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Abstract: Equilibrium H/D fractionation factors have been extensively employed to qualitatively
assess hydrogen bond strengths in protein structure, enzyme active sites, and DNA. It remains
unclear how fractionation factors correlate with hydrogen bond free energies, however. Here we
develop an empirical relationship between fractionation factors and free energy, allowing for the

simple and quantitative measurement of hydrogen bond free energies. Applying our empirical rela-
tionship to prior fractionation factor studies in proteins, we find: [1] Within the folded state, back-
bone hydrogen bonds are only marginally stronger on average in a-helices compared to p-sheets
by ~0.2 kcal/mol. [2] Charge-stabilized hydrogen bonds are stronger than neutral hydrogen bonds

by ~2 kcal/mol on average, and can be as strong as -7 kcal/mol. [3] Changes in a few hydrogen
bonds during an enzyme catalytic cycle can stabilize an intermediate state by —4.2 kcal/mol. [4]
Backbone hydrogen bonds can make a large overall contribution to the energetics of conforma-
tional changes, possibly playing an important role in directing conformational changes. [5] Back-
bone hydrogen bonding becomes more uniform overall upon ligand binding, which may facilitate
participation of the entire protein structure in events at the active site. Our energetic scale
provides a simple method for further exploration of hydrogen bond free energies.

Keywords: dynamics; backbone hydrogen bond; enzyme; hydrogen bond strength; isotope effect

Introduction

Hydrogen bond strengths in proteins have been
extensively investigated by engineering experi-
ments. Side chain hydrogen bonding interactions
are readily probed by directed mutagenesis experi-
ment''® and backbone hydrogen bonds have been
examined by amide-to-ester chemical mutagenesis
methods.'®?2 Because of the technical difficulty in

Abbreviations: C4HgO,, p-dioxane; CgHsOH, phenol; p-CFzCg
H4,OH, p-(Trifluomethyl)phenol; C4H4NH, pyrrole; CF;CH,OH,
2,2,2-trifluoroethanol; PhsCOH, Triphenylmethanol; PhsCOD,
Triphenylmethanol-O-d.

Additional Supporting Information may be found in the online
version of this article.
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performing chemical mutagenesis experiments,
however, backbone hydrogen bonds have been much
less extensively investigated. It is clear, however,
that backbone hydrogen bonds strengths can vary
considerably depending on their environment.?!
Equilibrium H/D fractionation factors correlate
with hydrogen bond strength and potentially offer a
facile way to measure large numbers of backbone
hydrogen bond free energies. For a hydrogen bond
between a weak acid, AH, and a weak base, B, the
fractionation factor, ¢, is defined as the equilibrium

constant for the following reaction:23-38

AH : B+1/2D2O=AD : B+1/2H,0

(p:([D}/[H])solute/([D}/[H])water.

Published by Wiley-Blackwell. © 2014 The Protein Society



For weak hydrogen bonds typically observed in pro-
teins, the ¢-value increases as the strength of the
hydrogen bond decreases.?2® In other words,
weaker hydrogen bonds accumulate more deuterium
than stronger hydrogen bonds.26-2®

Loh and Markley were the first to employ NMR
to evaluate the contribution of large numbers of ¢-
values within a protein structure, in their investiga-
tion of staphylococcal nuclease H124L.2° Since then,
similar approaches were used to measure @-values
in enzyme:substrate complexes,®* 3¢ in DNA base
pairs,?” and in protein structures.?°-32 In DNA base
pairs, the ¢-values fall within a narrow range from
0.83 to 1.10.27 In proteins, the ¢-values are more
diverse, ranging from 0.28 to 1.422%37 (ignoring an
extreme outlier with a ¢-value of 2.0%6.

Several trends have emerged from studies on pro-
teins: [1] a-helical hydrogen bonds are slightly stron-
ger on average than P-sheet hydrogen bonds.232
[2] Side-chain hydrogen bonds tend to be stronger
than backbone hydrogen bonds.?%3%32 [3] Charge-
stabilized hydrogen bonds are stronger than neutral
hydrogen bonds.2%203238 In particular, the ¢-values
for neutral hydrogen bonds measured in experiments
fall between 0.52 and 1.42,2°%7 whereas a charged-
stabilized hydrogen bond has been seen with a
¢-value as low as 0.28.2° [4] Cooperative networks
can strengthen hydrogen bonds.2%2%2238 [5] Equilib-
rium H/D fractionation factors in proteins have no
correlation with H/D exchange rates.?® [6] Low-
barrier (single-potential-well) hydrogen bonds to sub-
strates in enzyme active sites can have ¢-values as
low as 0.32.%37%6

A major missing component of these earlier -
value studies on protein hydrogen bonds was an
energetic scale. In particular, how much stronger is
a hydrogen bond with a ¢-value of 0.52 relative to
one with a ¢-value of 1.42? If we knew the relation-
ship between @-value and hydrogen bond strength,
@-values would provide a simple way to measure
hydrogen bond free energy. Shi et al. not only recog-
nized the utility of learning this relationship, but
addressed it with a creative model compound
study.?® They measured two distinct equilibrium
H/D fractionation factors and the corresponding free
energies, AG™®. From these two points and the
assumption that AG™® is linear with RTIne, they
obtained the scale factor, SF = 3(AGFE)/A(RTIne),
which relates any measured ¢ to AGHE. The scale
factor they obtained had a magnitude of 74 + 27.28

Inspired by the insight of Shi et al.,?® we
attempted to measure hydrogen bond free energies,
but became puzzled. From the known ¢-values for
neutral hydrogen bonds, this scale factor implies
that they range over 60 kcal/mol in free energy. This
is nearly an order of magnitude larger than the
maximum expected enthalpy of a neutral hydrogen
bond in a vacuum.?>3%%° We could find no apparent
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flaw in their pioneering analysis, but thought it
might be useful to examine the scale factor issue in
an orthogonal way.

Here we measured free energies of hydrogen
bonding and fractionation factors for a series of 18
weak acid and weak base pairs, and obtained a more
extensive experimental delineation of the relation-
ship between ¢ and AGHE values. We confirm the
expected linear relationship?® between AGT® and
RTIng, but obtain a more modest scale factor of 7.0
+ 0.7. We believe the revised scale factor is more
consistent with what we know about hydrogen
bonds. With a new scale factor we can now place
prior work on what we believe is a realistic free
energy scale.

Results and Discussion

Approach to measuring the scale factor

To determine the relationship between AGHE and ¢-
values, we employed a series of weak acid base pairs
listed in Figure 1(A) and measured their ¢-values
and the corresponding AG™B-values. To obtain o-
values relative to water, we employed the three
equilibria shown in Figure 1(B).

We first measured the fractionation factors (¢q)
relative to the hydrogen-bond complex formed by tri-
phenylmethanol (PhsCOH) (Reaction 1). Phy'®COH
and the weak acid of interest were dissolved at a low
concentration in the cognate base. Since the base acts
as the solvent, the dissolved weak acids will be com-
pletely hydrogen bonded to the solvent base. The
ratio of deuterium to protium in the solution was con-
trolled by adding deuterated and protonated metha-
nol in various ratios. The ¢;-values of hydrogen-
bonded weak acids were measured relative to the
hydrogen-bonded Ph;'®COH by !2C-NMR as illus-
trated in Supporting Information Figure S1(B,C).

Once the ¢;-values were obtained, they were
converted to ¢-values relative to water. This was
done by measuring the fractionation factors (¢3) of
the hydrogen bonded Ph3COH dissolved in the corre-
sponding base relative to solid PhsCOH(Reaction 2),
followed by applying the fractionation factor (qps=
1.10) for solid PhsCOH relative to water obtained
from Kreevoy and Liang®* (Reaction 3). As shown in
Figure 1(B), the sum of the three reactions provides
the desired ¢-value relative to water and is simply
the product of three measured equilibrium con-
stants.The ¢;-values are listed in Supporting Infor-
mation Table SI. The @o-values for triethylamine,
p-dioxane and di(n-propyl) ketone, were measured to
be 1.01 = 0.02, 1.24 += 0.07 and 1.14 = 0.06, respec-
tively.The final ¢-values of the hydrogen-bonded
complexes with reference to water are also listed in
Supporting Information Table SI.

The free energy of hydrogen bonding was deter-
mined by measuring the dissociation constants of
the various weak acid:base pairs in an aprotic
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Weak acids (AH) Weak bases (B)

OQH NEt,
FaC
PhOH [:j
CF;CH,0H (n-C;H;),C=0
CH,OH
Ph,COH

Reaction 1.
AH:B (soln) + Ph,COD:B (soln)

Reaction 2.

¢
Ph,;COH:B (soln) + Ph,COD (solid)

Reaction 3.
+) Ph,COD (solid) + ¥ D,0 (liquid)

20 - Slope=SF=7.0%0.7
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AD:B (soln) + Ph,COH:B (soln).

Ph,COD:B (soln) + Ph;COH (solid).

Ph,COH (solid) + % H,0 (liquid).

AH:B (soln) + 2 D,0 (liquid)

AD:B (soln) + 2 H,0 (liquid).

Figure 1. Determination of the scale factor. (A) The six weak acids and three weak bases used to form model hydrogen-
bonded complexes. (B) The three equilibria used to determine the ¢-value relative to water. (C) Plot of AG™® against RTIng
values at room temperature from 18 model hydrogen-bond complexes to determine the scale factor. The hydrogen-bond
complexes formed by triethylamine in toluene, p-dioxane in toluene, and di(n-propyl) ketone in o-dichlorobenzene were labeled

using square, round, and triangle symbols, respectively.

solvent as illustrated in Supporting Information Fig-
ure S1(D). We used solvents that closely matched
the dielectric constant of the base that was employed
to measure the ¢i-values so that the hydrogen bond
strengths would be matched in both solutions (Reac-
tion 1). Dissociation curves were obtained by varying
the concentrations of bases and monitoring chemical
shifts of the proton involved in hydrogen bonding by
'H-NMR as an indication of the relative fractions
associated and dissociated. The equilibrium dissocia-
tion constants, K, for the hydrogen-bond complexes
and their AGF® values are listed in Supporting
Information Table SI.

The scale factor relating the AG"® and ¢-values
A plot of AG™® against RTIn¢ from 18 hydrogen-
bond complexes formed by our model weak acids
and weak bases is shown in Figure 1(C). As
expected,?® the points fall on a line with a linear fit-
ting correlation coefficient of 0.93. The slope yields
the scale factor of 7.0 = 0.7. The data used in the
scale factor determination includes six different
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acids and three different bases, suggesting that the
empirical relationship between AGHME and RTIno
values we report here is robust and largely inde-
pendent of the type of hydrogen donors and accept-
ors. The ¢-values of the hydrogen-bond complexes in
this plot ranges from 0.65 to 1.54, which covers most
of the ¢-values observed for protein hydrogen bonds
previously.2®=7 Some protein hydrogen bonds have a
¢-value lower than 0.65,2°737 but given the linear
relationship between AGH® and RTIn¢ values those
protein hydrogen bonds are within a short linear
extrapolation of the plot in Figure 1(C).

Defining relative hydrogen bond strengths

The scale factor reported here can be used to compare
the strengths of any two intra-molecular hydrogen
bonds, AAG™®, as long as their ¢-values with refer-
ence to water are available. AAG™® does not reflect
the relative contributions to folding, however, which
involves changes in solvation !™+¢-10:12-15,17-22:41
Rather, it compares the free energy within the folded
states, with no change in solvation.

Energetic Scale for Equilibrium H/D Fractionation Factors



We also empirically define an absolute free
energy of a hydrogen bond relative toone with a zero
interaction free energy. We do not know the ¢-value
of a zero free energy hydrogen bond, but we make
the assumption that the highest experimentally
observed ¢-value, that is, the weakest observed
hydrogen bond, has a zero interaction free energy.
The highest @-value measured in proteins is 1.42 for
the backbone NH group of G55 in the unligated
from of staphylococcal nuclease H124L. Although
the amide of G55 appears to be hydrogen-bonded to
the backbone carbonyl groups of E52, it must be an
exceedingly weak interaction. We therefore set a o-
value of 1.42 as the reference, that is, a free energy
of 0. Using a reference ¢-value of 1.42 and our scale
factor, we can obtain a measure of the absolute free
energies, AAGPE, of hydrogen bonds within the
folded state. Again, this is not the contribution of
the hydrogen bond to folding, but rather the free
energy of the hydrogen bond compared to an imagi-
nary state in which nothing changes except the
hydrogen bond interaction is turned off.

¢-values and side chain hydrogen bonds

The energetic contribution of hydrogen bonded side
chains has been extensively probed by mutagenesis
experimentsb %7117 and has been extensively
reviewed.>%16:1® Here we restrict ourselves to probes
of hydrogen bonds using fractionation factors.

The ¢-value data for side chain hydrogen bonds
is relatively sparse and biased toward residues
involved in enzyme catalysis. To our knowledge the
o@-values of 20 side chains are known (excluding one
extreme outlier which has an abnormally high ¢-
value of 2.0).3%32-37 They include Ser, Tyr, Cys, and
His residues involved inside-chain:backbone, side-
chain:side-chain or side-chain:ligand hydrogen
bonds. As shown in Figure 2, we find that the AAG™®
for the side-chain hydrogen bonds have an average
value of —3.9 *+ 1.6 kcal/mol and span a range of 5.7
kcal/mol. Among the 20 side-chain hydrogen bonds,
18 are charged stabilized, which is likely to be an
important factor in their strength (see below), and 16
are located at active sites of enzymes.

Of the 16 active site hydrogen bonds with
known ¢-values, 13 forms in intermediate states
during catalytic cycles and are thought to stabilize
those intermediates.?>2® We can now quantify the
degree of stabilization. For example, His64 Hjs; in
subtilisin Carlsberg, which hydrogen bonds to the
side chain of Asp32,%® has a ¢-value of 1.2 in the
ground state, while in the intermediate state its
o@-value decreases at least to 0.85. From our
scale factor, this change corresponds to an
improvement in hydrogen-bond free energy of over
1.5 kcal/mol. The His57 Hs; and H., protons in
bovine chymotrypsinogen A are involved in
hydrogen bonds to the side changes of Asp102 and
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Figure 2. Distribution of protein hydrogen bond strengths.
The average AAGHE values, for backbone NH groups and
side-chain donorsare shown as a bar in the middle of each
box. The standard deviations, determined by considering
both the uncertainty in the scale factor and the standard
deviations of the ¢-values, are indicated as the distance
between the middle bar and the upper or lower edge of each
box. The ranges of AAG™® are indicated by the double-
headed arrows across each box.

Ser195, respectively,®® and have ¢-values of 1.4 and
0.54 in the ground state, while in the intermediate
state of the catalytic cycle their ¢-values change to
0.4 and 0.69, respectively. This corresponds to an
overall improvement in hydrogen bond free energy
of 4.2 kcal/mol, stabilizing the intermediate.

o@-values and charge stabilization
Charge-stabilized hydrogen bonds are expected to be
stronger than neutral hydrogen bonds!'~%1%13:15.18
and this is also revealed in the measured ¢-val-
ues. 293932738 The average ¢-value for neutral hydro-
gen bonds at room temperatureis 0.96 * 0.20, and
for hydrogen bonds with nominally charged accept-
ors, it is 0.60 = 0.29.2°737 Based on our scale factor,
the energetic difference between these two kinds of
hydrogen bonds is 1.9 kcal/mol on average.

o@-values and backbone hydrogen bonds

For hydrogen bonds formed by backbone amide groups,
the average values of the absolute AAG™® (relative to
the weakest hydrogen bond) are —2.2 + 1.2 kcal/mol in
staphylococcal nuclease H124L,2° 1.9 + 0.7 kcal/mol
in histidine-containing proteins,?® —1.0 + 0.2 kcal/mol
in human ubiquitin® and —-1.1 + 0.3 kcal/mol in the
two immunoglobulin G binding domains of protein
G-32 The backbone hydrogen bond strengths span 7.0,
3.5, 0.7, and 1.8 kcal/mol in the four proteins,

PROTEIN SCIENCE ‘ VOL 23:566-575 569



respectively (Fig. 2). While a 7 kcal/mol range in
staphylococcal nuclease H124L appears extreme, it is
due to a backbone hydrogen bond to a charged side
chain (see below). If we exclude backbone hydrogen
bonds made to charged residues the overall range for
neutral backbone hydrogen bonds decreases to 4.2
kcal/mol with reference to the weakest neutral back-
bone hydrogen bond (for L108 in the unbound staphy-
lococcal nuclease H124L with the lowest neutral o-
value of 0.52).2°

As noted previously, «-helical backbone NH
groups have a slightly lower average ¢-value than B-
sheet backbone NH groups in the same proteins.2%2
Converting to free energies using our scale factor, the
difference is only 0.1-0.3 kcal/mol, however (Fig. 3).
Moreover, as shown in Figure 3 the standard devia-
tion of this energetic difference can reach ~1 kecal/mol.
This suggests that there is little energetic distinction
between the two classes of hydrogen bonds.

Backbone hydrogen bonds and conformational
changes

Given the wide variation in backbone hydrogen bond
strengths in proteins, we wondered whether changes
in backbone hydrogen bonds could play an important
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Figure 3. Comparison between backbone hydrogen bond
strengths in a-helices and B-sheets. The differences between
AAG™B-values for a-helices and for B-sheets, AAGHE
(a-helix)~AAG"B(3-sheet), in various proteins. The average
values are shown as a bar in the middle of each box. The
standard deviations, determined by considering both the
uncertainty in the scale factor and the standard deviations of
the @-values, are indicated as the distance between the
middle bar and the upper or lower edge of each box.
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role in protein conformational changes—an issue
that is not readily accessible to mutagenesis experi-
ments. To address this question, we again turned to
the work of Loh and Markley who measured o-
values for the unbound and inhibitor bound forms of
staphylococcal nuclease H124L.2° In this protein, ¢-
values of 63 backbone NH groups could be measured
in both conformations. Using our scale factor we can
obtain a measurement of how the hydrogen bond
free energy changes in the two forms. For the 63
hydrogen bonds measured in the two states, the
sum of the free energy differences is 9 kcal/mol.
Although only 42% of the backbone hydrogen bonds
are sampled, the large number suggests that back-
bone hydrogen bond free energy can indeed play a
significant energetic role in protein conformation
changes. We were unable to observe any correlation
between changes in backbone hydrogen bonding and
the location of the ligand binding site, indicating
that the binding of the ligand has long-range effects
on backbone hydrogen bond strengths.

Hydrogen bond changes tend toward uniformity
in the bound form

Taking a closer look at the changes in hydrogen bond-
ing upon ligand binding, we found a surprising corre-
lation between the strength of hydrogen bonding in
staphylococcal nuclease H124L and the direction of
the energetic change upon ligand binding. Figure 4
shows a plot of the energetic change of the backbone
hydrogen bonds, AAG™®(Bound) — AAGHE(Unbound),
against the strength of the same hydrogen bonds in
the unbound form, AAGEB(Unbound). The two param-
eters are correlated such that strong hydrogen bonds
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Figure 4. The direction of hydrogen bond free energy
change upon ligand binding is correlated with hydrogen bond
strength. The horizontal axis is the free energy of the hydro-
gen bond in the unbound state of staphylococcal nuclease
H124L (AAG'B). The vertical axis is the change in hydrogen
bond strength upon ligand binding, AAG™®(Bound)-
AAGMB(Unbound). Strong hydrogen bonds tend to become
weaker and vice versa.
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tend to become weaker in the bound form and weak
hydrogen bonds tend to become stronger. Correspond-
ingly, the standard deviation of the strengths of these
63 backbone hydrogen bonds decreases from 0.97 to
0.85 kcal/mol when ligand is bound. Thus, the back-
bone hydrogen bond strengths become more uniform
when the ligand is bound. More uniform hydrogen
bonding would facilitate the distribution of conforma-
tional changes throughout the protein rather than
simply localizing changes to weak points between sta-
ble domains. It is therefore possible that these hydro-
gen bond changes enhance the participation of the
entire protein structure in dynamics at the active site.

Conclusion

By measuring the relationship between ¢-values
and hydrogen bond free energy, we provide a simple
way to measure the strength of any hydrogen bond.
The method is essentially non-perturbing, in con-
trast to methods that rely on mutations.

From the proteins with measured ¢-values, the
strongest backbone hydrogen bond is 4.2 kcal/mol (¢ =
0.52% stronger than the weakest hydrogen bond (¢ =
1.42), excluding those that are involved in charge-
stabilized hydrogen bonds with side chains.?®%3% This
value is well within the theoretical maximal enthalpy
of a neutral hydrogen bond, 6.6 kcal/mol.*® Thus, the
scale factor we obtain appears physically reasonable.

Perhaps the greatest utility of fractionation fac-
tors is in measuring backbone hydrogen bond
strengths because they cannot be probed by standard
mutagenesis methods and chemical mutagenesis is
difficult to perform. Our scale factor allowed us to
provide a quantitative energetic view of backbone
hydrogen bonds. The results indicate that backbone
hydrogen bonds have the potential to play an impor-
tant role in defining protein movements. We find that
the binding of a ligand to staphylococcal nuclease can
result in large and long-range changes in backbone
hydrogen bond strengths varying from -3 to 2 kcal/
mol. We also find that the changes tend toward more
uniform hydrogen bonding in the bound state, per-
haps facilitating long range communication of confor-
mational changes throughout the protein. It seems
likely that proteins can define modes of motion by
modulating backbone hydrogen bond strengths. Thus
the wide range of backbone hydrogen bond strengths
may be an evolved feature of proteins that deserves
further scrutiny. Our scale factor now provides way
to quantitatively measure these contributions.

Materials and Methods

Preparation of materials

p-(Trifluomethyl)phenol  (p-CF3C¢H,OH), phenol
(CeH50H), 2,2,2-trifluoroethanol (CFsCH,;OH), Phs
COH, !3C(OH)-labeled triphenylmethanol (Phs!
COH), pyrrole (C4H4NH), p-dioxane (C4HgOsz), and

Cao and Bowie

di(n-propyl) ketone ((n-C3H;):C=0) were purchased
from Sigma-Aldrich. Methanol-O-d (CH30D), cyclo-
hexane-ds (CgD12), toluene-dg (C;Dg), o-dichloroben-
zene-d, (C4D4Cls), and chloroform-d (CDCls) were
purchased from Cambridge Isotope Laboratories.
Among these materials, the chemicals in solid state,
p-CF3C¢H,OH and CgH5OH, were dried in a vacuum
oven at room temperature over night before use and
Ph;COH and Ph;'3COH were used directly because
they were already dry enough. All chemicals in lig-
uid state except cyclohexane-di,, because it was
already dry enough, were dried by mixing with 4 A
molecular sieves purchased from Sigma-Aldrich for
6—18 hr before use. Triethylamine (EtsN) and meth-
anol (CH30OH), which were stored under dry argon
and were pre-dried by using a home-made alumi-
num column, were a gift from Neil Garg Lab at
UCLA.

Triphenylmethanol-O-d (PhsCOD) was made by
mixing ~2 g Ph3COH, 1 mL acetonitrile (CH3CN)
and 2 mL deuterium oxide (D50) for 2 days, followed
by drying the mixture in a vacuum oven at room
temperature for 1 day. The deuteration level in
Ph3COD was verified by dissolving the dry powder
of Ph3COD in dry chloroform-d at a concentration of
more than 0.5 M and recording the'H-NMR spec-
trum in a BRUKER AV300 spectrometer. Almost no
signal for the hydroxyl proton was detected com-
pared to the peak for aromatic protons, suggesting
nearly full deuteration at the hydroxyl group. Aceto-
nitrile and deuterium oxide were purchased from
Fisher Scientific and Cambridge Isotope Laborato-
ries, respectively.

Measurement of ¢-values for hydrogen-bond
complexes formed between weak acids and
weak bases

In aqueous solution, weak acids and weak bases can-
not form hydrogen bonds with each other, but instead
are hydrogen-bonding to water and are partially neu-
tralized by one another. Therefore, we did not mea-
sure the ¢-values of hydrogen-bond complexes formed
between each weak acid and weak base [see Fig.
1(A)] directly in water, but we measured them at
room temperature in an indirect way by converting
the ¢-value to a water reference in three steps [see
Fig. 1(B)], where ¢1, 92, and @3 are the equilibrium
constants for the three steps, respectively.

The ¢;-values were measured using a method
similar to Jarret and Saunders.?* In our experiment,
0.10M p-CF3C¢H,OH, 0.10M CgHsOH, 0.10M
CF3CH,0H, 0.60M methanol-OH/OD (CH30OH/OD),
0.005M '3C-labeled Ph3'*COH, and 0.10M C,H,NH
were added together to solvent which was composed
of the pure base, triethylamine (Et3N), p-dioxane
(C4HgO3) or di(n-propyl) ketone ((n-C3Hy;)2C=0),
and a small amount of cyclohexane-d;5(CgD;2) at
volume ratios of 9/1, 9/1, and 5/1, respectively.

PROTEIN SCIENCE ‘ VOL 23:566-575 &M



Except for the '3C-labeled Ph3'2COH, the natural
abundance of *C was utilized for the weak acids. In
each of the three solutions, all the weak acids
formed hydrogen bonds with the same base. The
small amount of cyclohexane-dis (¢ = 2.0)*2 was
used to lock the magnetic field and keep the dielec-
tric constants of the mixtures*® with each base, trie-
thylamine (¢ = 2.3)*2, p-dioxane (¢ = 2.3)*2, and
di(n-propyl) ketone (¢ = 12.5),*2 almost the same as
the dielectric constants of toluene (¢ = 2.3),*% tolu-
ene (¢ = 2.3)*2, and o-dichlorobenzene (¢ = 9.9),%2
respectively, because we measured the strengths of
the hydrogen bonds in these solvents. The dielectric
constants of the solvents we used here match well
the range of dielectric constants in protein folded
core regions experimentally measured.** The ratio of
the XH/XD group (X = O or N) for each acid was
varied in a series samples by changing the ratio of
OH/OD in the added methanol-OH/OD.

By monitoring the signal for the carbon atoms
directly linked to the XH/XD group (X = O or N),
that is, the o-C, from the 3C-NMR spectra, we
measured the ¢;-values of hydrogen bond complexes
formed between weak acids and each of the three
bases with reference to the ¢-value of the hydrogen
bond complex formed between the 2C-labeled
Ph;!'3COH and the same base at exchange equilib-
rium (~3 hr after mixing).

As illustrated in Supporting Information Figure
S1(A), two types of *C-NMR spectra for a-C atoms
were observed depending on the rate of H/D
exchange. In the case of slow exchange, two separate
peaks for «a-C were seen, each having the same
chemical shift as the pure C-XH or C-XD (X = O or
N) state. Thus, for slow exchange we obtained the
XH/XD ratio from the corresponding peak areas, A.
The hydrogen bond complexes for !3C-labeled
Ph;'®COH with all the three bases followed the
slow-exchange regime. For the hydrogen bond com-
plexes formed by other acids and the same base
which also follow this slow-exchange regime, we
plotted the ratios of A(AD:B)/A(AH:B) against the
ratios of A(Ph;'*COD:B)/A(Ph;'*COH:B) for the sol-
utions with different total amounts of protons and
deuterons. Since

A(AD : B)/A(AH : B)

1= 4(Phy 5COD : B)/A(Phy PCOH :B)' »

Their ¢@q-values were simply read from the
slope of the least-square linear-line fitting of this
plot, forcing the line to pass the origin [see Sup-
porting Information Fig. S1(B)]. In the case of fast
exchange, a merged peak for the «a-C was seen,
whose chemical shift, §, is dependent on fraction of
deuteron or proton within the hydrogen bond
complex according to

8572 PROTEINSCIENCE.ORG

(AD: BJ/[AH : B|=[5(AH : B) — S(AL:B)]/
]

[3(AL:B) — 3(AD: B)],

where L represents the mixed state of labile protons
and deuteron. The chemical shift of the pure proto-
nated state, 3(AH:B), can be measured by adding
the protonated Ch3OH only, but the chemical shift of
deuterated state, 3(AD:B), cannot be determined
directly. Consequently, their ¢;-values were obtained
in a different way. We first convert Eq. (2) into the
following form,

1
[AD : B]/[AH : B]= S(ATLB)5(AD) (3)
S(AH:B)—5(ALB) 1

If we define A = 3(AH:B)-3(AD:B) in Eq. (3) and
then plug Eq. (3) into Eq. (1), we obtain

13 . 13 .
¢~ A(Phy 1°COH : B)/A(Ph *COD :B)

e — 1
S(AH:B)—3(ALB)

Eq. (4) can be further re-written as

1 1

S(AH:B)—d(AL:B) ¢, A

. A(Ph313COH:B)+¢
A(Ph33COD:B) ')

Thus, for the hydrogen bond complexes in the fast-
exchange regime, their WM values were
plotted against the ratios of A(Ph;*COH:BY
A(Ph;'3COD:B). The ¢@1-value is the absolute value
of the x-intercept from the linear least-square fitting
of this plot [see Supporting Information Fig. 1(C)].
The uncertainty of the ¢i-value for each hydrogen
bond complex is the sum of the standard deviation
from three experiments and the average error from
the data fitting for each experiment, that is, STD +
(dexpt T dexp2 t+ dexp3)/3, where STD stands for the
standard deviations from the three experiments and
dexp1, dexp2, and dexps are the errors in the ¢q-value
from fitting for the three experiments, respectively.
We measured @s-values for the hydrogen bond
complex formed between PhsCOH and each base as
follows. 0.30 g PhsCOH and 0.30 g PhsCOD were
added to 1.6 mL of the solvents triethylamine/cyclo-
hexane-ds (V/V = 9/1), p-dioxane/cyclohexane-dis
(V/IV = 9/1), and di(n-propyl) ketone/cyclohexane-d o
(V/IV. = 5/1), respectively, and the mixtures were
stirred in dark at room temperature for 2-4 days to
allow for equilibrium to be established. The ratio of
[PhsCOD:BJ/[PhsCOH:B] in each solution, that is,
the supernatant of each solid/liquid mixture contain-
ing ~0.3M Ph3COH/D, were determined by meas-
uring the ratio between the peak areas of 3C-OD
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and C-OH from the ®C-NMR spectrum by utiliz-
ing its natural 3C abundance. To determine the
Ph3COH/D in the solid state, each solid-liquid mix-
ture was filtered under vacuum and the solid was
dried for 1 hr under vacuum at room temperature.
The dried samples were then dissolved in deuterated
chloroform to a concentration of ~0.5 to 0.7 M. For
Ph3sCOH/D re-dissolved in deuterated chloroform
after drying from the triethylamine and the di(n-
propyl) ketone samples, no peaks other than those
for PhsCOH and chloroform were detectable from
the 'H-NMR or *C-NMR spectra. For Ph;COH/D
re-dissolved in deuterated chloroform after drying
from the p-dioxane samples, only 1-4% of p-dioxane
with reference to PhsCOH was observed from the
'H-NMR spectrum. No peaks other than those for
Ph3COH, chloroform and the residual p-dioxane
were detected from the 'H-NMR or *C-NMR spec-
tra. This indicates that the deuterated chloroform
solutions with re-dissolved PhsCOH/D solids were
pure enough for determining the ratio of [Ph3CODJ/
[PhsCOH] in the solids. The ratio of [PhsCODJ/
[PhsCOH] for all the samples was determined from
the 3C-NMR spectrum and the uncertainty in ¢o-
value for each solid-liquid mixture is the standard
deviation from three experiments.

The @s-value was previously determined to be
1.10 = 0.06 by Kreevoy and Liang.?* By multiplying
¢1-, @2-, and @s-values together, we obtain the o-
value of each hydrogen bond complex with reference
to water [see Fig. 1(B)]. The standard deviation of
the final @-value for each hydrogen bond complex,
3¢, was derived from the uncertainties of ¢;- and
@o-values according to the following equation,

39/ 0=301/P11+30s/ Py,

where 3¢; and 3¢, are the uncertainties in ¢;- and
(pg-values, respectively. As the uncertainty of ¢3-val-
ues will be applied to each hydrogen bond complex
in the same way, it will have no effect on the rela-
tive uncertainties between any two hydrogen bonds,
so it was not considered for determining the uncer-
tainty in @-value. The uncertainty in RTIn¢ values
was determined as RT(3¢/).

All the '3C-NMR measurements were performed
on a BRUKER AV500 spectrometer equipped with a
cyroprobe optimized for **C sensitivity.

Measurement of strengths of hydrogen-bond
complexes

The strength of the hydrogen bond, AG™E, formed
by pairs of weak acids (AH) and weak bases (B) was
measured as theassociation free energy of the
hydrogen-bond complex (AH:B) in apolar, aprotic
organic solvents. The weak acids we used were p-
CF3CgH,OH, CgH;OH, CF3CH,;0H, methanol-OH,
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Ph3COH, and C,H,NH. The weak bases we used
were triethylamine, p-dioxane, and di(n-propyl)
ketone. For hydrogen bonds formed between each of
the weak acids and triethylamine or p-dioxane, a
small amount of the weak acid was dissolved in tolu-
ene-dgto make the concentration of the acid of ¢, =
0.0300 M and then the solution was divided into
seven 600 uL aliquots. Next, various amounts of
triethylamine or p-dioxane were added to the seven
samples to make the final concentrations of the
bases ranging from 0 to 0.5 M and 0 to 1.0 M,
respectively. For hydrogen bonds formed between
each of the weak acids and di(n-propyl) ketone, a
small amount of the weak acid was dissolved in o-
dichlorobenzene-d,to make the concentration of the
acid of ¢, = 0.0300 M and then the solution was
divided into seven 600 uLl aliquots. Next, di(n-
propyl) ketone at different volumes were added to
the seven samples to make the final concentrations
of the base ranging from 0 to 1.0 M.

'H-NMR spectra were acquired for each sample
at room temperature soon after they were prepared
using BRUKER spectrometers AV300, DRX500,
AV500, or AV600. Since the exchange between labile
protons from the hydrogen-bonded complex and from
the free acid is very fast, a merged peak represent-
ing the mixed state was always observed for the
labile proton. The chemical shift of the labile proton
was plotted against the volume of added base to
obtain a binding isotherm. The equilibrium associa-
tion constant, K, of the reaction was determined by
least-square fitting as described by Fielding®® [see
Supporting Information Fig. S1(D)]. A standard
state of 1 M was used for K. The uncertainty of the
K for each hydrogen bond complex was determined
by comparing the discrepancy between two experi-
ments. AGF® value for each hydrogen bond complex
was determined as -RTIn(INK), where R is the gas
constant, N is the number of potential hydrogen
acceptors per molecule of base, which is 2, 4, and 1
for di(n-propyl) ketone, p-dioxane and triethyl-
amine, respectively. The reason the number N is
included in the conversion of K into AG™® is that
the concentration of hydrogen acceptors from the
bases is actually N times higher than the concen-
tration of each base. The uncertainty in AG™® was
determined as RT(3K/K), where 8K is the uncer-
tainty in K.

Determination of the scale factor

The strength of each hydrogen bond formed between
the model weak acids and weak bases expressed in
the free energy change of forming the hydrogen
bond, AGTE, was plotted against the value of RTln¢
of each at room temperature, where R is the ideal
gas constant. A least-square fitting was made from
the plot to determine the scale factor, which is
simply the slope [see Fig. 1(C)].
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Applying the new scale factor to study the
difference in strength of protein hydrogen
bonds

The @-values for hydrogen bonds in several proteins
have been measured,?®27 but those experiments
were performed at different temperatures ranging
from room temperature to 45°C. Thus, we need to
convert their results into @-values at room tempera-
ture before we apply the scale factorbecause our
scale factor is determined at room temperature. As
pointed out by Kreevoy and Liang,?* the ¢-value of
a hydrogen bond complex with reference to water is
dependent on the zero-point energies, that is, the
lowest (or ground-state) eigenvalues of energy for
the vibrational potential functions, of hydrogen
bonds formed between the weak acid and weak base
and formed between water molecules in the proto-
nated and deuterated forms. Their relationship can
be written follows,2*

RTIno=he {(ZPE(AH : B)~ZPE(AD : B)-ZPE(H,0)

+ZPE(D20))} ,
(5)

where h is the Plank constant, ¢ is the speed of light
in vacuum, and ZPE stands for zero-point energy in
the unit of cm™'. Since ZPE is not dependent on
temperature especially when the change in tempera-
ture is very small, the right-hand side of Eq. (5),
and therefore the RTIng value, can be considered as
a constant for each hydrogen bond complex. Thus,
the previously measured ¢-values for hydrogen
bonds at the experimental temperature, T,, in the
unit of Kelvin can be converted into the ¢-values at
room temperature as exp{[7,/(298 K)] - In@z,}. Thus,
by applying the scale factor we report here to the ¢-
values of exchangeable hydrogen atoms in proteins
at room temperature, we can calculate the difference
between the free energies of any two protein hydro-
gen bonds.
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