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ABSTRACT: An unresolved issue in structural biology concerns the relative contribution of H bonds to
protein stability. We use the small molecules 4-acetamidobenzoic acid andN-acetylanthranilic acid as
model compounds to relate the energetic contribution from hydrogen bonds (H bonds) to the deuterium/
hydrogen amide isotope effect.N-Acetylanthranilic acid models carbonyl-amide H bonds formed during
protein folding; 4-acetamidobenzoic acid models the unfolded state in which the amide H bonds to water.
NMR is used to measure shifts in the pKa of the ionizable carboxyl group when the amides of the compounds
are either protonated or deuterated. From the pKa shift, we obtain a quantitative scale factor: SF) ∂(∆GHB)/
∂(RT ln Φ), where∆GHB is the change in free energy of an H bond upon isotope substitution andΦ is
the fractionation factor. Isotope effect data also are reported for a small globular protein,λ repressor,
using the “Cm experiment”. The protein’s isotope effect, which reports on the shape of the energy well,
is converted to H-bonding free energy by applying the scale factor. We estimate that amide-related H
bonds (amide-carbonyl and amide-water) contribute favorably to protein stability by∼30-50 kcal/mol
in λ repressor, GCN4 coiled coil, and cytochromec but unfavorably by∼6 kcal/mol in ubiquitin. The
results indicate that H-bond strength varies from one protein to another and presumably at different sites
within the same protein.

Since Anfinsen’s original insight (1), the folding of a
protein is generally viewed as a thermodynamically con-
trolled reaction with a unique native structure that reflects
the energetic balance of various, often competing, interactions
within the protein and between the protein and the surround-
ing medium, water. Among the weak interactions in native
proteins, hydrogen bonds (H bonds)1 are ubiquitous and
assumed to contribute to protein stability. However, the
question of whether H bonds make anet favorable contribu-
tion has been debated for more than half a century (2-5). It
is also unresolved whether H bonds contribute the same
amount in different proteins or in different environments
within the same protein.

In part, the controversy reflects the lack of a model system
in which the stability of the H bond can be assessed
independently of other factors. For example, in classical

dimerization studies of small amide-containing molecules by
Klotz and Franzen (6), it is unclear whether dimerization in
water arises exclusively because of H bonding or other
interactions (e.g., van der Waals or hydrophobic;7, 8).
Similarly, in studies of model helical peptides, significant
changes in conformational entropy, van der Waals interac-
tions, and surface burial accompany H-bond formation.
Mutational studies in proteins often involve side-chain-to-
backbone H bonds (9, 10). Also, deletion of the side chain
leads to an unknown penalty associated with the burial of
the unsatisfied backbone partner. Additionally, the mutation
can result in local conformational rearrangements or changes
in hydrophobic surface burial that are hard to quantify (9).

Isotope effects offer a potential route to resolve the issue
(11-18). In proteins, a qualitative correlation is observed
between the H/D fractionation factor for labile protons,Φ,
and H-bond strength. Sites involved in strong H bonds
accumulate protium, while weak H bonds prefer deuterium,
relative to the isotopic composition of the solvent (13). In
studies on small molecules, a parabolic correlation is
observed betweenΦ and the strength of an H bond (19).

Our present goal is to obtain quantitative energetic
information on protein H bonds from isotope effect measure-
ments. The scope of our study is limited to the weak H bonds
commonly encountered in protein backbones (11-13, 15-
17, 20). First, the D/H amide isotope effect (Figure 1) is
measured for a helical protein,λ repressor using the “Cm

experiment” (15, 18). Next, we establish a quantitative
connection between the isotope effect and the free energy
of H bonds by measuring both the free-energy change of H
bonds,∆∆GHB, and the associated isotope effect.
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This relationship is expected to be linear because the
logarithm of the parabolic correlation is linear over the
limited range of weak H-bond strengths investigated. Finally,
we estimate the contribution to protein stability from amide-
related H bonds by applying the scale factor to isotope effect
data for various proteins.

MATERIALS AND METHODS

Materials. All chemicals were purchased from Sigma-
Aldrich except for molecular biology reagents, which were
purchased from Fisher Scientific. A protein expression vector

containing theλ6-85
AA (residues 6-85 ofλ repressor, G46A/

G48A) protein sequence (MSLTQEQLEDARRLKAIWEK-
KKNELGLSQESVADKMGMGQS AVAALFNGINALN-
AYNAALLAKILKVSVEEFSPSIAREIR) was created by
the nested ligation of synthetic DNA oligonucleotides
(Operon Technologies, Inc.) A uniqueNdeI restriction site
was placed before the start of the open reading frame, and
a uniqueHinDIII site was placed after the stop codon. The
λ6-85

AA open reading frame was subcloned into pRSET B
(Invitrogen) using these unique sites.λ6-85

AA was expressed
in BL21(DE3) cells in 1.5 L volumes of Luria broth using
standard isopropyl-â-D-thiogalactopyranoside (IPTG) induc-
tion. Sonicated cell lysate was centrifuged at 40 000g, and

FIGURE 1: Protein backbone amide D/H isotope effects determined from theCm experiment. (A) Thermodynamics of D/H backbone amide
substitution. The isotope effect,∆∆Gfold

D-H, is the relative stability of protonated protein,Kfold
H, compared to the stability of deuterated

protein,Kfold
D. The vertical arms areΦ values for the folded and unfolded states, respectively. The upper equations describe the relationship

between∆∆Gfold
D-H and the four equilibrium constants defining the thermodynamic cycle. The lower equations illustrate the relevant H

bonds that influence the equilibrium of the given reactions. Notation is same as in Scheme 1; the ratioKfold
H/Kfold

D only relates to the
amide-carbonyl and amide-water equilibrium, because the water-water and carbonyl-water terms cancel out. (B) Change in stability
upon backbone amide D/H exchange forλ6-85

AA. The initial and final spectroscopic values determine the equilibrium stability,Kfold
D or

∆Gfold
D (for deuterated protein) andKfold

H or ∆Gfold
H (for protonated protein).λ6-85

AA (10 µM) in 2.8 M GdmCl is monitored by CD at 222
nm. The deuterated protein,NDλ6-85

AA, gains stability (decreasing CD signal) when exchanged in H2O. The control experiment,NHλ6-85
AA

diluted into H2O solution, shows that the CD signal maintains a constant value after folding was complete. (C) Effects of isotope composition
on protein stability. Values forKfold

H andKfold
D obtained from theCm experiment were used to determine the denaturant dependence of free

energy,∆Gfold
H and∆Gfold

D, under same bulk solvent condition. For each GdmCl concentration, the free energies are calculated from traces
similar to that presented in (B). The mean free-energy difference between two sets of data points on the pair of lines is∆∆Gfold

D-H )
0.39( 0.01 kcal/mol. (Inset: simulated GdmCl equilibrium melting curve for both protonated (lower) and deuterated (upper) proteins in
the same H2O solution. The arrows show the change of CD (222 nm) signal upon hydrogen exchange.) (D) Amide isotope effect versus
number of helical H bonds. The slope,-9 ( 1 cal/mol, is the average isotope effect per helical H bond for the four helical proteins.

SF) ∂(∆GHB)/∂(RT ln Φ) (1)
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the supernatant pH was adjusted to 4.5 with acetic acid. After
a second centrifugation at 40 000g, the pH 4.5 supernatant
was applied to C18 HPLC and eluted by an acetonitrile
gradient in 0.1% trifluoroactetic acid. The major peak was
lyophilized and analyzed by gel electrophoresis. Mass
spectrometry indicated the mass to be 8775 Da, which is
131 Da smaller than predicted, indicating that the N-terminal
methionine was removed cotranslationally. Deuteratedλ6-85

AA

is prepared by dissolving the lyophilized protein in deuter-
ated, 7.4 M GdmCl denaturant solution.

pKa Determination by NMR. The pH meter was calibrated
using standard pH buffers at four points: 2.00, 4.00, 7.00,
and 10.00 in aqueous solution at room temperature. The
apparent meter reading was reported with no correction for
the temperature and the effects of solvent composition. The
pH probe was immersed in 90% D2O for over 1 h before
measuring the sample solutions.N-Acetylanthranilic acid (N-
acet) and 4-acetamidobenzoic acid (4-acet) solutions were
made at saturating concentrations in pure H2O and pure D2O.
These stock solutions were syringe filtered, diluted 2-fold,
and combined so that the final concentration of D2O was
90%. Twenty-five 1 mL samples ofN-acet and 4-acet
solutions were prepared, and their pH was adjusted using 1
M HCl or NaOH solution in 90% D2O. NMR spectra were
collected for either compound at pHs ranging from 1.8 to
7.5 on a Varian Unity 500 MHz spectrometer. All 1D1H
spectra with 8 k complex data points utilizing Watergate
water suppression and a cycle delay of 5 s. The FIDs were
transformed after weighting with a square sine function
shifted by 85°. All of the experiments were performed at 20
°C in order to be consistent with the temperature at which
the pHs were measured.

The apparent pKa is determined by fitting the chemical
shift values of amide or aromatic protons of model com-
pounds at different pH values to the following equations:

where the observedδ is the chemical shift of the amide or
aromatic proton at different pH values andδbase and δacid

are the corresponding chemical shift values of the conjugate
base (B-) and acid (HB) forms, respectively.

D/H Amide Isotope Effect Measurement ofλ6-85
AA. The

process of amide hydrogen exchange, reflected as a change
in protein equilibrium stability, was monitored by circular
dichroism (CD) spectroscopy at 222( 2 nm using a Jasco
J-715 spectropolarimeter. Measurements were made for seven
different GdmCl concentrations near the protein’s melting
midpoint, orCm, in 20 mM sodium acetate (pH 4.5) at 10
°C. A 100-fold concentrated protein stock solution (1 mM)
was diluted into a 1 cmpath length cuvette containing 1.4
mL of each of the protonated GdmCl solutions. The initial
signal value was used to calculateKfold

D, the equilibrium
constant for deuterated protein in 99% H2O. After hydrogen
exchange was complete (no further change in signal after
more than 1 h; Figure 1B), the final CD signal value was
used to determineKfold

H, the equilibrium constant for
protonated protein under the same 99% H2O. Native and
denatured baselines were measured by GdmCl equilibrium
denaturation on a protonatedλ6-85

AA sample to determine

the equilibrium constants from the initial and final CD
signals. A standard free-energy relationship determined the
isotope effect.

DeriVation of the Scale Factor.The correction for the
contribution of solvent-related H bonds was calculated
according to the relations (see Schemes 1 and 2)

where∆∆Gcorrected
HB is the free energy difference between

charged and neutral H bonds after correcting for the
contribution from solvent related H bonds (Scheme 1). The
ratio 3.5 is obtained from a series of salicylate mono-ions
in both water and DMSO (21). The equilibrium for reaction
A7 is calculated from that of reaction A3 through the solvent
correction term (Scheme 2). The isotope effect is the
equilibrium constant of reaction A6, calculated from the ratio
of the equilibrium constants of reactions A4 and A5. The
final scale factor is calculated from∆∆Gcorrected

HB (Scheme
1, reaction A7), and∆(RT ln Φ) (Scheme 1, reaction A6,
which is the isotope effect of reaction A7).

Numerical calculation of the scale factor takes advantage of
the result thatK2H andK2D are identical, as the pKa’s of the
protonated and deuterated versions of the para-substituted
molecule should be and are essentially identical because the
amide composition has no effect on the carboxyl pKa.

RESULTS

Equilibrium D/H Amide Isotope Effect Measurement for
λ6-85

AA. The D/H amide isotope effect in a protein is
measured using theCm experiment. The equilibrium between
the native and denatured states for the protonated and
deuterated proteins,Kfold

H andKfold
D, are measured under the

same solvent conditions. The ratio of these quantities defines
the isotope effect independent of any solvent effects (Figure
1A). Upon amide deuteration, even a small change in stability
can result in a measurable shift in theCm or midpoint of the
denaturation profile (inset to Figure 1C). Equivalently, the
fraction of folded protein, and hence CD signal, significantly
changes when the protein amides are exchanged from
deuterium to protium near theCm (Figure 1B).

We have used the change in CD signal to quantify the
change in stability upon isotope exchange for a variant of
the λ repressor,λ6-85

AA. This monomeric helical protein is

pKa ) pH - log([B-]/[HB] (2)

δ ) (δbase- δacid)10(pH-pKa)/(10(pH-pKa) + 1) + δacid (3)

∆∆GD-H ) RT ln(Kfold
D/Kfold

H) (4)

∆∆Gwater
HB ) -RT ln KA3 (5a)

∆∆Gcorrected
HB ) -RT ln KA7 (5b)

log KA7/log KA3 ) log KH6/log KH3 ) 3.5 (5c)

∆∆Gcorrected
HB ) 3.5∆∆Gwater

HB ) 3.5RT ln (K1/K2)
(6a)

) 3.5RT[ln(K1H/K2H) + ln(K1D/K2D)]/2

∆(RT ln Φ) ) -RT ln KA6 ) RT ln(KA5/KA4) )
RT(ln KA5 - ln KA4) (6b)

) RT[ln(K2D/K1D) - ln(K2H/K1H)] )
RT ln(K1H/K1D)
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chosen because extensive thermodynamic and kinetic studies
have previously been reported. The protein folds via a two-
state mechanism on a ms-µs timescale (22-24). Experi-

mentally, fully deuterated protein is diluted 100-fold into an
appropriate concentration of GdmCl solution under condi-
tions (pH 4.5, 10°C) where stability (monitored by CD at
222 nm) can be determined before significant backbone
amide exchange occurs (Figure 1B). Under this condition,
the protein can fold in less than a second and equilibrates to
the new solvent condition. Hence, the stability of deuterated
protein can be obtained from the initial CD value. As the
hydrogen exchange (HX) process occurs over 1 h, the
equilibrium of the system shifts, and the spectroscopic signal
continuously changes. After HX is complete, the stability
of the now protonated protein is measured. The difference
in stability before and after amide exchange defines
∆∆Gfold

D-H (Figure 1A).

To re-emphasize, we conduct our measurements near the
Cm, where even a small perturbation such as isotope substitu-
tion can be detected accurately. Furthermore, we repeated
this measurement at seven different GdmCl concentrations
within the melting transition region. The corresponding free
energies,∆Gfold

D and∆Gfold
H, are shown in Figure 1C, from

which we obtain a nearly constant value of∆∆Gfold
D-H ∼

0.39 ( 0.01 kcal/mol.

Scheme 1a

a (A) Structures, (B) H bonding, and (C) isotope effects.K1 is the pKa equilibrium for compound (1);K2 is for compound (2); andK1D, K1H and
K2D, K2H are the corresponding equilibrium when the amide is D or H. Note that, forK2H and K2D, the pKa’s of the proteated and deuterated
versions of the para substituted molecules should be and are essentially identical because the amide composition has no effect on the carboxylate
pKa of the para molecule. The lower equations indicate the relevant H bonds that influence the equilibrium of the given reactions: A, amide; C0,
neutral form of carboxyl; W, water; C-, charged form of carboxyl; AH, proteated amide; AD, deuterated amide; A-C0, H bond between A and C0,
and so forth.

Scheme 2a

a H, hydroxyl; C0, the neutral form of carboxyl; W, water; C-,
charged form of carboxyl; H-C0, H bond in salicylic acid between H
and C0; H-C-, H bond between H and C-.

H Bond Strength Estimated from Isotope Effects Biochemistry, Vol. 41, No. 7, 20022123



Strategy for Scale Factor Determination.To determine
the scale factor, we have chosen a system to measure the
free-energy change and the associated isotope effect for H
bonding. Salicylic acid has been used previously to study H
bonds (21, 25). In this molecule, a second six-member ring
is created upon H-bond formation. Rather than utilizing
salicylic acid in which the carboxyl’s H bonding partner is
a hydroxyl group, we useN-acet where the H bond is formed
using an authentic amide group. For either model compound,
the change in free energy of H bonds,∆∆GHB, with the
ionization state of COOH (neutral or negatively charged)
can be obtained via pKa shift measurements. Hence, the
numerator of the scale factor relating∆GHB to the isotope
effect is determined (eq 1).

As outlined in Scheme 1B, the stability of the amide-
carboxylate H bond ofN-acet depends on the charge state
of the carboxyl group and, therefore, on the pH. Because of
the H bond, the pKa of the ortho-substituted molecule is lower
than that of the para-substituted molecule, which cannot form
an intramolecular H bond. This shift in the pKa reflects the
difference of the stability between neutral and charged H
bonds,∆∆GHB ) -RT ln(KA3).

We now need to determine the associated isotope effect.
We have designed an experiment (Scheme 1C) to measure
the free-energy difference (via the shift in pKa of an ortho
compound relative to a para compound) inN-acet for both
the protonated,∆∆GH, and the deuterated amide,∆∆GD. The
difference between these two values,∆∆GH - ∆∆GD, yields
the isotope effect. This effect is the ratio of theΦ value of
the amide hydrogen when bonded to the charged group
relative to theΦ value of the amide H bonded to the neutral
group. From this free-energy difference (∆∆GH - ∆∆GD),
we obtain theΦ value component of the scale factor that
relates H-bond stability to the D/H isotope effect (eq 1; see
Materials and Methods).

Experimental Determination of Scale Factor.To determine
the scale factor, the difference in stability is assessed between
the charged and the neutral intramolecular H bonds ofN-acet
in aqueous solution. The free-energy difference between the
amide-carboxyl H bonds in the charged and neutral forms
is obtained from the shift of the pKa of the COOH group in
N-acet relative to the COOH in 4-acet. The para compound
is used to approximate the intrinsic pKa of the ortho
compound when the intramolecular H bond is not formed
(Scheme 1B). The pKa shift (i.e., pKa

ortho - pKa
para) is the

logarithm of the equilibrium constant for the reaction A3.
This reaction reflects the change in intramolecular H-bond
stability upon going from uncharged (amide-carbonyl or
amide-hydroxyl) to charged (amide-oxyanion) statesrela-
tiVe to the change in stability for the intermolecular H bonds
to water.

The pKa values are determined by monitoring the1H NMR
chemical shifts during pH titration. All pKa measurement
experiments are performed in the same (90% D2O) composi-
tion of bulk solvent. Use of the same solvent results in the
shifts being exclusively associated with changes in ionization
and amide isotope composition, rather than with changes in
bulk solvent, which may have secondary isotope effects due
to a change in solvent properties such as hydrophobicity or
dielectric constant.

Amide and aromatic peaks are used for the determination
of K1H and K1D, respectively (Figure 2). The equilibrium

constant relevant for the protonated amide is measured
directly from the change in its chemical shift upon ionization
of the acid. The equilibrium for the deuterated form is
monitored indirectly via the1H aromatic resonance. The
aromatic resonance associated with the deuterated amide
group is about 10-fold larger than that associated with the
protonated resonance because of the high level of deuterium
in the 90% D2O solvent. Moreover, these resonances are
sensitive to the charge state of the carboxyl group. Thus,
the apparent pKa is determined by fitting chemical shift
values of the amide and the aromatic protons (Figure 3, Table
1), thereby evaluating the equilibrium constantsK1H andK1D,
respectively (Scheme 1). The ionization constants for the
states in which the amide and COOH are H bonded to
solvent,K2D andK2H (Scheme 1), cannot be obtained directly
because of the formation of the intramolecular H bond. The
values for these equilibria are approximated using the para-
substituted compound 4-acet.

From the data on the ortho and para molecules, we obtain
the shift in pKa values for both the protonated and deuterated
amides and, by implication, the ratiosK2H/K1H or K2D/K1D,
as shown in Scheme 1. For both isotopes, the ratioK2/K1 is
the equilibrium constant of equation A3, obtained by
subtraction of reaction A2 from reaction A1 to eliminate the
contributions from both water-water and amide-water H
bonds. Reaction A3 reflects either the difference in stability
for the H bond of the ortho molecule in its neutral and
charged forms (vertical reactions in Scheme 1B) or the ratio
K1/K2, measured using pKa’s of molecules of ortho and para
forms (horizontal reactions).

FIGURE 2: Amide (left) and aromatic regions (right) from1H spectra
of (A) N-acet and (B) 4-acet. The vertical scales of amide peaks
are enlarged 5-fold for clarity.

Table 1: pKa Values of Model Compounds Obtained in 90% D2O
at 20°C

equilibrium constant pKa(-log K)

K1H 3.617( 0.007
K2H 4.330( 0.011a

K1D 3.650( 0.007b

K2D 4.340( 0.008a,b

a The values forK2H andK2D are essentially identical because the
D/H amide composition has no effect on the carboxyl pKa for the para
molecule.b Values for deuterated equilibrium are the average of two
unique aromatic resonances.

2124 Biochemistry, Vol. 41, No. 7, 2002 Shi et al.



By subtracting reaction A5 from reaction A4 (Scheme 1C),
we obtain an equilibrium constant for reaction A6 where the
contributions involving water cancel, because both ratios,
K2H/K1H andK2D/K1D, are derived from experiments con-
ducted in the same solvent. The equilibrium constants for
the protonated (A4) and deuterated (A5) reactions are the
ratiosK2H/K1H andK2D/K1D, respectively. These ratios can
be used to derive the ratio of theΦ values for the amide
with its H-bonding partner being an oxyanion relative to the
amide with its partner being a neutral carboxyl (Scheme 1,
reactions A6 and A7).

Correction for SolVent H Bonding.As seen in eq 5a,
∆∆Gwater

HB ) -RT ln KA3 is the difference in stability
between the charged and the uncharged carboxyl-amide H
bonds relative to the difference in stability between the
charged and uncharged carboxyl-water H bonds. This
quantity is influenced by solvent H bonding, as shown in
reaction A3 (Scheme 1). However, the measured∆(RT ln
Φ), the ratio ofΦ values for the amide hydrogen in the
amide-oxyanion and amide-carboxyl bonds, is not directly
influenced by solvent H bonding, as shown in reaction A7.
To relate H-bond strength toΦ values of relevance, we must

FIGURE 3: Measurement of pKa using NMR chemical shifts. Panels A-C are pH titrations ofN-acet. (A) The shift in amide resonance is
used to obtainK1H of the protonated molecule,N-acet(H). (B and C) The shift in the aromatic resonances is used to obtainK1D of the
deuterated moleculeN-acet(D), done for two separate peaks. Panels D-F are pH titrations of 4-acet. (D) The shift in amide resonance is
used to obtainK2H for 4-acet(H). (E and F) The shift in the aromatic resonances is used to obtainK2D for 4-acet(D).

H Bond Strength Estimated from Isotope Effects Biochemistry, Vol. 41, No. 7, 20022125



correct∆∆GHB by the contributions from the solvent-related
H bonds.

A study in an aprotic solvent (e.g., dimethyl sulfoxide
(DMSO)) can provide an estimate of the contribution from
solvent-related H bonds. Shan and Herschlag (21) measured
the pKa shift for a series of substituted salicylate mono-ions
in water and DMSO. Their data indicate that the H bond
undergoes a large apparent increase in strength upon transfer
from water to DMSO. Specifically, the equilibrium constants
for reactions H3 and H6 in Scheme 2 are the measured pKa

differences in water and DMSO, respectively. From reactions
H3 and H6 in Scheme 2, the equilibrium constant for H6
should be larger than that for H3, even if the strength of an
H bond (i.e., hydroxyl-carboxyl or hydroxyl-oxyanion)
does not change in water relative to that in DMSO. For the
H3 equilibrium, there are offsetting H bonds formed with
water for both the charged and neutral carboxyl groups, while
such a cancellation does not occur in DMSO for the H6
equilibrium.

We utilized the difference between pKa values in water
and DMSO to correct the free-energy data in water and
obtained the net difference in stability between the charged
and the uncharged carboxyl-amide H bonds without the
influence from solvent H bonding. For the series of salicylate
mono-ions, logKH6(DMSO)/logKH3(water)∼ 3.5 (Scheme
2). Assuming that this ratio can be applied to ourN-acet
data, we can get the equilibrium constant for reaction A7
from that of A3 (Scheme 1). After correcting for the solvent,
we finally obtain the scale factor SF) 74 ( 27.

Application of the Scale Factor to Proteins.Given that
the scale factor derived from the model compound can be
applied to amide-related H bonds in proteins, we are now in
a position to estimate the difference in stability between a
native amide-carbonyl bond and an unfolded amide-water
bond∆∆GHB from their isotope effects. We observed that,
for λ6-85

AA, the coiled coil helical protein GCN4, and
cytochromec (Cyt c), deuteration results in a destabilization
by about 0.4-0.7 kcal/mol, while for theR/â protein
ubiquitin (Ub), deuteration results in a mild stabilization of
∼0.1 kcal/mol (18) (Table 2). These isotope effects imply
that, forλ6-85

AA, GCN4, Cytc, and Ub, the amide-related H
bond makes a net favorable contribution of 29, 30-51, 34,
and -6 kcal/mol, respectively. The results for the helical
proteins imply that the average amide-related H bond is worth
0.7 ( 0.3 kcal/mol. For Ub, however, the average contribu-
tion per bond is slightlyunfaVorableby ∼0.1 kcal/mol. These
results indicate that H bonds contribute differently in different
proteins.

These experiments focus exclusively on energetic contri-
butions from amide-carbonyl H bonds and amide-water
H bonds. The water-water and carbonyl-water H bonds,
the solvation of water molecules freed upon folding, and the
desolvation terms from amide-water and carbonyl-water
H bonds must be taken into account as well when considering
whether H bonds have a net stabilizing effect in protein
folding.

Error Analysis. Even with the careful measurement of
isotope effects and free energy changes in the model
compounds, we find a significant error in the scale factor,
SF ) 74 ( 27. The error comes from uncertainties in the
values of∆(RTln Φ) and∆∆GHB. Because the isotope effect
is intrinsically small, the largest source of statistical error
comes from the determination of∆(RT ln Φ). To obtain this
quantity, we measured a pKa difference of 0.033 between
deuterated and protonated model compounds with an uncer-
tainty of 0.007. Compared to the error for∆(RT ln Φ), the
accuracy in the determination of∆∆GHB is much higher.
This quantity is obtained from the difference in pKa between
the ortho and para molecules, which is about 0.70( 0.01.

Other uncertainty is associated with the correction for
solvent H bonding. This correction is on the order of 3000
in terms ofKeq, or logKeq ∼ 3.5. Although this correction is
large in absolute value, the quoted error in the SF value is
relatively insensitive to the magnitude of this solvent
correction. This is because the statistical error in∆(RT ln
Φ) is larger than the likely uncertainty in the value of the
solvent correction term. The quoted error in SF is equivalent
to a range of the solvent correction from 170 to 64 500 in
terms ofKeq (2.2 and 4.8 in terms of logKeq). On the basis
of measurements in both DMSO and water (21), we estimate
the range for the solvent correction term to be∼1300 to
∼5800. This range is much smaller than 170 to 64 500, the
range reflecting the statistical uncertainty in the SF. Hence,
this solvent correction term does not introduce an uncertainty
that exceeds the quoted statistical error. Last, for the H/D
isotope effect measurements in five proteins studied, the
statistical errors are generally small (e.g., 0.39( 0.01 kcal/
mol for λ6-85

AA; Table 2).

DISCUSSION

We have introduced an alternative method to investigate
H-bond strength through its relationship with the amide
isotope effect (11-17). Some details of the isotope effect,
however, are poorly understood (20, 21, 26-46) although
there have been numerous attempts to uncover the relation-
ship between fractionation factors, H-bond strength, the

Table 2: Amide Isotope Effects and H-Bonding Contribution to Protein Stability

proteins
∆∆GD-H (isotope effect)

(kcal/mol)
∆∆GHB (from H bonds)

(kcal/mol) no. of H bonds
∆∆GHB/H bond

(kcal/mol)

λ6-85
AA -0.39( 0.01 -29 56 -0.52

GCN4 (cross-linked)a -0.37( 0.02 -29 60 -0.48
-0.41( 0.02

GCN4 (dimeric)a -0.60( 0.03 -48 64 -0.75
-0.69( 0.03

cytochromeca -0.34( 0.05 -30 51 -0.58
-0.46( 0.03

ubiquitin1 0.07( 0.01 6 45 0.1
0.10( 0.02

a Kinetic isotope effect measured derived from equilibrium (upper values) and kinetic (lower values) measurements in Krantz et al. (18).
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geometry of the donor and acceptor, the related NMR
chemical shifts, and nuclear scalar spin-spin coupling
constants (47-51). In proteins, stronger H bonds energeti-
cally prefer protium to deuterium. The underlying basis of
this preference is the change in zero-point vibrational energy
caused by the change in mass of the bridge atom within an
H bond. However, the shape of the energy well, and therefore
the isotope preference of a particular H bond, may be
complex. The isotope effect is governed by local factors,
including the detailed geometry of the bond and the intrinsic
pKa’s of donor and acceptor. These factors are reflected in
the change in the effective vibrational force constant that is
directly relevant to the strength of the H bond.

Fractionation factors for small molecules have been
measured extensively by NMR, infrared spectroscopy, and
tritium labeling in both gas and solution phases (19). In
certain situations H bonding has been shown to produce very
large isotope effects; in particular, in the case of single-well
or “low-barrier” H bonds, where the H bond may be
unusually strong and fractionation values decrease to around
0.5 (20). From studies of small molecules, a parabolic
correlation is found betweenΦ and the strength of an H
bond. Our study, however, is limited to one side of the
parabola applicable to the weak H bonds commonly encoun-
tered in protein backbones (11-13, 15-17, 20).

Amide H Bond Strength in Proteins.We have applied the
relationship between∆GHB and isotope effects fromN-acet
to the isotope effect data for proteins to estimate the net
stabilization of H bonds. To do so, we assume that the
fractionation factor, which reports on the shape of the energy
well, is correlated with the stability of an H bond. This
assumption is based upon the observation that, in proteins,
a qualitative correlation is observed between fractionation
factors and the stability of H bonds, with sites involved in
strong H bonds accumulating protium while weak H bonds
prefer deuterium (13, 19).

We also assume that the scale factor derived from the
model compounds is linear and applicable to amide-related
H bonds in proteins, even though each bond may obey its
own precise relationship. By using theCm experiment, we
have obtained the D/H isotope effect ofλ6-85

AA and find that
the deuterated protein is destablized by 0.39 kcal/mol relative
to the protonated version.

The cumulative data for these helical proteins,λ6-85
AA,

GCN4, and Cytc (Figure 1D), indicate that the average
isotope effect per helical H bond is-9 ( 1 cal/mol.
Multiplication of this value by the SF indicates that the
average amide-related H bond in a helix contributes about
0.7 ( 0.3 kcal/mol to protein stability. The near-zero or
slightly unfavorable net value for Ub, which contains almost
an equal number of sheet and helical H bonds, could imply
that bonds inâ sheets are similar in magnitude but opposite
in sign to those in helices. Alternatively in Ub, there may
be some buried amides that fail to form H bonds at all (e.g.,
Ile3) and consequently have an unusually highΦN value that
largely offsets the favorable contributions of bonds in both
sheets and helices. Other studies on sevenâ or R/â proteins
indicate that the average isotope effect in sheets is nearly
zero (Krantz and Sosnick, unpublished data), indicating that
the average amide H bond in sheets is equivalent in energy
to the amide-water H bond.

The geometries of H bonds are variable, especially the
angles between the N-H and OdC groups in helices and
parallel and antiparallelâ-sheets. Hence, it may not be
surprising to find that H bonds contribute differently in
different proteins and in different secondary structures and
environments within the same protein. Helical H bonds often
have a nearly optimal bonding geometry, whereas H bonds
in sheets often are suboptimal, both intrinsically as for
parallel sheets as well as because of the twisting of the stands
(52). The intrinsic pKa for each amide and carbonyl group
can differ significantly, even for the same residue in a
different sequence (53). This difference in pKa should also
affect the stability of each H bond.

Further, we stress that the conclusion that backbone
H-bond formation is net stabilizing depends critically upon
the relative stability of water-water bonds that are recovered
and the carbonyl-water bonds that are lost during the
refolding reaction. For example, if water-water H bonds
(∆H ∼ 6.7 kcal/mol per H bond (54)) are stronger than
water-carbonyl H bonds, the formation of H bonds in Ub
could still be net stabilizing, even though the amide-related
bonds are slightly net destabilizing. Available thermodynamic
data, excess molar enthalpies for the binary system of acetone
and water, suggest that water-water H bonds are probably
(enthalpically) stronger than water-acetone H bonds (55).
Hence, we propose that the formation of water-water H
bonds provides a significant contribution to protein stability.

Because only the amide composition is changed in the
isotope effect measurement, the values we derive relate to
the amide-related H bonds and do not contain significant
contributions from other interactions that accompany H bond
formation during folding. In ourCm experiment, the NT U
equilibrium when the amides are deuterated is compared to
that when the amides are protonated. Other factors, such as
polar and nonpolar surface burial, backbone desolvation, and
conformational entropy, contribute equally to both the
deuterated and protonated equilibria. Hence, these other
factors cancel in∆∆GD-H ) ∆GD - ∆GH, leaving only the
difference between the deuterated and protonated amide-
related H bonds.

In our analysis, we attempt to identify the energetic
contribution from individual H bonds to protein’s stability.
Although free energies are often decomposed in biophysical
analyses such as helix-coil theory, Mark and van Gunsteren
(56) correctly noted that the separation of a Hamiltonian,
which is composed of two terms, can only be done when
the interactions operate on different coordinates. Hence,
decomposition of the free energy into contributions of
individual interactions within a cooperative system is an
extremely difficult process. In general, it is not possible to
identify a free energy associated with an individual interac-
tion, such as an H bond, because one cannot conduct an
experiment that exclusively perturbs this component.

A large amount of the literature, however, rests on the
assumption that some differential effectsspectroscopic,
calorimetric, or mutationalscan be attributed to a particular
interaction despite a lack of complete rigor. Furthermore,
Sharp and co-workers (57, 58) extended the analysis of Mark
and van Gunsteren and concluded that, in practical terms, it
is often possible to separate out different free-energy
contributions.
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In our case, an assessment of the net energetic contribution
from amide-related H bonds is of fundamental interest and
importance. The energetic contribution we estimate is for
the component that is perturbed by isotopic substitution. This
contribution probably will be dominated by H bonds and
not include other terms (e.g., configurational entropy, de-
solvation, van der Waals), because the SF is derived from a
measurement in a small molecule model where the difference
in stability of two conformations is largely due to changes
in the H bond strength and not the other quantities. Likewise,
the change in protein stability upon addition of a neutron to
each amide hydrogen largely alters just the H bond interac-
tion. Our strategy is based upon the assumption that these
two quantities can be combined to estimate the net contribu-
tion of H bonds in a native protein independent of the other
components. This contribution is apportioned to individual
H bonds, because a change in strength of an H bond at one
amide site is unlikely to directly influence the strength of
an H bond at another amide site (18). In this situation,
different H bonds should act independently and be separable.

Isotope effects and pKa’s reflect equilibrium populations.
Hence, the measured values for H bonding reflect free-energy
differences. Because the isotope measurement does not
involve a change in protein conformation, the predominant
component may be enthalpic. What we term here the
“strength of an H bond” probably refers more to differences
in enthalpy rather than free energy as it originates from the
shape difference of the potential energy between H and D
bonds. Hence,∆∆G maybe be nearly equivalent to∆∆H in
this case

although we cannot conclude this from our data. However,
amide-water H bonds are involved in the equilibrium, and
presumably water entropy plays a role as well.

Helix Formation and Comparisons to Other Studies.The
observed contribution from amide-related H bonds in a helix,
0.7( 0.3 kcal/mol per residue, is insufficient to account for
helix formation in proteins. The change in backbone con-
formational entropy for an alanine upon helix formation is
estimated to be∼1.2 kcal/mol (59). Given that the Zimm-
Bragg equilibrium constant,salanine, is ∼1.7 (60), or ∆G ∼
0.3 kcal/mol, other factors, both favorable and unfavorable,
must combine to contribute the remaining 0.8 kcal/mol in
free energy required for helix formation. Favorable contribu-
tions may include water-water H bonds, van der Waals
interactions, and hydrophobic effects as well as solvent-
helix interactions; unfavorable interactions include carbonyl-
water H bond and desolvation (61). Scholtz et al. (62)
determined∆H ) 1.0-1.3 kcal/mol per residue for the
R-helix-to-coil transition of alanine peptides in water, which
is greater than our value of∼0.7 kcal/mol for amide-related
helical H bonds. We believe their value includes these
contributions just mentioned.

An exact comparison is difficult to make between the
present study and previous estimates of the net strength of
an H bond. The stability derived from the isotope effect
measurement reflects the energetic contribution exclusively
from the amide-carbonyl and amide-water H bonds, with
none of the additional contributions that are normally
included in other measurements such as polar desolvation.

For example, Pace and co-workers estimated∆G ∼ -1 to
-2 kcal/mol per H bond from mutational studies, which
includes both the loss of water-carbonyl and the gain in
water-water H bonds, in addition to the transfer of the H
bond from solution to the interior of the protein (9, 10).
Similarly, Ross and Rekharsky (63) determined the equilib-
rium constants for a series of small organic molecules binding
to cyclodextrins, concluding that, at room temperature, one
H bond contributes-0.6 kcal/mol to the stability of the
complex. A number of theoretical studies arrive at the
opposite conclusion (5, 64, 65), arguing that the significant
penalty associated with desolvation of the polar groups
offsets any gain in H bond stability.

CONCLUSION

We have established a relationship between H bond free
energy and amide isotope effects. By applying a scale factor
connecting these two quantities, we can estimate the energetic
contribution of amide-related H bonds through the measure-
ment of its isotope effect. Inherent to fractionation measure-
ments, this estimate only pertains to the energetic contribution
from amide-carbonyl and amide-water H bonds, without
significant contributions from other interactions that ac-
company H bond formation during folding.

On the basis of the difference in the isotope effect for
native and denatured states, H bond contributions appear to
vary among different proteins and even among different sites
within the same protein. The contribution from amide-related
H bonds is favorable by∼30-50 kcal/mol for the helical
proteins λ6-85

AA, GCN4 coiled coil, and Cytc, but the
contribution is unfavorable by 6 kcal/mol for theR/â protein
Ub. A backbone H bond at a helical position is about 0.7
kcal/mol more stable than the corresponding amide-water
H bond. In contrast, an H bond within aâ sheet may provide
no stability or even may be less stable than the corresponding
amide-water H bond. Hence, it seems a helical H bond
provides at least 0.7 kcal/mol more stability to a protein than
does a sheet H bond.

These results indicate that helical H bonds can provide a
significant contribution to protein stability, provided that
water-water H bonds are stronger than carbonyl-water
bonds. The net contribution of H bonds to the overall stability
of a protein depends also on terms such as solvation and
desolvation, which we have not measured. Nevertheless,
calibration of the scale factor relating H bond stability to
isotope effects, in conjunction with site-resolved measure-
ments, provides a method to estimate energetic contribution
from individual H bonds in a protein, a valuable quantity
for studies of protein stability and function.
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