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ABSTRACT: Protium-deuterium fractionation factors (φ) were determined for more than 85% of the
backbone amide protons in the IgG binding domains of protein G, GB1 and GB2, from NMR spectra
recorded over a range of H2O/D2O solvent ratios. Previous studies suggest a correlation betweenφ and
hydrogen bond strength; amide and hydroxyl groups in strong hydrogen bonds accumulate protium
(φ < 1), while weak hydrogen bonds accumulate deuterium (φ > 1). Our results show that theR-helical
residues have slightly lowerφ values (1.03( 0.05) thanâ-sheet residues (1.12( 0.07), on average. The
lowestφ value obtained (0.65) does not involve a backbone amide but rather is for the interaction between
two side chains, Y45 and D47. Fractionation factors for solvent-exposed residues are between theR-helix
andâ-sheet values, on average, and are close to those for random coil peptides. Further, the difference in
φav betweenR-helix and solvent-exposed residues is small, suggesting that differences in hydrogen bond
strength for intrachain hydrogen bonds and amide‚‚‚water hydrogen bonds are also small. Overall, the
enrichment for deuterium suggests that most backbone‚‚‚backbone hydrogen bonds are weak.

The role of intrachain hydrogen bonding in the stabilization
of proteins has been a long-standing question in biochemistry
that is still actively debated (1-5). One major difficulty is
evaluation of the energetic contribution of amide‚‚‚water
versus intramolecular amide‚‚‚amide hydrogen bonds. De-
pending on individual interpretations of experiments, the free
energy contribution per amide‚‚‚amide hydrogen bond ap-
pears to vary from slightly destabilizing (4) to strongly
stabilizing (6). The early work of Schellman (7) and
Kauzmann (8) suggested that hydrophobic interactions play
a dominant role in protein folding and stability and that
hydrogen bonding provides only minimal stability. This view
is generally supported in more recent articles (1, 4). However,
on the basis of mutagenesis of backbone‚‚‚side chain and
side chain‚‚‚side chain hydrogen bonds in ribonuclease T1,
Shirley et al. (2) concluded that hydrogen bonding and
hydrophobic interactions make comparable contributions to
protein stability. Other mutagenesis studies have led to
similar conclusions (9). Protium-deuterium fractionation
studies with proteins may potentially resolve some of these
contradictory results.

The fractionation factor,φ, is defined as the equilibrium
constant for the reaction

Therefore

where NH is any exchangeable amide proton in the protein
and D and H represent bulk deuterium and protium,
respectively, in D2O, H2O, and HOD solvents. Aφ value of
>1 indicates a preference for deuterium over protium at the
exchangeable site, while aφ value of <1 indicates a
preference for protium over deuterium, relative to the solvent
ratio. The physical basis of the measurement stems from the
difference in vibrational energy between the N-H and N-D
bonds at a particular site in the protein. Due to its larger
mass, the vibrational energy minimum for deuterium is lower
than that for protium in both the protein and solvent. If this
energy difference is larger in the protein site than in the
solvent, then the protein site will be enriched in deuterium
(φ > 1) to lower the total energy of the system. Theoretical
calculations of fractionation factors in model systems suggest
that φ is >1 for most hydrogen bonds in peptides but can
be significantly<1 when hydrogen-bonded networks involv-
ing charged groups are present (10).

Fractionation studies with both small molecules and
proteins indicate correlation betweenφ and hydrogen bond
strength with lowφ values (<1) observed for “strong”
hydrogen bonds (11, 12). Initial fractionation measurements
in proteins focused on enzyme active sites, providing
important mechanistic information about the role of low-
barrier hydrogen bonds in catalysis (13-15). More recently,
detailed measurements of backbone amide fractionation
factors have been taken with the goal of understanding the
role of hydrogen bonding in protein stability. Backbone
amide fractionation studies have been carried out on three
protein folds to date, staphylococcal nuclease (16, 17),
histidine-containing protein (HPr) (18), and ubiquitin (19).
The ranges of main chainφ values obtained are 0.3-1.5 (φav

) 0.84( 0.19), 0.70-1.22 (φav ) 0.92( 0.12), and 1.01-
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NH + D S ND + H (1)

φ ) ([ND]/[NH]) protein/([D]/[H]) solvent (2)
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1.21 (φav ) 1.11 ( 0.05), respectively. Thus, there is
variation in the range and average of main chainφ values in
the three systems. These results also lead to quite different
conclusions regarding the contribution of main chain hy-
drogen bonding to protein stability. It is apparent that more
work is required to obtain a better understanding of the
relation between fractionation factors and hydrogen bonding.

To expand further on these fractionation studies of
proteins, we report here protium-deuterium fractionation
factor measurements for the GB1 and GB2 immunoglobulin
G (IgG) binding domains of streptococcal protein G. These
two domains are small 56-amino acid folding units that differ
in sequence by six residues, have similar thermal stabilities
(20), and provide an excellent system for fractionation
studies. Both GB1 and GB2 have been extensively character-
ized thermodynamically (20), kinetically (21), and structur-
ally (22-27) and have well-resolved1H-15N HSQC (het-
eronuclear single-quantum correlation) spectra. In addition,
the hydrogen exchange properties of backbone amides in GB1

and GB2 are well-known (28, 29). This is important, since
fractionation measurements are carried out under equilibrium
conditions where no further H-D exchange takes place. For
both GB1 and GB2, main chain NHφ values were obtained
for more than 85% of the residues compared with 60% for
staphylococcal nuclease, 67-79% for HPr, and 73% for
ubiquitin. Our results are compared with fractionation data
for these systems as well as with mutational and structural
data from X-ray crystallography and NMR spectroscopy. The
results presented here show an overall enrichment for
deuterium in main chain NHs, suggesting that most back-
bone‚‚‚backbone hydrogen bonds are weak. We further show
that the difference inφav between helix and solvent-exposed
residues is small, suggesting that differences in intramolecular
amide‚‚‚amide versus amide‚‚‚water hydrogen bond strengths
are also small. Finally, the lowestφ value observed is for
an Asp‚‚‚Tyr side chain‚‚‚side chain hydrogen bond. On the
basis of comparisons with the other three proteins studied
to date, the lowestφ values observed are typically for
hydrogen bonds between acidic residues and either the
backbone or hydroxyl-containing side chains. Therefore,
calculation of the total contribution of hydrogen bonding to
stability by extrapolating from these types of interactions
may overestimate this contribution.

MATERIALS AND METHODS

Sample Preparation. 15N-labeled protein G samples were
expressed and purified as described previously (20, 29).
Samples for fractionation experiments were prepared using
the guidelines suggested by Loh and Markley (16). In
particular, care was taken to ensure that (1) sample concen-
trations were uniform, (2) H2O/D2O ratios were accurate,
and (3) H-D exchange had gone to completion. For each
domain, a stock solution of protein in 100 mM sodium
acetate-d3/0.05% (w/v) sodium azide at pH 5.4 was used to
prepare 11 samples with equal volumes, one of which was
used as a control of exchange and pH conditions. After
lyophilization, samples were exchanged in specific ratios of
H2O/D2O solvent, relyophilized, and redissolved in their
respective solvents (0.45 mL). Mole fractions of H2O of
0.100, 0.200, 0.300, 0.400, 0.500, 0.600, 0.700, 0.800, 0.900,
and 0.980 were used for both domains. The pH of each
sample was adjusted to 7.4( 0.1 with a Sentron microelec-

trode using the appropriate ratios of NaOH/NaOD (1-2 µL),
and samples were equilibrated for 60 h at 30°C. Under these
conditions, complete H-D exchange was achieved for the
GB1 and GB2 control samples in 100% D2O within 50 and
10 h, respectively, consistent with previous hydrogen ex-
change measurements taken on these domains (29). The pH
was then lowered to 5.3 by adding the appropriate HCl/DCl
ratios (5-6 µL). A protein concentration of 2.2 mM was
used for GB1 and GB2 domains, and NMR samples were
stored in a desiccator containing drierite.

NMR Spectroscopy. NMR spectra were recorded on a
Bruker AMX-500 spectrometer and processed on Silicon
Graphics workstations using FELIX 2.30 (Molecular Simula-
tions, Inc.). One-dimensional1H NMR spectra were recorded
at 4°C using a WATERGATE solvent suppression scheme
(30) with a sweep width of 6024 Hz, 4K complex points,
and a relaxation delay of 5.0 s. Data were apodized with a
90°-shifted squared sine-bell window, Fourier transformed,
and baseline corrected with a third-order polynomial. Two-
dimensional1H-15N HSQC spectra (31-33) were collected
at 30°C using a gradient water flip-back scheme for solvent
suppression (34). Sine-bellZ-axis gradients were used with
the following parameters:G1 2.5 ms, 9 G cm-1; G2 1.0 ms,
9 G cm-1; andG3 0.4 ms, 4.2 G cm-1. 15N decoupling during
t2 was achieved using a GARP sequence (35). Spectral widths
of 6024 and 1700 Hz were utilized in the1H and 15N
dimensions, respectively, with 512t1 increments of 2K
complex points and 32 transients per increment. Data were
processed using 90°-shifted squared sine-bell functions in
both dimensions with zero-filling to give 2K× 2K matrixes.
A fifth-order polynomial baseline correction was used inF2.
The sampling delay (d0) was set to half of a dwell time so
that no baseline correction was necessary inF1 (36). The
total time for data collection per HSQC experiment was about
25 h.

Peak intensities in HSQC spectra as a function of D2O/
H2O concentrations need to be interpreted with caution. As
the D2O/H2O ratio is increased, amide protonT1’s get longer
as cross-relaxation becomes less efficient. AverageT1’s for
main chain amide protons in protein G were determined using
inversion-recovery experiments and ranged from 0.8 s in
98% H2O to 1.4 s in 10% H2O. This affect will attenuate
peaks at the high D2O/H2O ratios more than at low D2O/
H2O ratios if the relaxation delay is too short and will lead
to an increase in the apparentφ value. An additional effect
concerning the interaction between the solvent magnetization
and the protein magnetization also needs to be considered,
as pointed out recently by LiWang and Bax (19). In
particular, the use of solvent presaturation will attenuate
signals of NHs in rapid exchange with water. The degree of
attenuation is proportional to the H2O/D2O ratio and this will
lead to a decrease inφ. Through dipolar interactions, other
NHs that are not necessarily solvent exposed will also be
attenuated, with a corresponding decrease inφ. The use of
a relaxation delay shorter than theT1 of water (∼2-3 s)
will have a similar effect onφ. To minimize these types of
problems, we used a gradient water flip-back HSQC scheme
which does not perturb the water magnetization (34) and a
relatively long relaxation delay (∼5.3 s).

Determination of Fractionation Factors.Fractionation
factors were determined from one- and two-dimensional
NMR spectra using methods analogous to those described
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previously (16-18). In one-dimensional spectra, the peak
area of the Y45 OηH signal was normalized to that of
nonexchangeable upfield-shifted aliphatic peaks to correct
for small variations (typically<1-2%) in protein concentra-
tion from sample to sample. In two-dimensional spectra,
cross-peak volumes were normalized internally using the sum
of peak volumes for residues with no apparent isotopic
preference. The normalization factors obtained from this
approach were very similar to those from one-dimensional
data and did not change the pattern of fractionation factors
observed in GB1 and GB2. The fractionation factor at each
exchangeable site,φ, was obtained by a linear least-squares
fit to the equation

wherey is the peak integral,x is the mole fraction of H2O
in the sample, andC is a normalization parameter (equal to
1/peak volume at 100% intensity). Each 1/y point was
weighted byy2 in the fitting procedure.

RESULTS

All backbone amide1H and 15N resonances have been
assigned previously (22, 29). The resolution in two-
dimensional1H-15N HSQC spectra is such that backbone
amideφ values were obtained for more than 85% of the
residues. In addition, fractionation data were obtained for
the side chain hydroxyl group of Y45 from one-dimensional
1H NMR spectra using the15N-labeled samples. Room-
temperature one-dimensional1H NMR spectra recorded using
gradient solvent suppression showed a broad resonance at
∼9.6 ppm which was not apparent in earlier spectra acquired
using presaturation methods (22). At 4 °C, this signal
sharpens, is well-resolved, and has NOE cross-peaks to Y45
CεH and D47 CRH, consistent with assignment as the Y45
OηH resonance. One-dimensional1H NMR spectra for a
range of H2O/D2O concentrations are shown in Figure 1.

Representative plots of normalized peak volume/area
versus fractional H2O content are shown for three exchange-

able sites in GB1 (Figure 2A). For the backbone NH of N35,
there is no isotope preference and a straight line is observed.
In contrast, F52 has a distinct preference for deuterium while
Y45 OηH is enriched with protium and curved lines on either
side of the diagonal are observed. These data can also be
represented as linear plots of 1/y versus (1- x)/x (eq 3),
where theφ values can be obtained from the slope of the fit
(Figure 2B).

The fractionation factors are shown for each residue in
Table 1. The lowestφ value observed in either domain is
for the Y45 side chain hydroxyl group (φav ) 0.65). In
contrast, the range of backbone amideφ values is 0.82-
1.28 in GB1 and 0.93-1.36 in GB2 with an average value of
1.08 ( 0.08 over all residues. Of the 50 backbone amide
sites for which fractionation factors could be obtained, 44
haveφav values that areg1. On average, a slightly lower
fractionation factor is observed forR-helical residues
(φav ) 1.03( 0.05) than forâ-sheet residues (φav ) 1.13(
0.06). This can also be seen from Figure 3 which shows the
backbone NH fractionation factors mapped onto the tertiary
structure of protein G.

The fractionation results are similar for the two domains
which differ in only six amino acids. In this respect, the GB1

and GB2 data serve as near-duplicate sets of experiments.
From these results, we estimate the error level in the
determination ofφ values to be<10%. Only two residues,
I6V and V54, haveφ values with a standard deviation of
more than 0.10 between the two domains. Indeed, I6V is
the only variant position with a significant difference inφ

FIGURE 1: Stack plot of one-dimensional1H NMR spectra showing
the Y45 OηH resonance as a function of solvent content with the
following H2O/D2O ratios: (a) 20/80, (b) 40/60, (c) 60/40, (d)
80/20, and (e) 98/2.

1/y ) C[φ(1 - x)/x + 1] (3)

FIGURE 2: (A) Representative plots of normalized peak volume vs
the mole fraction of H2O (x) for Y45 OηH (0) and the backbone
amides of N35 (b) and F52 (O). (B) Linear plots in the form of eq
3 for the same data.
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between GB1 and GB2. The reasons for these differences are
not clear at present, although it is interesting to note that
I6V and V54 are hydrogen bonded to each other in the
parallel-stranded region of theâ-sheet between strandsâ1
andâ4. However, the differences do not appear to correlate
with any changes in hydrogen bonding distances or angles
between the GB1 and GB2 structures (see below).

DISCUSSION

Hydrogen Bonding in Protein G.The lowest backboneφ
values in protein G are located in the helix (F30 and Y33),
â1-â2 turn (K10, T11, and L12), andâ3-â4 turn (T49).
There do not appear to be any obvious reasons why F30,
Y33, and T49 have loweredφ values from inspection of the
three-dimensional structures. The other three residues (K10,
T11, and L12) are in a network of interactions with charged
side chains, and such interactions are thought to be important
in lowering φ values on the basis of recent theoretical
calculations (10). This hydrogen bond network consists of
stabilizing N- and C-capping interactions with the E56 and
K13 side chains, respectively (Figure 4). Theγ-carboxylate
of E56 is hydrogen bonded to the NH of K10 and also to
the NH of D40 but with poorer geometry. These interactions
occur in solution as well as in the crystal structures (37). In
addition, a bound water molecule is within hydrogen bonding
distance of T11 NH, L12 NH, and the E56γ-carboxylate
group. This water molecule is present in all four X-ray
structures of the IgG binding domain of protein G (25-27).
Both direct hydrogen bonding of the E56 side chain to K10
and water-mediated hydrogen bonding to T11 and L12 lead
to lower-than-average fractionation factors. Theseφ values
are not as low as previously observed for some back-
bone‚‚‚side chain interactions, however (17, 18). Our results
suggest that water-mediated hydrogen bonds between side
chains and the polypeptide backbone can also contribute to
loweringφ and, in this case, contribute just as much as direct
backbone‚‚‚side chain hydrogen bonds. To our knowledge,
this is the first report of backbone NH fractionation factors
for such water-mediated hydrogen bonds.

A similar hydrogen bond network is present in HPr where
a loop is stabilized by N- and C-capping interactions with

Table 1: Fractionation Factors for GB1 and GB2

residue φΒ1 φΒ2 φav ((SD) residue φΒ1 φΒ2 φav ((SD)

M1a - - - V29Ad 0.95 1.06 1.01 (0.08)
T2a - - - F30 -a 0.95 0.95 (-)
Y3 1.19 1.24 1.22 (0.04) K31 1.06 1.12 1.09 (0.04)
K4 1.13 1.12 1.13 (0.01) Q32 0.98 1.09 1.04 (0.08)
L5 1.09 1.15 1.12 (0.04) Y33 -a 0.95 0.95 (-)
I6Vd 1.10 1.36 1.23 (0.18) A34 1.07 1.06 1.07 (0.01)
L7Id 1.11 1.14 1.13 (0.02) N35 1.02 0.97 1.00 (0.04)
N8 1.07 1.16 1.12 (0.06) D36 1.05 1.08 1.07 (0.02)
G9 1.12 1.10 1.11 (0.01) N37a - - -
K10 0.96 1.00 0.98 (0.03) G38 0.97 1.11 1.04 (0.09)
T11 0.99 0.98 0.99 (0.01) V39 1.17 1.08 1.13 (0.06)
L12 0.87 0.96 0.92 (0.06) D40 1.08 1.12 1.10 (0.03)
K13 1.04 1.17 1.11 (0.09) G41 0.97 1.07 1.02 (0.07)
G14 1.06 1.14 1.10 (0.06) E42Vd 1.14 1.20 1.17 (0.04)
E15 1.06 1.08 1.07 (0.01) W43 1.07 1.06 1.07 (0.01)
T16 1.05 1.06 1.06 (0.01) T44 1.11 1.11 1.11 (0.00)
T17 1.06 1.06 1.06 (0.00) Y45 -a/0.64b 1.09c/0.65b 1.09 (-)c/0.65 (0.01)b

T18 1.08 1.05 1.07 (0.02) D46 1.11 1.19 1.15 (0.06)
E19Kd 1.05 1.03 1.04 (0.01) D47 1.12 1.05 1.09 (0.05)
A20 1.04 1.12 1.08 (0.06) A48 0.99 1.03 1.01 (0.03)
V21 1.09 1.12 1.11 (0.02) T49 0.82 0.93 0.88 (0.08)
D22a - - - K50 1.06 1.04 1.05 (0.01)
A23 1.00 1.09 1.05 (0.06) T51 1.03 1.16 1.10 (0.09)
A24Ed 1.04 0.99 1.02 (0.04) F52 1.28 1.21 1.25 (0.05)
T25a - - - T53 1.10 1.17 1.14 (0.05)
A26 0.97 1.09 1.03 (0.08) V54 1.05 1.33 1.19 (0.20)
E27a - - - T55 1.14 1.24 1.19 (0.07)
K28 1.05 1.14 1.10 (0.06) E56 1.14 1.27 1.21 (0.09)

a Not determined due to fast exchange or peak overlap.b Fractionation factors for Y45 OηH. c Fractionation factor for the Y45 backbone amide.
d Variant residues are labeled with the letter code for both domains (GB1 to GB2).

FIGURE 3: Three-dimensional structure of protein G (PDB file
1PGA) showing theφav values for individual backbone amides.
Spheres at the backbone nitrogens are colored as follows:φav <
1.00 (red),φav values from 1 to 1.10 (green), andφav > 1.10 (blue).
The diagram was generated using MOLSCRIPT (45) in combination
with RASTER3D (46, 47).
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Asp and Lys groups, respectively (18), and low fractionation
factors (0.74-0.79 inBacillus subtilisHPr) are observed for
backbone NHs in the loop which form hydrogen bonds with
the Asp side chain. In the case ofEscherichia coliHPr, the
Asp carboxylate forms an additional strong hydrogen bond
with a Ser OH group (φ ) 0.63) in the loop, somewhat
analogous to the interaction between E56 and bound water
in protein G. Further, a hydrogen bond between an Asp
carboxylate and a backbone NH is responsible for the lowest
φ value (0.30) detected in staphylococcal nuclease (17). It
is interesting to note that, in both HPr and staphylococcal
nuclease, these low backbone NHφ values correspond to
stabilizing hydrogen bond interactions between an acidic
residue in a loop and a backbone NH in another loop. In
contrast, the E56 side chain in protein G is located on strand
â4 and is sandwiched between two loops, theâ1-â2 turn
and theR-â3 loop, forming hydrogen bonds with both.

Notably, the lowest fractionation factor observed in this
study comes from a side chain hydroxyl group rather than
from a backbone amide. The Y45 OηH is hydrogen bonded
to the D47 carboxylate group in all four X-ray structures
of protein G with an H‚‚‚O bond distance of 1.7 Å and an
O-H‚‚‚O bond angle of 175°. Recent NMR data are also
consistent with the formation of this hydrogen bond in
solution (37). The relatively lowφ value observed for Y45
OηH (φav ) 0.65) is similar in magnitude to the fractionation
factor obtained for the hydrogen bond between an Asp
carboxylate and a Ser hydroxyl group in HPr (see above).
Our data suggest that this hydrogen bond interaction is
relatively strong and is consistent with earlier studies which
showed that Y45 has a high pKa (37). However, this is
probably not a low-barrier hydrogen bond since the O‚‚‚O
distance is greater than 2.5 Å (14). Analogous observations
have also been made for ketosteroid isomerase whereφ

values of<1 are determined for Tyr‚‚‚Asp and Tyr‚‚‚enolate
hydrogen bonds at the active site (38).

Comparison with Fractionation Results for Other Proteins.
A key question in these studies is how do the present results
compare with previous studies of backbone NH fractionation.
A number of observations can be made from inspection of
Figure 5. First, the average backbone fractionation value over
all residues in protein G (φav ) 1.08( 0.08) is very similar
to that for ubiquitin (φav ) 1.11( 0.05), and the range ofφ
values is relatively narrow in both proteins. In contrast, the
averageφ is lower (φav ) 0.84 ( 0.19) and the range is
broader for staphylococcal nuclease, while the HPr results
(φav ) 0.92( 0.12) fall between these two extremes. Second,
our results indicate slight enrichment for deuterium at
R-helical (φav ) 1.03 ( 0.05) andâ-sheet (φav ) 1.13 (
0.06) sites in GB1 and GB2 on average, consistent with the
results of LiWang and Bax for ubiquitin (19). In comparison,
theφav figures for helical residues in HPr (0.88( 0.11) and
particularly staphylococcal nuclease (0.79( 0.10) indicate
significant protium enrichment.â-Sheet residues show a
small preference for protium in staphylococcal nuclease
(φav ) 0.91 ( 0.15) and little or no preference in HPr
(φav ) 0.98 ( 0.11). Third, although the absolute values
differ, the trend thatR-helix φ values tend to be slightly
smaller on average (by 0.07-0.12) thanâ-sheetφ values
holds for all the proteins studied so far. This includes more
than 300 measurements at individual backbone amide sites.
Fourth, there is no apparent correlation betweenφ and residue
type in this study. Loh and Markley (17) reported that the
six Thr residues in staphylococcal nuclease gave particularly
low φ values (φav ) 0.59( 0.19 in unligated nuclease). In
contrast,φ values were measured for nine Thr residues in
protein G, and the average fractionation factor obtained
(φav ) 1.07( 0.09) was not significantly different from the
average obtained over all residues. One Thr residue (T49)
did give a relatively low fractionation factor (φav ) 0.88),
however. Finally, the averageφ value of solvent-exposed
residues (1.05( 0.05) lies between those forR-helical and
â-sheet residues. This is consistent with the random coil
fractionation factor of 1.1 (39) and is comparable with the
results obtained for ubiquitin (19). In contrast, solvent-
exposed residues in staphylococcal nuclease and HPr have
φ values that are, on average, higher than those for both
R-helical andâ-sheet residues.

The differences in these fractionation data lead to differing
conclusions regarding the stability of intrachain hydrogen
bonds. On the basis of the staphylococcal nuclease results,
Loh and Markley (17) speculate that intramolecular hydrogen
bonds between helical residues (φav ) 0.79) may be stronger
than amide‚‚‚water hydrogen bonds (φav ) 0.98). Our results,
as well as those of LiWang and Bax (19), show that the
difference inφ betweenR-helical hydrogen bonds (φav )
1.03) and amide‚‚‚water hydrogen bonds (φav ) 1.05) is
smaller than in the staphylococcal nuclease study and may
not be significant. Moreover, the isotopic preference is for
deuterium in GB and ubiquitin, on average, which would
suggest that backbone‚‚‚backbone hydrogen bonds are gener-
ally weak. This is consistent with recent calculations of
fractionation factors in peptide clusters which suggest that
backbone‚‚‚backbone interactions typically haveφ values of
>1 but can have values significantly<1 when extended
hydrogen bond networks and charged side chains are
involved (10).

FIGURE 4: Hydrogen bond network involving the E56 side chain,
a conserved water molecule, and residues in theâ1-â2 turn. The
figure was generated as described in the legend of Figure 3.
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It has been suggested that the pattern of fractionation
factors in a protein may be correlated to the tertiary structure
and that strong hydrogen bonds may be conserved at specific
sites in similar folding topologies (18). For example, lowφ
values are apparently conserved at specific sites in theB.
subtilis and E. coli HPr proteins which have similar folds
but only 30% sequence identity. Along these lines, it is
interesting to compare protein G and ubiquitin. These two
proteins have very low sequence identity (<20%) but similar
R/â folds (40). While the overall pattern of fractionation is
similar with comparable average values for theR-helix and
â-sheet secondary structure elements, the few sites of protium
enrichment in GB have no such enrichment in ubiquitin.
Indeed, ubiquitin appears to have no sites of protium
enrichment in the polypeptide backbone. The residue at
position 45 is Phe instead of Tyr, and there is no hydrogen
bond network between theâ1-â2 turn and theR-â3 loop.
This result suggests that conserved sites of protium enrich-
ment may be a function of not only the folding topology
but also the level of sequence identity. In this case, the
sequence identity between GB and ubiquitin may be too low
to observe such conserved hydrogen bonds.

Relation betweenφ and Hydrogen Bond Geometry.Plots
of φ versus crystallographic hydrogen bond distance and/or
N-H‚‚‚O bond angle (not shown) show no apparent cor-
relation, consistent with previous reports (17-19). One
possible reason for the absence of a correlation might be
small differences between the solution and crystal forms.
However, a comparison of fractionation factors with hydro-
gen bond distances obtained from chemical shift data (41)
also failed to show any correlation. Indeed, the hydrogen
bond distances derived from NH chemical shifts correlate
reasonably well with hydrogen bond distances obtained from
the X-ray structures (Figure 6). Wishart et al. (41) have
shown that the average upfield shift of NHs inR-helices and
downfield shift of NHs inâ-sheets relative to random coil
values corresponds with the∼0.1 Å difference in crystal-
lographic average hydrogen bond distances between these
secondary structural motifs (42). In other words, the differ-
ences betweenR-helical andâ-sheet hydrogen bond distances
seen in X-ray structures are probably also present in solution.
Most likely, the differences inφ are due to subtle changes
in hydrogen bond geometry that are below the limits of
detection in the experimental methods used. A recent
theoretical study (10) suggests that fractionation factors may

FIGURE 5: Distribution of backbone amide fractionation factors in
(A) staphylococcal nuclease (17), (B) HPr (18), (C) ubiquitin (19),
and (D) protein G. Fractionation factors are sorted as follows:
R-helix (white), â-sheet (black), and solvent-exposed (gray).
Fractionation factors are for both ligated and unligated staphylo-
coccal nuclease in panel A and for the ecS31A mutant in panel B.
The protein G data depicted in panel D are for the average of the
GB1 and GB2 data.

FIGURE 6: Plot of hydrogen bond distances calculated from eq 8
in ref 41 vs the experimental hydrogen bond distances obtained by
averaging distances from four X-ray crystal structures of protein
G (PDB files 1PGA, 1PGB, 1PGX, and 1IGD).
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be correlated with small differences in the N-H bond
distance.

Role of Hydrogen Bonding in Protein Stability.In the
limited number of proteins studied to date, the lowest
observedφ values seem to involve acidic side chains in
hydrogen bonding arrangements with either the backbone
or other side chains such as Ser or Tyr. The implication is
that these types of interactions can form hydrogen bonds that
are stronger than regular intrachain (backbone‚‚‚backbone)
hydrogen bonds. Therefore, calculating the total contribution
of hydrogen bonding to stability by extrapolating from side
chain‚‚‚side chain or side chain‚‚‚backbone interactions may
overestimate the hydrogen bonding contribution. From such
calculations on RNase T1, it was concluded that hydrogen
bonds provide about 1.3 kcal/mol per hydrogen bond and
that hydrogen bonding and hydrophobicity contribute ap-
proximately equally to protein stability (2). In the RNase
T1 study, three of the 17 hydrogen bonds mutated involve
carboxylate group acceptors and two of these have Tyr
hydroxyl groups as hydrogen bond donors. In addition, more
than half of the residues mutated involve OH‚‚‚O hydrogen
bond interactions that are thought to be quite strong (43).
Indeed, it would be interesting to measure fractionation
factors for this protein. Similar results were obtained in HPr
where a hydrogen bond between a Ser OH and Asp
carboxylate provides at least 1.3-1.6 kcal/mol of stabilization
and corresponds with the lowest observedφ value in that
system (18, 44). In summary, the hydrogen bonding contri-
bution to stability determined from the RNase T1 mutagen-
esis work should probably be considered an upper limit and
is likely to be lower on the basis of more recent fractionation
studies.

CONCLUSIONS

Our results indicate that bothR-helical andâ-sheet residues
in protein G exhibit deuterium enrichment (φ > 1) on
average, suggesting that most intrachain hydrogen bonds are
weak. Fractionation factors for solvent-exposed residues are
between theR-helix andâ-sheet values, on average, and are
close to those for random coil peptides. The difference in
φav values betweenR-helix and solvent-exposed residues is
smaller than in staphylococcal nuclease. This may mean
correspondingly smaller differences in hydrogen bond strength
for helical hydrogen bonds and peptide‚‚‚water hydrogen
bonds than those proposed by Loh and Markley (17). Also,
there appears to be no correlation betweenφ and residue
type. Overall, the results presented here are similar to those
obtained recently for ubiquitin (19). In contrast, backbone
NH fractionation studies on staphylococcal nuclease and HPr
show a preference for protium on average. Part of the reason
for this variance may be due to differences in experimental
procedures. Although the absolute values vary, fractionation
factors inR-helices tend to be smaller than inâ-sheets in all
four proteins. Another common feature in these fractionation
studies is that the lowestφ values seem to be associated with
hydrogen bonds between acidic side chains and either the
backbone or hydroxyl-containing residues such as Ser or Tyr.
Therefore, calculating the total contribution of hydrogen
bonding to stability by extrapolating from these types of side
chain‚‚‚side chain or side chain‚‚‚backbone interactions

probably overestimates the hydrogen bond contribution to
stability.
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