated pKa value above
13.7 does not show signs of titration up to pH 12 (Figure S3),
and therefore could not be analyzed further. Because of lower
data quality (fewer points with higher error) derived konH2O and
koffOH− values for Y5, with (2.0 ± 1.3) × 106 s−1 and (2.8 ± 1.8)
× 1010 M−1 s−1, respectively, should be treated with more
caution, but generally agree well with konH2O and koffOH− values for
Y16, with (3.5 ± 0.7) × 106 s−1 and (4.9 ± 1.0) × 1010 M−1

s−1. The results are shown in Table 2. Generally, konH2O values
for both Tyr and Lys residues fall in the same range. However,
koffOH− are at least 10 times higher for Tyr compared to Lys

residues, which explains the ∼1 unit lower pKa values we
observed for Tyr residues.
Comparison of Exchange Rate Constants and pKa Values:
General Aspects and Linear Free-Energy Relationships

In order to put the obtained results in context and to draw
more general conclusions, rate constants were plotted against
their corresponding pKa values (Figure 4), as has been done in
previous studies on Asp, Glu,20 and His.21 This approach
allows the comparison of kinetic and thermodynamic results
using linear free-energy relationships. We also include data for
Asp, Glu, and His residues from previous studies.20,21 Blue
lines represent idealized slopes, in which only konH3O+ (Figure
4A, up to pKa 5) or koffH2O (Figure 4B, starting from pKa 5)
change with their corresponding pKa values, for the H3O+/
H2O mediated proton exchange mechanism. This behavior has
been observed previously,21 what remained unclear was the
behavior for the H2O/OH−-mediated proton exchange
mechanism, which will be addressed in this study. Here, koffOH−

(Figure 4A) for Lys, Tyr, and some His residues following the
H2O/OH−-mediated proton exchange mechanism is described
by a red line, where koffOH− changes with pKa above a pKa of
10.4, while it remains unchanged below 10.4. Correspondingly
konH2O (Figure 4B) can be described by a red line in which konH2O
changes with pKa below a pKa of 10.4, but is unchanged above
10.4. In general, data for the H3O+/H2O and H2O/OH−

mediated proton exchange mechanism are mirror images, with
higher kinetic rate constants (Figure 4B and Figure 4A, when
multiplied by the H3O+ or OH− concentration) at high or low
pH. Proton exchange is slower around neutral pH. Second-
order rate constants (Figure 4A) are about 40 times higher in
the case of the H3O+/H2O-mediated proton exchange
mechanism, indicating that it is more efficient than the
H2O/OH−-mediated proton exchange mechanism. This is also
reflected in the point of intersection of the pseudo-first-order
rate constants at pH 7.8 (Figure 4B). Therefore, H3O+/H2O is
the dominant exchange mechanism for pH 0−7.8, while the
H2O/OH− exchange mechanism is dominant for pH 7.8−14.
Using the description of experimental data points by lines with
idealized slopes, it is now possible to reasonably predict
(depending on the accuracy of the fits in Figure 4) the kinetic
rate constants of proton exchange from pKa values. These
predicted rate constants depend solely on the pKa value and
not on the type of ionizable group and further structural

Table 2. kon and koff of Protons in Lys and Tyr Side-Chains

konH2O [106 s−1] koffOH− [1010 M−1 s−1]

K6 - -
K12 >3 >0.4
K30 >4 >0.5
K32 - -
K45 >2 >0.05
K53 0.43 ± 0.17 0.24 ± 0.09
K55 3.4 ± 0.7 0.28 ± 0.06
K56 3.1 ± 0.8 0.34 ± 0.08
Y5 2.0 ± 1.3 2.8 ± 1.8
Y16 3.5 ± 0.7 4.9 ± 1.0

Figure 3. Proton exchange in tyrosine residues in ribbon-helix-helix protein. 13Cζ R2 vs pH profiles for two of the three tyrosines are shown. Red
lines represent fits using the H2O/OH−-mediated exchange mechanism. pKa values are shown as blue vertical lines. Results of the fitting are
summarized in Table 2.
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aspects of the protein. The chemical nature of the ionizable
group and the three-dimensional structure of the protein
determine the pKa value, which in turn determines the kinetics.
For ionizable groups not accessible to the solvent, there could
potentially be lower kinetic rate constants. In such cases, the
predicted rate constants represent estimates of the maximal
possible exchange rate constants.
Explicit Protonation Rates for Ionizable Groups with All
Possible pKa Values at Different pH Values
Having developed this general relationship between pKa values
and proton on- and off-rate constants allows the calculation of
explicit protonation rates for all pKa values over the entire pH
range. Fitted proton on-rate constants are konH3O+ = 10pKa+6.02

M−1 s−1 below pKa 5.5 and konH3O+ = 3.7 × 1011 M−1 s−1 above,
and konH2O = 10pKa−4.02 s−1 below pKa 10.4 and konH2O = 3.0 × 106
s−1 above. Fitted proton off-rate constants are given as koffOH− =
1.1 × 1010 M−1 s−1 below pKa 10.4 and koffOH− = 10−pKa+20.3 M−1

s−1 above, and koffH2O = 1.0 × 106 s−1 below pKa 5.5 and koffH2O =
10−pKa + 11.62 s−1 above. An example calculation of pKa values
from 2 to 12 is shown in Figure 5. Proton on-rate constants

range from 10−2 to 1011 s−1, while proton off-rate constants
range from 100 to 109 s−1. At low pH, on-rates (mediated by
H3O+) are the same for all pKa values from 6−14, while the
corresponding off-rate constants (mediated by H2O) are
different. At high pH, the opposite behavior is observed. Off-
rates (mediated by OH−) are the same for all pKa values from
2−10, while the corresponding on-rate constants (mediated by
H2O) are different. In other words, for H3O+ as the proton
donor and OH− as the proton acceptor, different pKa values of
the ionizable amino acid side chains do not affect proton
transfer kinetics; the process is diffusion-limited. However, for
H2O as the proton donor and acceptor, the different pKa values
of the ionizable amino acid side chains directly influence the
proton transfer kinetics. Around neutral pH, where all four
donor/acceptor mechanisms matter, the strongest effect of pKa
values on proton transfer kinetics is observed. However, the
overall range of proton exchange rate constants at neutral pH is
narrower, ranging from 101 to 107 s−1. In summary, Figure 5
provides a good estimate of the maximal proton on and off rate
constants at any given pH, for any ionizable group with a
known pKa value. These rates can be compared to enzymatic
rate constants and other proton-dependent processes.

■ CONCLUSIONS
We developed site-specific 13C relaxation methods that allow
to study proton exchange kinetics of Lys and Tyr residues.
Protons in both ionizable side chains exchange by a H2O/OH−

mediated exchange mechanism, with proton on-rate constants
between 0.4 and 4 × 106 s−1 and proton off-rate constants
between 0.2 and 5 × 1010 M−1 s−1. Kinetic (kon and koff) and
thermodynamic (pKa) parameters display a linear free-energy
relationship that is complementary to the previously found
relationship for the H3O+/H2O mediated proton exchange
mechanism. Taken together, these findings provide a
comprehensive quantitative framework (based on aspartates,
glutamates, histidines, and now lysines and tyrosines) of
proton exchange of all ionizable side chains in proteins across
the entire pH range.

Figure 4. Proton exchange rate constants plotted vs pKa. Values for
Asp and Glu20 are shown in black, for His in purple,21 for Tyr in pink,
and for Lys in orange (also from left to right). Squares (A left, B right)
and downward triangles (A right, B left) represent kon and koff,
respectively. Circles are the estimated values for Lys (these points are
not included in the fits). Empty symbols for His represent values of
the individual N positions in their side chains. (A) Second-order H+
on-rate constants (H3O+/H2O exchange mechanism) and H+ off-rate
constants (H2O/OH− exchange mechanism), both in units of M−1 s−1
(where the M unit refers to the concentration of H3O+ or HO−). (B)
Pseudo-first-order H+ off-rate constants (H3O+/H2O exchange
mechanism) and H+ on-rate constants (H2O/OH− exchange
mechanism) in units of s−1. Blue lines represent fits (to black and
purple squares in A, and black and purple triangles in B) with ideal
slopes (10pH, 0, −10pH), in which only the H+ on-rate or H+ off-rate
changes with pKa, to values derived from the H3O+/H2O exchange
mechanism.20 Red lines represent the fits (to purple, pink, and orange
triangles in A, and purple, pink, and orange squares in B) for the
H2O/OH− exchange mechanism.

Figure 5. Proton exchange rate constants plotted vs pH for different
pKa values. Solid lines represent protonation and dashed lines
represent deprotonation, based on experimentally found values.
Different colors represent different pKa values ranging from 2
(magenta) to 12 (dark blue).
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■ MATERIALS AND METHODS

Protein Samples
The rhh protein from plasmid pRN1 of S. islandicus was expressed in
M9 minimal media and purified as described previously,9,30 using 2 g/
L 13C6 glucose for full 13C labeling of Tyr or 2 g/L unlabeled glucose
and 1 g/L D-13C4 erythrose for site-selective 13C labeling of the δ
position of Lys.31 Samples were concentrated to around 1.5 mM, the
pH was adjusted directly on each sample in water without buffer (10%
D2O) by HCl or NaOH and checked right before and after the
measurement in the NMR tube and showed only minor deviations.
No other components were present and no back-titrations were
performed in order to keep the ionic strength as low as possible (<60
mM).9 pH values were measured at 25 °C using an inoLab pH 720
pH meter with a Hamilton Spintrode pH electrode calibrated with
standard solutions of pH 4.006, 6.85, and 9.18.
NMR Spectroscopy
All experiments were performed on a Bruker DRX 500 NMR
spectrometer at a static magnetic field strength of 11.7 T and 25 °C.
For measuring R2 of site-selective 13Cδ in lysines, a CH2 version of the
HSQC-detected R2 experiment was acquired in an interleaved way
(Figure S6). Intensity decays were sampled by 10 relaxation times: 0,
2, 4, 8, 16, 32, 64, 96, 128, and 200 ms. Each spectrum was recorded
using 72 transients, 1258 Hz sampled by 196 complex points in ω1
(13C), 8012 Hz sampled by 1024 complex points in ω2 (1H), and a
recycle delay of 1 s, resulting in a net acquisition time for each pH
data set of 51.5 h. R2 of 13Cζ in tyrosines was measured by an H(C)C
type of HSQC detected R2 experiment, also recorded in an interleaved
way (Figure S7). Intensity decays were sampled by 7 relaxation times:
0, 24, 48, 72, 96, 120, and 144 ms. Each spectrum was recorded using
96 transients, 5033 Hz sampled by 196 complex points in ω1 (13C),
11261 Hz sampled by 1800 complex points in ω2 (1H), and a recycle
delay of 1 s, resulting in a net acquisition time for each pH data set of
50 h.
All spectra were processed with TopSpin and analyzed with

PINT.32 Relaxation rates were derived by single exponential decays.
Theory
Under the sample pH conditions used in this study, the dominant
kinetic pathways for the protonation equilibria of lysine and tyrosine
side chains can be described by33
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The determined transverse relaxation rate is given as
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where pA and pHA = 1 − pA denote the relative populations of the
deprotonated and protonated states. R2,A and R2,AH are the intrinsic
transverse relaxation rates of the deprotonated and protonated states
due to the chemical shift anisotropy and the dipole−dipole
interaction. The contribution to the transverse relaxation rate due
to chemical exchange is given by Rex. The exchange is to be expected
in the fast exchange regime (kex > Δω), meaning Rex is given by

=
( )

R
p p

k k

( )
1 2

tanh k

ex
HA A

2

ex

2

ex CPMG

ex CPMG
Ä

Ç

ÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅ

É

Ö

ÑÑÑÑÑÑÑÑÑÑÑÑÑÑÑ (3)

with the delay τCPMG between the refocusing 180°-pulses in the
CPMG block, the frequency difference Δω between the two states
and the exchange rate kex. The latter is given by
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for H2O/OH− mediated exchange mechanism with the on-rate
constant konH2O, the off-rate constant koffOH− and the association constant
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The relation between the acid−base dissociation constant Ka and Kb is
given as
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Under the given conditions (kex ≫ Δω and kex ≫ 1/τCPMG) Rex is well
approximated by20
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where x is given as x = Kb[OH−]/Kb. The function Rex(x) shows a
local maximum for x = 0.5, which is equivalent to pH = pKa −
log10(2). Using the parameter x, eq 2 can now be rewritten as
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The pKa values as well as Δω were determined from the chemical
shift titration curves
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where δobs denotes the observed chemical shift and δHA and δA are the
chemical shifts of the protonated and deprotonated state. The variable
xH is given as
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with the phenomenological Hill coefficient nH. This definition takes
the coupling between charged sides into account.
Besides the H2O/OH−-mediated exchange mechanism, there is

also the H3O+/H2O mediated exchange mechanism
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with y = [H+]/Ka was used to describe the measured data. The
equation can be derived in the same manner as eq 8, but starting from
the reaction
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for the protonation equilibrium of the side chain amino group, where
H+ denotes hydronium ions and higher-order complexes collec-
tively.18 Here the corresponding rates for a H3O+/H2O mediated
exchange mechanism are koffH2O and konH3O+.
Data Analysis
pH profiles for chemical shifts and R2 were fitted with OriginLab
2019.
At each pH, R2 was determined by fitting a single-exponential

function to the peak intensity decay for each side-chain. Error
estimations were obtained as the standard deviation of the fit.
The parameters of eq 9 (δA, δHA, pKa, and nH) were fitted to the

titration curves of the chemical shifts (δobs vs pH) using the
Levenberg−Marquardt optimization routine implemented in Origin-
Lab 2019. In the same way, the parameters of eq 8 (R2,A, R2,HA, and
kon) were fitted to the experimental data sets of R2 vs pH under the
assumption of [H+][OH−] = 10−14 M−2. Δω was kept fixed at the
value obtained from the chemical shift titrations. Error estimates on
the fitted parameters were obtained as the standard deviation of the fit
to eqs 8 and 9, respectively.

JACS Au pubs.acs.org/jacsau Article

https://doi.org/10.1021/jacsau.5c00245
JACS Au 2025, 5, 2334−2341

2339

https://pubs.acs.org/doi/suppl/10.1021/jacsau.5c00245/suppl_file/au5c00245_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.5c00245/suppl_file/au5c00245_si_001.pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.5c00245?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


■ ASSOCIATED CONTENT
*sı Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.5c00245.

Experimental pH titration curves for lysines and
tyrosines; R2 vs pH profiles fitted by a H2O/OH−-
mediated exchange without exchange; R2 vs pH profiles
fitted by a H3O+/H2O-mediated exchange mechanism;
pulse sequence for recording Lys side-chain 13Cδ R2
relaxation in selectively 13Cδ-labeled samples; pulse
sequence for recording Tyr side-chain 13Cζ R2 relaxation
in fully 13C-labeled proteins (PDF)

■ AUTHOR INFORMATION
Corresponding Author

Ulrich Weininger − Institute of Physics, Biophysics, Martin-
Luther-University Halle-Wittenberg, D-06120 Halle (Saale),
Germany; orcid.org/0000-0003-0841-8332; Phone: +49
345 55 28555; Email: ulrich.weininger@physik.uni-
halle.de; Fax: +49 345 55 27161

Authors

Paula L. Jordan − Institute of Physics, Biophysics, Martin-
Luther-University Halle-Wittenberg, D-06120 Halle (Saale),
Germany; Department of Radiology, Medical Physics,
University Medical Center Freiburg, Faculty of Medicine,
University of Freiburg, D-79106 Freiburg, Germany

Heiner N. Raum − Institute of Physics, Biophysics, Martin-
Luther-University Halle-Wittenberg, D-06120 Halle (Saale),
Germany; Clinic for Radiology, University of Münster and
University Hospital Münster, D-48149 Münster, Germany

Stefan Gröger − Institute of Physics, Biophysics, Martin-
Luther-University Halle-Wittenberg, D-06120 Halle (Saale),
Germany

Complete contact information is available at:
https://pubs.acs.org/10.1021/jacsau.5c00245

Notes

The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This research was supported by the Deutsche Forschungsge-
meinschaft (WE 5587/1-2). The authors thank Angus
Robertson for careful reading of the manuscript.

■ REFERENCES
(1) Burley, S. K.; Petsko, G. A. Aromatic-aromatic interaction: a
mechanism of protein structure stabilization. Science 1985, 229
(4708), 23−28.
(2) Jeffrey, G. A.; Saenger, W.; SpringerLink (Online service); Study
Edition ed.; Springer: Berlin, Heidelberg, 1991.
(3) Kauzmann, W. Some Factors in the Interpretation of Protein
Denaturation. Adv. Protein Chem. 1959, 14, 1−63.
(4) Nick Pace, C.; Scholtz, J. M.; Grimsley, G. R. Forces stabilizing
proteins. FEBS Lett. 2014, 588 (14), 2177−2184.
(5) Warshel, A.; Sharma, P. K.; Kato, M.; Xiang, Y.; Liu, H. B.;
Olsson, M. H. M. Electrostatic basis for enzyme catalysis. Chem. Rev.
2006, 106 (8), 3210−3235.
(6) Hass, M. A. S.; Mulder, F. A. A. Contemporary NMR Studies of
Protein Electrostatics. Annu. Rev. Biophys. 2015, 44, 53−75.

(7) Isom, D. G.; Castaneda, C. A.; Cannon, B. R.; Garcia-Moreno, B.
E. Large shifts in pK(a) values of lysine residues buried inside a
protein. Proc. Natl. Acad. Sci. U.S.A. 2011, 108 (13), 5260−5265.
(8) Lindman, S.; Linse, S.; Mulder, F. A. A.; Andre, I. pK(a) values
for side-chain carboxyl groups of a PGB1 variant explain salt and pH-
dependent stability. Biophys. J. 2007, 92 (1), 257−266.
(9) Raum, H. N.; Weininger, U. Experimental pK(a) Value
Determination of All Ionizable Groups of a Hyperstable Protein.
ChemBioChem 2019, 20 (7), 922−930.
(10) Platzer, G.; Okon, M.; McIntosh, L. P. pH-dependent random
coil H-1, C-13, and N-15 chemical shifts of the ionizable amino acids:
a guide for protein pK (a) measurements. J. Biomol. NMR 2014, 60
(2−3), 109−129.
(11) Holliday, G. L.; Almonacid, D. E.; Mitchell, J. B. O.; Thornton,
J. M. The chemistry of protein catalysis. J. Mol. Biol. 2007, 372 (5),
1261−1277.
(12) Holliday, G. L.; Mitchell, J. B. O.; Thornton, J. M.
Understanding the Functional Roles of Amino Acid Residues in
Enzyme Catalysis. J. Mol. Biol. 2009, 390 (3), 560−577.
(13) Bohren, K. M.; Grimshaw, C. E.; Lai, C. J.; Harrison, D. H.;
Ringe, D.; Petsko, G. A.; Gabbay, K. H. Tyrosine-48 Is the Proton
Donor and Histidine-110 Directs Substrate Stereochemical Selectivity
in the Reduction Reaction of Human Aldose Reductase - Enzyme-
Kinetics and Crystal-Structure of the Y48H Mutant Enzyme.
Biochemistry 1994, 33 (8), 2021−2032.
(14) Anil Kumar, P.; Reddy, G. B. Focus on molecules: Aldose
reductase. Exp. Eye Res. 2007, 85 (6), 739−740.
(15) Schwans, J. P.; Sunden, F.; Gonzalez, A.; Tsai, Y. S.; Herschlag,
D. Correction to Uncovering the Determinants of a Highly Perturbed
Tyrosine pKa in the Active Site of Ketosteroid Isomerase. Biochemistry
2018, 57 (14), 2176.
(16) Sigala, P. A.; Fafarman, A. T.; Schwans, J. P.; Fried, S. D.; Fenn,
T. D.; Caaveiro, J. M. M.; Pybus, B.; Ringe, D.; Petsko, G. A.; Boxer,
S. G.; Herschlag, D. Quantitative dissection of hydrogen bond-
mediated proton transfer in the ketosteroid isomerase active site. Proc.
Natl. Acad. Sci. U.S.A. 2013, 110 (28), E2552−E2561.
(17) Rink, R.; Kingma, J.; Lutje Spelberg, J. H.; Janssen, D. B.
Tyrosine residues serve as proton donor in the catalytic mechanism of
epoxide hydrolase from Agrobacterium radiobacter. Biochemistry
2000, 39 (18), 5600−5613.
(18) Fukui, K.; Fujii, Y.; Yano, T. Identification of a Catalytic Lysine
Residue Conserved Among GHKL ATPases: MutL, GyrB, and
MORC. J. Mol. Biol. 2024, 436 (10), No. 168575, DOI: 10.1016/
j.jmb.2024.168575.
(19) Keenholtz, R. A.; Mouw, K. W.; Boocock, M. R.; Li, N. S.;
Piccirilli, J. A.; Rice, P. A. Arginine as a General Acid Catalyst in
Serine Recombinase-mediated DNA Cleavage. J. Biol. Chem. 2013,
288 (40), 29206−29214.
(20) Wallerstein, J.; Weininger, U.; Khan, M. A.; Linse, S.; Akke, M.
Site-Specific Protonation Kinetics of Acidic Side Chains in Proteins
Determined by pH-Dependent Carboxyl (13)C NMR Relaxation. J.
Am. Chem. Soc. 2015, 137 (8), 3093−3101.
(21) Raum, H. N.; Modig, K.; Akke, M.; Weininger, U. Proton
Transfer Kinetics in Histidine Side Chains Determined by pH-
Dependent Multi-Nuclear NMR Relaxation. J. Am. Chem. Soc. 2024,
146 (32), 22284−22294.
(22) Sudmeier, J. L.; Evelhoch, J. L.; Jonsson, N. B. H. Dependence
of Nmr Lineshape Analysis Upon Chemical Rates and Mechanisms -
Implications for Enzyme Histidine Titrations. J. Magn. Reson. 1980,
40 (2), 377−390.
(23) Sehgal, A. A.; Duma, L.; Bodenhausen, G.; Pelupessy, P. Fast
Proton Exchange in Histidine: Measurement of Rate Constants
through Indirect Detection by NMR Spectroscopy. Chem.�Eur. J.
2014, 20 (21), 6332−6338.
(24) Segawa, T.; Kateb, F.; Duma, L.; Bodenhausen, G.; Pelupessy,
P. Exchange rate constants of invisible protons in proteins determined
by NMR spectroscopy. ChemBioChem 2008, 9 (4), 537−542.
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