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D/H amide kinetic isotope effects reveal when
hydrogen bonds form during protein folding

© 2000 Nature America Inc. • http://structbio.nature.com

Bryan A. Krantz1, Liam B. Moran1,2, Alex Kentsis1,3 and Tobin R. Sosnick1
We have exploited a procedure to identify when hydrogen bonds (H-bonds) form under two-state folding conditions
using equilibrium and kinetic deuterium/hydrogen amide isotope effects. Deuteration decreases the stability of
equine cytochrome c and the dimeric and crosslinked versions of the GCN4-p1 coiled coil by ~0.5 kcal mol-1. For all
three systems, the decrease in equilibrium stability is reflected by a decrease in refolding rates and a near equivalent
increase in unfolding rates. This apportionment indicates that ~50% of the native H-bonds are formed in the
transition state of these helical proteins. In contrast, an α/β protein, mammalian ubiquitin, exhibits a small isotope
effect only on unfolding rates, suggesting its folding pathway may be different. These four proteins recapitulate the
general trend that ~50% of the surface buried in the native state is buried in the transition state, leading to the
hypothesis that H-bond formation in the transition state is cooperative, with α-helical proteins forming a number of
H-bonds proportional to the amount of surface buried in the transition state.

The H-bond network is one of the defining aspects of a protein’s
structure. Although the net effect on protein stability is unclear,
nearly all buried carbonyls and amides are required to form Hbonds, thereby restricting the architecture of allowed protein
folds. At what point backbone H-bonds form during a two-state
folding reaction, however, is uncertain, because few experimental methods directly measure their formation.
The major method for characterizing folding transition states
is mutational φ-analysis1,2, which assays for the degree of interaction of a mutated side chain in the transition state (TS). Specific
information about backbone–backbone H-bond formation,
however, can be difficult to deconvolute from other effects of the
substitution3. Nevertheless, individual side chain–backbone4 or
side chain–side chain H-bonds5 can be identified using such
methods.
Without the accumulation of intermediates, submillisecond
site-resolved hydrogen exchange (HX) pulsed labeling methods6
are capable only of confirming the two-state character of the
folding reaction. Recently developed native state HX/NMR
methods7,8 are capable of identifying the H-bond pattern in partially unfolded states. For at least some proteins, including
cytochrome c (Cyt c), these forms are probably unfolding intermediates9. This method, nonetheless, does not identify whether
the H-bonds are formed earlier in the pathway, for example, at
the TS.
Studies with the helix-inducing alcohol 2,2,2-trifluoroethanol
(TFE) seemed promising as an explicit probe for H-bonding.
Unfortunately, studies of the dimeric GCN4-p1' coiled coil10,11
and of FKBP12 (ref. 12) revealed that the effect of TFE on the TS
does not equate to native secondary structure formation.
Additionally, TFE accelerates both folding and unfolding rates to
nearly the same degree in CT AcP (ref. 13), Cyt c and ubiquitin
(unpublished results), with a near zero effect on equilibrium stability. This ‘catalytic’ property is most likely due to a delicate
balance between favorable backbone desolvation10 versus un-

favorable hydrophobic burial14. Because of the variety of features
affected, it is difficult to unambiguously extract information
regarding the degree of H-bond formation in the TS using this
cosolvent.
The field of enzymology has profited tremendously from isotope effect studies on the chemistry of catalysis, since isotope
effects are arguably one of the best methods for characterizing
transition states15. Similarly, the effect of D/H amide isotope substitution on kinetic rates can provide an option to identify when
H-bonds form in the protein folding reaction10,16,17. Amide
H-bonds in proteins are much weaker in strength than the covalent bonds of substrate molecules and have been proposed to have
near unity deuterium isotope effect18–24. Collectively, however, the
50 or more H-bond sites contained in a protein’s backbone, when
added together, provide a measurable isotope effect10.
This work bridges studies on protein folding, equilibrium isotope fractionation factors and kinetic isotope effects in enzymes.
We extend our previous studies on GCN4 (ref. 10) to include
both dimeric and crosslinked versions, and an additional helical
protein, Cyt c, and the α/β protein, ubiquitin (Ub). For the three
helical proteins, half of the effect of amide substitution on stability is realized in refolding rates, whereas for Ub, no effect on
refolding rates is observed. These results indicate that the purely
α-helical proteins form ∼50% of their H-bonds in the TS while
the α/β protein potentially forms the majority of its secondary
structure after the rate-limiting step. These studies represent one
of the first detailed characterizations of backbone amide isotope
effects in protein stability and folding kinetics.
Model two-state systems
Under the present conditions, the folding of all four systems
occurs in a two-state manner and can be followed using stoppedflow fluorescence spectroscopy25–29. The version of the coiled coil
studied here is GCN4-p2', a modified form having an N-terminal Cys-Gly-Gly linker that forms a disulfide-bonded crosslink
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between the cysteine residues under oxidizing conditions. The ND : OH + C = O : HOH KD ND : O = C + H O : HOH (2a)
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azide, pH 4.5, since no intermediates with improper heme ligation are populated26,27,30. Finally, at 8 °C, Ub, containing an F45W
D-H
∆∆GEquil
= RT ln(KD / KH)
(2c)
substitution that provides an intense fluorescent probe, also
folds in a monoexponential manner except for a minor prolinerelated slow phase28.
The two-state character of the folding reaction is demonstrat- The remaining H-bonds, the carbonyl–water and water–water
ed using the ‘chevron’ formalism1,31 with a linear dependence of H-bonds, are not affected by amide substitution under constant
the equilibrium (equation 1a) and activation free energies (equa- solvent conditions and do not affect ∆∆GequilD-H as defined.
We have determined the effect of amide isotope substitution
tions 1b,c) on denaturant concentration:
by measuring the stability of the protein both with deuterated
H2O
∆G([GdmHCl]) = ∆GEquil
+ m°[GdmHCl] = -RT ln(Ku)
(1a) and with protonated amides under identical solvent conditions.
Fully deuterated protein is diluted 100-fold into H2O solvent
‡
H2O
∆Gf ([GdmHCl]) = -RT lnk f - mf[GdmHCl] + Constant
(1b)
under conditions (pH 4.5, 10 °C)34 where stability (monitored by
∆G‡u ([GdmHCl]) = -RT lnkHu 2O - mu[GdmHCl] + Constant
(1c) circular dichroism (CD) or fluorescence) can be determined
∆G‡u ([GdmHCl]) = -RT ln2kHu 2O - mu[GdmHCl] + Constant
(1d) before significant backbone amide exchange. Under these conditions, the protein folds within seconds and equilibrates to the
new solvent condition; then, the stability of the deuterated form
where Ku is the equilibrium constant, and m0, mf and mu are the is measured (side chain positions become protonated in secdenaturant response parameters for the equilibrium, folding and onds35 and do not contribute to the measured change in stabiliunfolding reactions, respectively. Equation 1c applies to the ty). As the HX process occurs over one hour, the equilibrium of
monomeric systems, and equation 1d applies to dimeric GCN4 the system shifts and the spectroscopic signal continuously
(ref. 32). When equilibrium and kinetic folding reactions are changes (Fig. 2). After HX is complete, the stability of the now
effectively two-state and are limited by the same activation barri- protonated protein is measured. The difference in stability
er, the equilibrium values for the free energy and surface burial before and after HX defines ∆∆GequilD-H (equation 2c).
can be calculated from kinetic measurements according to ∆G = Additionally, measurements are conducted near the midpoint
∆Gf‡ - ∆Gu‡ and mo = mu - mf. The equivalence of these quantities
obtained from equilibrium and kinetic measurements both here
and in previous studies25–29 confirms the applicability of a two- a
state folding model for the four proteins studied (Table 1).
Equilibrium effects: Cm experiment
The stability of many proteins depends on bulk solvent composition16,17,33. This change in stability may be separated into one
effect due to the change in the strength of the backbone amide
H-bonds upon amide deuteration, and another effect due to a
change in the bulk solvent. The bulk solvent isotope effect is
attributed to both a change in the properties of the solvent (such
as hydrophobicity) and the strength of solvent–carbonyl
H-bonds.
Here we are interested in determining when backbone
H-bonds form, and hence, only in the change in stability upon
amide substitution when measured under constant bulk solvent
conditions. This quantity, ∆∆GequilD-H, is a result of the differential preference for deuterium in amide–water H-bonds in the
unfolded state, relative to native, amide–carbonyl H-bonds in
the folded state (Fig. 1a):

b
Fig. 1 D/H amide isotope effects. a, The equilibrium isotope effect,
∆∆GD-H, is the relative stability of protonated protein, KH, compared to
the stability of deuterated protein, KD. The folded proteins are on the
right side (illustrated as a single α-helix and β-turn) and the unfolded
proteins are on the left side (hydrated random coil). All amide and carbonyl sites in the unfolded state are hydrogen-bonded to water (green
dashed line). Vertical arrows represent the fractionation factors, F ND-H
and FUD-H, for the folded and unfolded states, respectively, and represent
the collective isotopic preference of the amide sites in each state relative
to solvent (equation 5). The equation (center) describes the mathematical relationship of ∆∆GD-H and the four equilibrium constants. b, Foursyringe protocol used to maintain constant D2O levels during the kinetic
isotope effect measurements. The normalizing syringe (Syr. 3) is used to
deliver either deuterated or protonated buffer solution for NHamide or
NDamide folding measurements, respectively. This protocol ensures that
the D2O and GdmHCl/GdmDCl concentration as well as buffer pH/pD are
the same in the NHamide and NDamide measurements.
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(Cm) of the denaturation profile, where the effects of even a small
perturbation such as isotopic substitution can be measured
accurately.
For crosslinked and dimeric GCN4 D7A, the value for
∆∆GequilD-H is ∼0.5 kcal mol-1 (Fig. 3a,b). Values of ∆∆GequilD-H are
determined at several different GdmHCl concentrations, and the
mo values do not depend on whether the backbone was protonated or deuterated (Table 2). The Cm measurement is further
validated by conducting the exchange in reverse direction, that
is, exchanging NHGCN4 into fully deuterated GdmDCl buffer
(Fig. 2a). We find that for crosslinked GCN4, ∆∆GequilD-H (-0.37 ±
0.02 kcal mol-1) and ∆∆GequilH-D (-0.40 ± 0.02 kcal mol-1) are
equal in magnitude while opposite in direction, that is, NHGCN4
loses stability upon amide exchange in D2O whereas NDGCN4
gains stability upon exchange in H2O.
The time course of HX can be predicted from the sequencedependent amide exchange rates for those protons involved in
H-bonds35 (Fig. 2). Under conditions near the denaturation
midpoint, HX essentially occurs only when the protein is unfold-

ed. Hence, the observed exchange rate is the product of the timedependent unfolded fraction, fU(t) (obtained from the CD or
fluorescence signal), and the random coil exchange rate, krc, for
each of the n amides involved in intramolecular H-bonds.
Accordingly, the predicted CD time course can be calculated as
the sum of individual exponential decays:
n

HX
Θobs
(t) = Θ final + (1/n)(Θinitial - Θfinal)Σ e- fU(t)•k i •t
rc

(3)

i=l

The similarity between the traces calculated from equation 3
and the observed time courses confirms that the measurement is
assaying for the change in stability resulting from amide HX at
multiple sites throughout the protein.
The magnitude of the ∆∆GequilD-H value for the dimeric system,
-0.60 ± 0.03 kcal mol-1, is greater than the crosslinked system by
∼0.2 kcal mol-1 (Table 2). This apparent discrepancy may be due
to structural difference in the tethered region at the N-terminus,
since the crosslinked version’s Cys-Gly-Gly tether is unable to

a

b

c

d

Fig. 2 Change in stability upon backbone amide D/H exchange. The initial and final spectroscopic values determine the equilibrium stabilities, KD (for
deuterated protein) and KH (for protonated protein) for a, crosslinked GCN4 D7A (4 µM) in 6.0 M GdmHCl or GdmDCl is monitored by CD at 222 nm.
The deuterated protein, NDGCN4, gains stability (decreasing CD signal) when exchanged into H2O, whereas NHGCN4 loses stability (increasing CD signal)
when exchanged into D2O where exchange rates are slightly slower34. The control experiment, NHGCN4 diluted into H2O buffer, shows that the CD signal maintains a constant value. Fully folded value is -86 mdeg. b, Dimeric NDGCN4 D7A (7.8 µM) in 2.8 M GdmHCl is monitored by CD at 222 nm. Fully
folded value is -84 mdeg. c, Cyt c (5 µM) in 2.5 M GdmHCl is monitored by Trp 59 fluorescence quenching by Förster energy transfer to the heme26.
When NDCyt c is diluted into H2O solvent, proline isomerization and HX kinetics occur simultaneously. To deconvolute the proline effect, NHCyt c is also
diluted into the same H2O solvent to determine the small energy change due to proline isomerization. Fluorescence data are normalized to fraction
unfolded as determined from signals of the fully unfolded and folded protein. d, Ub F45W (5 µM) in 3.7 M GdmHCl monitoring CD at 223 nm. To eliminate the effects of proline isomerization, NDUb F45W is pre-equilibrated in deuterated buffer to allow cis/trans isomerization to reach equilibrium
before diluting protein into H2O buffer at the same denaturant concentration. Fully native value is -16 mdeg. Unless otherwise noted, buffer conditions are 20 mM sodium acetate, pH 4.5 (or pDread 4.1) at 10 °C. Dashed lines are the predicted traces calculated according to equation 3. The discrepancy between data and the calculated traces may reflect a change in the intrinsic exchange rates in the presence of high concentrations of GdmHCl56,
or the assumption that the exchange of each proton has an equal contribution to ∆∆GequilD-H.
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cap the N-terminal backbone amides of Arg 1–Gln 4.
Alternatively, the melting midpoints of crosslinked and dimeric
GCN4 differ by 3 M (Fig. 3a,b), and a slight denaturant dependence of the isotope effect may exist.
In summary, there exists a measurable equilibrium amide isotope effect for GCN4. This free energy change is similar in magnitude to that observed for many single-site amino acid
substitutions. Also, the value of ∆∆GequilD-H can serve as a control
for the kinetic measurements. Just as the demonstration of twostate folding behavior requires the equivalence of ∆G determined
from kinetic and equilibrium measurements, the thermodynamically and kinetically determined values of ∆∆GD-H should be
equivalent. This is a particularly useful control because the measured value of ∆∆GequilD-H is quite accurate, being determined
directly from the change in stability upon D-to-H substitution,
rather than difference between two separate measurements.
Solvent isotope effects
Since we have identified the effect of amide substitution on the stability of crosslinked GCN4 in both H2O and D2O, we can isolate
the energetic effect of the change in bulk solvent,
∆∆GD2O - H2O. This value is 0.54 ± 0.02 kcal mol-1 for NHGCN4 and
0.50 ± 0.03 kcal mol-1 for NDGCN4, where D2O is more stabilizing
than H2O solvent and is independent of the amide composition
(Fig. 3a). These values are self-consistent and suggest that secondary isotope effects do not exist. Whether the protein possesses a
fully deuterated or protonated backbone, the effect of solvent composition on stability is identical. That is, the isotopic preference is
identical for amide–solvent H-bonds in either H2O or D2O. This
observation is desirable, because thermodynamic experiments utilize a bulk solvent of ∼99% H2O whereas the kinetic experiments
use 88% H2O. Finally, a comparison of NHGCN4 in H2O to
NDGCN4 in D O reveals a nearly zero free energy change attribut2
able to a cancellation of the bulk solvent effect (0.5 kcal mol-1) with
the amide isotope effect (-0.4 kcal mol-1). For the all-β protein,
CD2, Parker and Clarke determined a value of ∼1.3 kcal mol-1 for
∆∆GD2O - H2O, where D2O is more stabilizing than H2O17.
Kinetic amide isotope effects in GCN4 D7A
Having established that a measurable equilibrium isotope effect
exists, we sought to examine when H-bonds form during the folding of dimeric and crosslinked GCN4 D7A. To measure only the
effects of backbone amide substitution, we implemented a foursyringe stopped-flow protocol to maintain constant D2O levels
(Fig. 1b). For both versions of the coiled coil, the approximately
two-fold decrease in stability upon deuterium amide substitution
results in ~1.5-fold decrease and ~1.5-fold increase in folding and
unfolding rates, respectively. This outcome results in a rightward
shift of the chevron plot (Fig. 4a,b). Although these effects are
modest, there is an excellent agreement between the kinetically and
thermodynamically determined values for ∆∆GD-H (Table 2). The
value of ∆∆GkineticsD-H is calculated from the change in the refolding
(∆∆Gf‡D-H) and unfolding (∆∆Gu‡D-H) activation free energies. For
both versions of the coiled coil, essentially all the change in free
energy observed in the equilibrium measurements is observed in
the kinetic measurements, thereby confirming the existence of a
significant kinetic amide isotope effect.
The effects of amide substitution on kinetics can be quantified
with φfD-H, calculated according to the established principles of φ
analysis1,2, where instead of an amino acid substitution, a more
subtle and nondisruptive alteration is explored
‡
φD-H
= ∆∆G f
f

D-H

/∆∆G

D-H
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(4)

Generally, φ-values represent the extent to which a particular
interaction is formed in the TS. Because the isotope effect partitions in nearly equal proportions between the refolding and
unfolding free energies, a partial φ-value is generated. The φfD-H
values for crosslinked and dimeric GCN4 D7A, 0.59 ± 0.05 and
0.59 ± 0.02, respectively, suggest that about half of the helical Hbonds form in the TS for both versions of the coiled coil
(Fig. 4a,b).

a

b

c

Fig. 3 Effects of isotope composition on protein stability. Values for KH and
KD obtained from the Cm experiment were used to determine the denaturant dependence of free energies, ∆G, in various combinations of solvent
and amide composition for a, crosslinked GCN4 D7A and b, dimeric GCN4
D7A. c, For Cyt c, the changes in stability due to proline isomerization,
∆∆GPro, are obtained by measurements of NHCyt c and are subtracted from
the values of ∆∆GD-H/Pro for NDCyt c to produce the desired, proline-corrected
data (blue ×, fit with dashed line). For each GdmHCl concentration, the free
energies are calculated from traces similar to those presented in Fig. 2. The
mean free energy difference between the data points on each pair of lines
is the ∆∆GequilD-H value presented in Table 2.
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Fig. 4 Effects of amide composition on folding kinetics. Denaturant dependence of folding rates for a, crosslinked GCN4 D7A; b, dimeric GCN4 D7A;
c, Cyt c, in 20 mM azide; d, Ub F45W. Activation energies are shown for proteins with protonated (black triangles) and deuterated backbone amides
(red circles) in constant 12% D2O, 20 mM sodium acetate, pH/Dread 4.5.

Kinetic isotope effects for Cyt c and Ub F45W
We sought to explore kinetic isotope effects on other proteins
with more complex folds and secondary structure types. Just as
for the coiled coil, the chevron plot for Cyt c experiences a rightward shift upon amide deuteration (Fig. 4c). Kinetic analysis
reveals values for ∆∆GkineticsD-H and φfD-H of -0.46 ± 0.03 kcal mol-1
and 0.41 ± 0.03, respectively (Table 2). This φfD-H value is slightly
smaller than that for GCN4. The difference may reflect that 68%
of the total intraprotein H-bonds are in helices for Cyt c36 whereas 100% of the intraprotein H-bonds are in helices for GCN4. It is
interesting to note that Cyt c, while having a more complex topology than GCN4, still forms about half of its H-bonds in the TS.
To investigate the applicability of this method to proteins containing β-sheet and for comparison to the helical systems, we
studied the kinetic isotope effect in ubiquitin. Ubiquitin, however, presents a more challenging system, because the measured
∆∆GkineticsD-H value is only 0.10 ± 0.02 kcal mol-1, which is four
times smaller in magnitude than the helical proteins and also differs in sign (Fig. 4d). Believing that this small effect was at the
limit of our instrumental capabilities, we repeated the measurements in three different experimental setups. We utilized the
stopped-flow apparatus in both three- and four-syringe modes,
and then used a 300 ms dead time mixer (in which a titrator
injects sample into a cuvet under continuous agitation). All data
points generated from these three methods, 164 kinetic rates in
total, are in excellent agreement. Surprisingly, the entire effect of
amide substitution is manifested solely in a change in unfolding
activation energy, that is, ∆∆Gu‡D-H is 0.10 ± 0.02 kcal mol-1. No
66

effect exists in the refolding free energy (∆∆Gf‡D-H of 0.00 ±
0.02 kcal mol-1), which results in a φfD-H value of zero (0.00 ±
0.20), suggesting that little of the native H-bond network is present in the TS.
Deconvoluting proline isomerization
To confirm the kinetic isotope measurements for Cyt c and Ub,
the equilibrium isotope effect is measured using the Cm experiment. Implementation, however, is more challenging for these
proteins because they contain prolines. Cyt c36 and Ub37 have
four and three trans-prolines, respectively. These prolines can
isomerize during the Cm measurement and cause a shift in stability independently of any isotope effect. Such a proline isomerization phase is observed upon dilution of NHCyt c into protonated
buffer where HX is not pertinent (Fig. 2c). Generally, under
denaturing conditions, prolines isomerize and reach an equilibrium cis/trans distribution. Once this ensemble of denatured
proteins is diluted to the denaturation midpoint, about half of
molecules containing the native trans isomer immediately fold.
Some fraction of the unfolded molecules having cis isomers convert to the trans form and subsequently fold. This additional
amount of folding alters the equilibrium and is relatively slow,
on the order of the HX process. To correct for the free energy
change due to proline isomerization (∆∆GPro), this quantity is
subtracted from ∆∆GD-H/Pro, the value obtained when NDCyt c is
diluted into H2O, which reflects both amide exchange and proline isomerization. This double measurement isolates the isotope
effect from the proline effect. For our experimental procedure
nature structural biology • volume 7 number 1 • january 2000
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Fig. 5 Kinetic isotope effects, m values and protein topologies. a, Comparison of the GdmHCl sensitive surface area burial (mf / mo) and H-bond formation (φfD-H) in the TS. There is a strong correlation between surface burial and H-bond formation in the TS for the helical proteins but not for Ub,
which has a mixed α/β topology. b, Structure of crosslinked GCN4 (PDB accession code 2ZTA57), where the Cys-Gly-Gly N-terminal linker and disulfide
bond were added to create a model of the crosslinked coiled coil. Reduction of this disulfide bond produces the dimeric GCN4 system. c, Equine heart
cytochrome c (PDB accession code 1HRC)36. d, Human ubiquitin (PDB accession code 1UBI)34. The number of intraprotein backbone amide H-bonds
are provided. Secondary structure is rendered by the Swiss-Prot Pdb Viewer and Pov-Ray software packages, identifying helix (blue), sheet (green)
and coil/loop (white).

starting with unfolded protein, the change in free energy due to
proline isomerization has a mild GdmHCl dependence for Cyt c
(Fig. 3c). However, the quantity of interest, the change due to
D/H amide exchange, is constant with an average value of -0.34 ±
0.05 kcal mol-1, consistent with the value obtained from kinetic
measurements (Table 2).
The isotope effect realized for ubiquitin in kinetic experiments
is interesting, in that a protein with a deuterated backbone is
more stable than one with a protonated backbone. Consistently,
when NDUb F45W is exchanged into H2O during the Cm experiment, the CD value reflects a loss in protein stability (Fig. 2d).
The free energy change for the three prolines is expected to be on
the order of ∆∆GD-H, so we developed a protocol that would
almost entirely eliminate proline effects to maximize the accuracy of the measurement. Rather than placing the protein in high
levels of deuterated denaturant, it is placed in deuterated buffer
at 10 °C in the same denaturant concentration as the Cm measurement. Prolines equilibrate to the cis/trans ratio appropriate
for the Cm experiment. When deuterated sample is exchanged
into H2O buffer at an identical denaturant concentration, essentially no additional isomerization occurs, and ∆∆GPro is near
zero. Control measurements with NHUb F45W confirm that
∆GPro is zero using this protocol (Fig. 2d). Using this method, the
value obtained for ∆∆GequilD-H is 0.07 ± 0.01 kcal mol-1, consistent
nature structural biology • volume 7 number 1 • january 2000

with the kinetically determined value in magnitude as well as
direction (Table 2). There is, however, increased uncertainty in
the precise reading of the initial CD value for this lower signalto-noise data than for the other proteins studied.
Cm experiment versus fractionation factors
Amide deuteration affects both the equilibrium stability and
the folding kinetics of the four proteins studied. The D/H amide
isotope effect in proteins reflects the energetic preference of
stronger H-bonds for protons19,20,22. The underlying basis of this
preference is the greater zero-point vibrational energy of the
lower mass protons. The isotope preference of an H-bond is
governed by the geometry of the bond, the differences in the
shape of the energy wells and the pKa values of the donor and
acceptor21.
For each backbone amide involved in an intraprotein H-bond,
the exchange process is given by the expression:
H - amide + D20
f D-H =

f D-H

D - amide + H20

[D - amide][H20]
[H - amide][D20]

(5)

where fD-H is the equilibrium constant, or fractionation factor,
for each site. ‘Global’ fractionation factors for the native and
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Table 1 Stability and kinetic parameters1
Protein
GCN4 D7A,
crosslinked
(in D2O)
NDGCN4 D7A,
crosslinked
(in D2O)
NHGCN4 D7A,
dimeric2
NDGCN4 D7A,
dimeric2
NHUb F45W
NDUb F45W
NHCyt c
NDCyt c

© 2000 Nature America Inc. • http://structbio.nature.com

NH

∆Gequil
(kcal mol-1)

∆Gkinetics
(kcal mol-1)

RT ln kf
(kcal mol-1)

RT ln ku
(kcal mol-1)

mequil°
(kcal mol-1 M-1)

mkinetics°
(kcal mol-1 M-1)

-mf
(kcal mol-1 M-1)

-11.55 ± 0.48
(-13.96 ± 0.27)

-13.2 ± 0.09

7.21 ± 0.09

-5.97 ± 0.13

1.95 ± 0.08
(2.26 ± 0.04)

2.14 ± 0.06

1.08 ± 0.02

-11.47 ± 0.89
(-14.50 ± 0.45)

-12.1 ± 0.37

7.02 ± 0.09

-5.03 ± 0.38

2.00 ± 0.15
(2.42 ± 0.07)

2.07 ± 0.04

1.08 ± 0.02

-12.91 ± 0.26

-12.5 ± 0.11

8.89 ± 0.10

-3.61 ± 0.05

2.05 ± 0.10

1.55 ± 0.07

0.82 ± 0.06

-12.03 ± 0.28

-11.3 ± 0.14

8.20 ± 0.13

-3.07 ± 0.05

1.95 ± 0.10

1.70 ± 0.10

1.03 ± 0.10

-7.09 ± 0.073
N.D.
-7.59 ± 0.083
N.D.

-7.29 ± 0.07
-7.32 ± 0.06
-6.81 ± 0.12
-6.59 ± 0.11

3.21 ± 0.06
3.19 ± 0.04
4.07 ± 0.04
3.86 ± 0.04

-4.08 ± 0.09
-4.13 ± 0.07
-2.74 ± 0.13
-2.73 ± 0.11

1.83 ± 0.023
N.D.
2.97 ± 0.033
N.D.

2.04 ± 0.02
2.02 ± 0.02
2.36 ± 0.04
2.41 ± 0.04

1.31 ± 0.02
1.30 ± 0.02
1.17± 0.03
1.16 ± 0.02

1The free energy parameters are extrapolated to 0 M GdmHCl; ∆G
equil and mequil° values are calculated from data acquired in the C m experiment
except where noted. Equilibrium and kinetic experiments were conducted in >99% and 88% H2O, respectively, unless noted. The ∼11% difference in
solvent mildly affects the free energy; however, ∆∆GequilD-H and ∆∆GkineticsD-H (listed in Table 2) are not affected because each value is obtained under
constant solvent conditions.
2Values of ∆G and RT ln k for dimeric GCN4 are referenced to 1 M standard state peptide concentration. Equilibrium and kinetic experiments were
f
conducted at protein concentrations of 7.8 µM and 16 µM, respectively.
3Obtained using standard denaturation measurement.

unfolded states, FND-H and FUD-H, respectively, are the product of
Our present and previous results10 indicate that the ratio of
all the individual fractionation factors:
fractionation factors in the native and unfolded states are very
near unity. Therefore, it may be inferred that amide–backbone
n
H-bonds in the native state are nearly equal in strength to
FD-H =
fi D-H
(6)
amide–water H-bonds in the unfolded state (see also ref. 24).
i=l

Π

This estimation of global fractionation factors assumes that each
individual amide site’s preference for deuterium is independent
of all other sites.
The global fractionation factors reflect the protein’s overall
preference for deuterium in either the native or unfolded states
relative to water. These global equilibrium constants describe
two arms of a thermodynamic cycle alongside the two amide isotope effect equilibrium constants (KD and KH) observed in the
Cm experiment (Fig. 1a)38. Hence, the energetic term for the
equilibrium amide isotope effects observed in the Cm experiment
can be written in terms of the ratio of global fractionation factors
in N and U:

/K ) = RT ln (F /F )

D
∆∆GD-H = RT ln K

(

H

D-H
N

D-H
U

(7)

Site-resolved fractionation factors in folded proteins have
been observed in the range of ~0.8–1.2, with amides in
α-helices tending to have values lower than those in β-sheets22,24.
For the helical proteins studied here, deuteration results in a
destabilization of ∼0.5 kcal mol-1 or FND-H / FUD-H = ∼0.4. In the
mixed α/β protein, deuteration results in a mild stabilization of
∼0.1 kcal mol-1 or FND-H / FUD-H = ∼1.2. Recalling equation 6, the
ratio of the average values of the native state and the unfolded
state fractionation factors at each of n amide positions,
〈fND-H〉 / 〈fUD-H〉 = (FND-H / FUD-H)1/n, is ∼0.98 for the helical molecules and ∼1.004 for the α/β protein, consistent with the trend
observed for these two classes of secondary structures22,24. Siteresolved NMR methods further confirm that the fractionation
factors for amides in Ub (ref. 23) are greater than one and prefer
deuterium over hydrogen.
68

Interpretation of measured φfD-H values
Under the assumption that each amide H-bond makes an equal
contribution to the global ∆∆GD-H in a hypothetical protein, and
H-bonds are either ‘formed’ or ‘not formed,’ φfD-H values equate
to the fraction of H-bonds formed in the TS. For the uniformly
helical GCN4 molecules (Fig. 5), ∆∆GD-H is probably the result of
nearly equal contributions from each amide involved in the single type of H-bond. In this situation, the φfD-H values of 0.59 ±
0.02 and 0.59 ± 0.05 for dimeric GCN4 and linked GCN4 equate
to the percentage of H-bonds formed in the TS. These φfD-H values agree with mutagenesis data of both versions of the coiled
coil, which indicated that 30–50% of the protein is helical in the
TS11. Despite substantial pathway heterogeneity for dimeric
coiled coil and a homogeneous, polarized TS in crosslinked
coiled coil, there remains a ∼50% native H-bond requirement on
all folding routes.
Cyt c contains 51 intraprotein H-bonds, of which 35 are located in four helices (68%) and 16 in turn/coil regions (31%)36. If all
H-bonds contribute equally to ∆∆GD-H, the observed φfD-H value,
0.41, equates to 21 helical H-bonds in the TS (that is, 41% of 51).
This number can be compared with kinetic data obtained from
HX pulse labeling methods 26,39. At neutral pH where non-native
His-heme ligations are present in the denatured state, Cyt c folds
in a three-state manner with a kinetic intermediate. This intermediate contains the two major, N- and C-terminal helices. By
comparing folding behavior under two- and three-state conditions, we concluded that a similar two-helix intermediate that
lacks the non-native ligation is present after the TS and does not
accumulate under two-state conditions26. In conjunction with
the pulsed labeling results, our present data, indicating that 21
nature structural biology • volume 7 number 1 • january 2000

© 2000 Nature America Inc. • http://structbio.nature.com

© 2000 Nature America Inc. • http://structbio.nature.com

insight
H-bonds are present in the TS, argue that
Table 2 Equilibrium and kinetic amide isotope effects
these two helices are formed at the rateProtein
∆∆GequilD - H
∆∆GkineticsD - H
φ fD - H
mf / mo
limiting step under two-state folding con(kcal mol-1)1
(kcal mol-1)2
ditions (see also refs 40–42).
GCN4 D7A, crosslinked
-0.37 ± 0.02
-0.41 ± 0.04
0.59 ± 0.05
0.51 ± 0.02
Ubiquitin F45W contains 45 intraproGCN4 D7A, dimeric3
-0.60 ± 0.03
-0.69 ± 0.03
0.59 ± 0.02
0.53 ± 0.05
tein H-bonds involving backbone amides
Ub F45W
0.07 ± 0.01
0.10 ± 0.02
0.01 ± 0.20
0.64 ± 0.01
of which 17 are in a short 310-helix and a Cyt c
-0.34 ± 0.05
-0.46 ± 0.03
0.41 ± 0.03
0.50 ± 0.01
larger α-helix (37%), 19 are in four
strands of β-sheet (42%) and 9 are in vari- 1Average of three to seven observations in varying GdmHCl concentrations at or near the C m;
ous turn/coil structures (19%)37. The refer to Figs 2,3. Error values listed for GCN4 and Cyt c are the standard deviation of three to
seven measurements at different denaturant concentrations. The error listed for Ub is based on
energetic effect of amide substitution for the estimated uncertainty in the initial CD reading of the average of three observations.
Ub is smaller in magnitude than in the 2Calculated according to ∆∆Gf‡ - ∆∆Gu‡, where each free energy term is determined at a GdmHCl
α-helical proteins, and native Ub prefers D concentration at the center of each of the respective arms of the chevron to minimize extrapolation error: crosslinked GCN4 (4.5 M and 6.5 M), dimeric GCN4 (1.75 M and 3.5 M), Cyt c (1.5 and
over H as demonstrated by NMR studies23. 4.0 M) and Ub F45W (2.5 M and 5 M).
Perhaps these results reflect underlying 3Value for dimeric GCN4 is different from our previously determined value10 as a result of a
properties of β-sheet-containing proteins miscalculation of the equilibrium isotope effect, that is, use of equation 8a instead of 8b.
and represent the limitation of the
method. The zero φfD-H value, however, is
suggestive that H-bonds are largely absent in the TS. Certainly, avenues of interpretation for the kinetic isotope effect of Ub are
corroborating data are needed to support this explanation for possible. Potentially, the isotope effect is sensitive only to α-helix
the kinetic isotope effect of Ub, although this interpretation and not to β-sheet formation, and the deduced value for Ub does
appears compatible with recent studies on other experimen- not reflect the global H-bond network. If all β-sheet sites have
near zero ∆∆GD-H (as seen in the all-β-sheet protein CD2; ref.
tal4,43–47 and theoretical48–51 β-sheet systems.
Similar kinetic amide isotope measurements on CD2 (ref. 17) 17), the method will be valid only for helix formation. Along this
and lysozyme16 did not reveal any measurable difference in fold- line of reasoning, it may be surmised that sheet H-bonds may
ing rates between the deuterated and protonated forms. form at the TS and that the isotope effect only observed in the
Potentially, the presumably very small isotope effect for the all-β unfolding rates may simply be a readout of late α-helix formaCD2 protein was obscured as a result of a slight inequality in the tion, consistent with mutational data carried out on the homolobulk solvent conditions. The studies of lysozyme utilized identi- gous protein L model system45.
Alternatively, isotope effects may exist in both types of seccal bulk solvent conditions, but observed refolding rates were
indistinguishable. Neither protein system studied, however, was ondary structure. Non-unity fractionation factor data from
purely α-helical, a fact that may have contributed to the lack of a NMR methods in all types of secondary structures 22,24 support
this viewpoint. In which case the formation of a hydrophobic
measurable kinetic isotope effect.
core may be fundamentally different for a β-protein as
Topology and H-bonding
opposed to an α-protein. In the TS, H-bonds in a β-sheet may
We can consider how the degree of H-bond formation in the TS be more solvent exposed than those on the hydrophobic face of
correlates to secondary structure composition and fold topolo- an amphipathic α-helix. Potentially during β-sheet formation
gy. Even though Cyt c has a more complex topology than the (i, i + 2) hydrophobic side chains can nucleate to form a loose
simple coiled coil, they both form ∼50% of their H-bonds in the core without the backbone amides and carbonyls forming
TS. Also, a strong correlation of surface area burial (mf / mo) and intraprotein H-bonds. In fact, such solvation remains at the
H-bond formation (φfD-H) in the TS is apparent for these purely edge of β-sheets in native proteins. The present data with
α-helical proteins (Fig 5a). In analogy with the proposal of ubiquitin, which has a fold topology largely dominated by a
Chan and Dill that compaction drives secondary structure for- β-sheet H-bond network (Fig 5d), support such a picture.
mation52, we suggest that when an amphipathic α-helix forms Achieving the correct topology of β-sheet strands may not
in the TS, hydrophobic side chains are buried concomitantly require extensive native H-bonding. Rather, a less organized
with (i, i + 4) H-bond formation. More precisely, in order to condensation of hydrophobic side chains may occur at the
condense the hydrophobic side chains of two such nucleating rate-limiting step, where strands are arranged in a geometry
helices, the (i, i + 4) amide and carbonyl must also form an akin to the native state. This view is in agreement with recent
H-bond, since water molecules — the major competitors of experimental work on the all-β src4 and the α-spectrin44 SH3
backbone H-bonds — are expelled upon the clustering of domains, tendamistat43, a ubiquitin α/β protein homolog,
hydrophobic moieties. Once these H-bonds are formed, the sol- protein L45, a β-hairpin46, as well as theoretical studies48–51,54
vent-exposed H-bonds on the opposite side of the now nucleat- that have stressed the importance of β-turns and hydrophobic
ed helices readily form in a cooperative fashion. This interactions rather than secondary structure formation as the
rudimentary structure of two condensed stretches of helix best critical component of the folding transition state.
describes our understanding of the TS for both Cyt c and GCN4.
Although other long-range contacts may participate and help Conclusions
define the overall chain topology of the TS26,53, nucleation We have exploited a method to measure when H-bonds form
involving two partially formed α-helices may form the core of by measuring equilibrium and kinetic isotope effects. Our
the TS in other purely helical proteins.
simple protocol for measuring the global equilibrium isotope
While the D/H isotope effects for Ub are quite small, 0.10 kcal effect complements measurements of site-resolved fractionamol-1 (1.2-fold), we present the data here both as a control and a tion factors gathered by NMR methods. The kinetic isotope
comparison to the α-helical model systems. This small effect is, effect data indicate that at the rate-limiting step, the three heliunfortunately, fundamental to isotope effect studies. Two cal proteins, Cyt c and crosslinked and dimeric GCN4, form
nature structural biology • volume 7 number 1 • january 2000
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~50% of their intraprotein H-bonds. Although the small isotope effect observed for the α/β protein, ubiquitin, represents
a potential limitation of our method, the absence of an effect
on refolding rates is suggestive that native H-bonds are largely
absent in its transition state. About 50% of the surface area,
however, is buried in the transition state of the four proteins.
This apparent difference between purely α-helical and mixed
α/β folds may reflect that hydrophobic burial between two
nucleating amphipathic helices is accompanied by H-bonding,
whereas hydrophobic burial among β-strands may not have
this requirement. Certainly more examples, particularly with
purely β-sheet and other mixed α/β folds, are necessary to test
the generality of these results. These techniques can also be
applied to multistate folding systems in an analogous fashion
to standard mutational methods1,2 to identify when H-bonds
form in more complex folding pathways.

© 2000 Nature America Inc. • http://structbio.nature.com

Methods
Proteins. The peptide, GCN4 D7A, which has a nonperturbing
point mutant of the wild type GCN4-p2' sequence, was prepared
as described11. Horse heart cytochrome c (type VI) was purchased
from Sigma, and used without further purification. The wild type
expression vector, pRSUB, for human ubiquitin (Entrez gi576323)
was modified using the Stratagene Quick Change Mutagenesis
Kit to create the F45W mutation. Expression and purification was
carried out as described55.
Equilibrium isotope effect measurements. The process of
amide HX reflected as a change in protein equilibrium stability
was monitored by CD or fluorescence spectroscopy using a Jasco
J-715 spectropolarimeter. For GCN4 and Ub, CD was monitored at
222 ± 2 nm and 223 ± 5 nm, respectively. Cyt c was studied by fluorescence (λexcitation = 285 ± 5nm and λemission = 300–400 nm). Peptide
concentrations ranged from 1 to 15 µM. Upon injection of
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100-fold concentrated protein, the initial signal value, SD, was
used to calculate KD, the equilibrium constant for deuterated protein in 99% H2O. The final value, SH, recorded after completion of
amide hydrogen exchange (no further change in signal), was used
to calculate KH, the equilibrium constant for the protonated protein in the 99% H2O solvent. The equilibrium constants and free
energies were calculated for monomeric and dimeric systems
according to equations 8a and 8b, respectively:

/

/

(8a)

( / ) ( / )
= (2S /S ) + (2S /S ) - 4

(8b)

H
H
K = S (SN - SH)

D
KD = S (SN - SD)
H

N

KH = 2S SH + 2S SN - 4
K

D

D

N

D

N

where SN was the native value.
Stopped-flow spectroscopy. For rapid mixing experiments we
used a Biologic SFM4 stopped-flow apparatus with a PTI A1010 arc
lamp as described25. Protein concentrations ranged from 0.3 µM to
16 µM. All stopped-flow dilution protocols were identical for comparisons between the protonated and the deuterated protein and
were carried out on the same day, using the same buffer solutions.
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