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Abstract

The energetic contributions of hydrogen bonding to protein folding are still unclear, despite over
70 years of study. This is due partly to the difficulty of extracting thermodynamic information
about specific interactions from protein mutagenesis data, and partly to the context dependence of
hydrogen bond strengths. Herein, we test the hypothesis that hydrogen bond strengths depend on
the polarity of their microenvironment, with stronger hydrogen bonds forming in non-polar
surroundings. Double mutant thermodynamic cycle analysis using a combination of amide-to-ester
backbone mutagenesis and traditional side chain mutagenesis revealed that hydrogen bonds can be
stronger by up to 1.2 kcal mol~1 when they are sequestered in hydrophobic surroundings than
when they are solvent exposed. Such large coupling energies between hydrogen bond strengths
and local polarity suggest that the context dependence of hydrogen bond strengths must be
accounted for in any comprehensive account of the forces responsible for protein folding.

Introduction

A quantitative understanding of the forces that enable and oppose protein folding is required
to fully appreciate this complex process. Conformational entropy, the hydrophobic effect,
and hydrogen bonding terms dominate the thermodynamics of protein foldingl. Amongst
these, the contribution of hydrogen bonding to protein folding thermodynamics may be the
least clear and most contentious. Hydrogen bonding was first believed to be the primary
source of protein native state stability2. However, this hypothesis fell out of favor when the
hydrophobic effect was introduced3. It is now clear that both the hydrophobic effect and
hydrogen bonding contribute to the stability of protein native states, and we are beginning to
better understand the latter, especially in light of recent findings on the solvation of the
protein backbone4-6.
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Hydrogen bonds form between a hydrogen atom attached to an electronegative atom (the
hydrogen bond donor; e.g., a peptide backbone N-H) and another electronegative atom (the
hydrogen bond acceptor; e.g., a peptide backbone carbonyl oxygen). Hydrogen bonding per
se is an unambiguously thermodynamically favorable process. For example, hydrogen bonds
formed in non-polar solvents between molecules of N-methyl acetamide (a model for the
protein backbone) have enthalpies of formation of around —4 kcal mol™ (refs. 7,8). The
dispute over the contribution of hydrogen bonding to protein folding thermodynamics has
two origins. First, hydrogen bond formation between protein donors and acceptors does not
yield a net gain of hydrogen bonds upon protein folding, because the donors and acceptors
were initially hydrogen bonded to water7. Thus, intermolecular protein donor-water and
protein acceptor—water hydrogen bonds are merely exchanged for intramolecular protein
donor—protein acceptor hydrogen bonds. The net contribution of backbone-backbone,
backbone-side chain and side chain-side chain hydrogen bonding to protein folding
thermodynamics therefore depends on the difference in strengths between protein-water and
protein-protein hydrogen bonds. Second, hydrogen bond strengths are context dependent;
i.e., they appear to depend on the polarity of the microenvironment in which they are
formed, as expected given the largely electrostatic nature of hydrogen bonds9. A connection
between hydrogen bond strength and microenvironment polarity was first proposed by
Nemethy et al.10, and the theoretical grounds for this connection has since been explored
extensively11,12. A recent survey of the lengths of surface vs. buried hydrogen bonds in
soluble proteins and integral membrane proteins has recently provided experimental
evidence for the polarity dependence of hydrogen bond strengths13. Hydrogen bonds at the
surfaces of soluble proteins were found to be the longest, averaging 2.08 A. Buried
hydrogen bonds in both soluble and integral membrane proteins were shorter (2.02 A), and
interfacial hydrogen bonds in integral membrane proteins, which are exposed to the interiors
of lipid membranes, were the shortest (1.98 A). Thus, hydrogen bond lengths appear to
decrease as the environment becomes more non-polar, suggesting that hydrogen bonds are
stronger in non-polar environments. Further anecdotal evidence for hydrogen bond strengths
increasing as local polarity decreases comes from studies employing mutagenesis
approaches14-21. For example, amide-to-ester mutations (in which an amide in the protein
backbone is replaced by an ester, eliminating the donor NH and weakening the acceptor CO)
in the Pin WW domain, a p-sheet rich, 34-residue domain from the human Pin 1 protein,
were most destabilizing when an amide that formed a buried hydrogen bond was
perturbed19,20.

The magnitude of the context dependence of hydrogen bond strengths has important
ramifications for quantifying the forces that drive protein folding. Herein, we report a study
designed to prospectively scrutinize the hypothesis that hydrogen bond strengths depend on
the polarity of their microenvironment, and to quantify the extent of this dependence, if
observed. By combining protein backbone and side chain mutagenesis to enable double
mutant thermodynamic cycle analysis, we demonstrate that decreasing the polarity of the
microenvironment of a hydrogen bond can increase its strength by up to 1.2 kcal mol~1 in
both helix- (the B domain of protein A from Staphylococcus aureus) and sheet- (the WW
domain from the human Pinl protein) rich contexts. This result indicates that the context
dependence of hydrogen bond strengths in protein tertiary structures could be critical for
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protein structure prediction, protein engineering, and any comprehensive account of the
forces responsible for protein folding.

To quantify the influence of local hydrophobicity on hydrogen bond strengths, we selected
backbone amides that formed hydrogen bonds that could be buried or exposed by mutating
neighboring side chains. As mentioned above, we employed two well behaved model
proteins in this undertaking, namely the human Pin WW domain and the B domain of
protein A from Staphylococcus aureus (hereafter protein A). These proteins have been
thoroughly characterized19,20,22-31, they are both two-state folders, and are small enough
to be synthesized chemically. The Pin WW domain is predominantly a 3-sheet protein,
whereas protein A is largely a-helical.

Extracting the energy of a specific interaction from the difference in folding free energies
between a protein that has the interaction in question and a mutant in which it has been
abolished can be difficult32. Corrections have to be applied to the folding free energy
difference to account for other effects of the mutation, including changes in desolvation
energy, secondary structure propensity, introduction of cavities (when a group is deleted
from the interior of a protein), and so on14,21,32. Fortunately, we are interested primarily in
the influence of microenvironments on hydrogen bond strengths and not in hydrogen bond
strengths themselves, which enables us to take advantage of double mutant thermodynamic
cycle analysis32-34.

Double mutant cycles are commonly used to assess energetic coupling between two side
chains in a protein32-34. The design of a double mutant cycle for extracting the context
dependence of hydrogen bonds is depicted in Fig. 1. A1 and A2 represent all-amide
proteins; A2 always has a bulkier hydrophobic side chain proximal to the hydrogen bond of
interest than Al. E1 and E2 are proteins harboring a mutation of the protein backbone that
perturbs the hydrogen bond of interest. Several types of backbone-modified proteins have
been studied, including those incorporating f-amino acids35-38, flexible dipeptide mimics
like 5-aminopentanoic acid23, E-olefin isosteres39-43, and several others44. For our
purposes, however, amide-to-ester mutants of proteins provide the best combination of
synthetic ease and hydrogen bond perturbation21,45. Thus, E1 and E2 have a single amide-
to-ester backbone mutation that eliminates the hydrogen bond of interest. Note that E1 and
E2 bear the same side chains as Al and A2, respectively. The folding free energy difference
between Al and E1 (AG,) primarily reflects the energy of the eliminated hydrogen bond,
although, as noted above, it likely is influenced by other factors as well21,42,43.
Analogously, the folding energy difference between A2 and E2 (AG,) primarily reflects the
energy of the same hydrogen bond, but in a less polar microenvironment because of the
larger hydrophobic side chain. If AG; # AG,, we can conclude that the strength of the
hydrogen bond is different in the presence of the different side chains on Al and A2. We
define AAG,_; = AG, — AG; as the “thermodynamic coupling energy” between the pairs of
mutants Al and E1, and A2 and E2. If negative, AAG,_; indicates that the hydrogen bond
perturbed by the amide-to-ester mutation is stronger in the less polar microenvironment
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provided by the bulkier side chain in A2 (however, see below for a discussion of an
alternative interpretations).

Stronger hydrogen bonds in nonpolar environments: Pin WW domain

A complete set of scanning backbone mutagenesis data for the Pin WW domain reveals that
the NH group of Tyr23 forms a strong hydrogen bond with the CO of Arg14 (Fig. 2a)19,20.
This hydrogen bond is partially buried by the adjacent isopropyl side chain of Val22. A
double mutant thermodynamic cycle analysis, as outlined in Fig 1, was used to scrutinize the
sensitivity of the hydrogen bond between the Tyr23 amide NH and the Arg14 amide CO to
its microenvironment. In this double mutant cycle, the hydrogen bond of interest was
perturbed using an amide-to-ester mutation at Tyr23 and the microenvironment was
perturbed by mutating Val22 to Ala. However, it is known that an amide-to-ester mutation at
Tyr23 seriously compromises native state stability of the Pin 1 WW domain19,20. To
circumvent this problem, the 6-residue loop 1 sequence (-SRSSGR-) in the Pin WW
domain was replaced with the 5-residue loop 1 sequence (-SADGR-) from the Formin-
binding protein (FBP) WW domain. This modification enhances the thermodynamic
stability of the native state by more than 2 kcal mol=1 (ref. 26), enabling the amide-to-ester
mutant to remain folded. Thus, the double mutant cycle employed the loop-1-modified
wild-type Pin WW domain with the Val22 side chain as A2, and the V22A side chain
mutant as Al. The Y23y amide-to-ester mutation, where v denotes the a-hydroxy acid
equivalent of Tyr, in the context of Val22 served as E2. Finally, the double mutant \V22A/
Y23y served as E1.

The four Pin WW domain variants (A1, A2, E1, and E2), synthesized by solid phase peptide
synthesis, were monomeric in solution according to analytical ultracentrifugation analysis
(data not shown). Retention of the native three-dimensional structure of the Pin WW domain
fold upon side chain or combined backbone and side chain mutagenesis is supported by the
characteristic far-ultraviolet circular dichroism spectra (Supplementary Fig. 1) and nearly
identical one-dimensional 'H NMR spectra (Fig. 2b).

Guanidine hydrochloride (GUHCI) denaturation studies reveal that the Pin WW domain
variants described above exhibit two-state behavior, enabling the folding free energies to be
determined from their denaturation curves19,20 (Fig. 2c and Supplementary Table 1). The
thermodynamic data in Fig. 2c reveal that AG,, the difference between the folding free
energies of the loop-1-modified wild-type and Y23y Pin WW domain variants, is —4.23 £
0.12 kcal mol=2. This large decrease in folding free energy upon amide-to-ester mutation is
consistent with AG, being primarily influenced by the loss of the strong hydrogen bond
between the amide NH of Tyr23 and the amide CO of Argl4. AGq, the difference between
the folding free energies of the loop-1-modified V22A and V22A/Y 23y Pin WW domain
variants, is —3.06 + 0.03 kcal mol~1, thus, the value of AAG,_; is —1.17 + 0.12 —kcal mol~2.
As argued above, this large, negative value for the thermodynamic coupling energy indicates
that the presence of the larger, more hydrophobic side chain of Val relative to Ala appears to
substantially increase the strength of the backbone-backbone hydrogen bond between Tyr23
and Argl4.
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Stronger hydrogen bonds in nonpolar environments: protein A*

Protein A is a 60-residue three-helix bundle protein30 known to be highly tolerant of side
chain mutations31. Like the Pin WW domain, the folding of protein A is two state, enabling
its folding free energy to be extracted from chaotrope denaturation curves46. The Gly30-
Phe31 amide bond (amide 30-31) forms two backbone hydrogen bonds, one in which the
NH of Phe31 hydrogen bonds to the CO of GIn27 and one in which the CO of Gly30
hydrogen bonds to the NH of Cys34 (Fig. 3a). The lack of a side chain on Gly30 leaves the
hydrogen bonds formed by amide 30-31 exposed to solvent (Fig. 3a). Mutating Gly30 to an
amino acid with a larger side chain, like Phe, should substantially decrease the polarity of
the microenvironment surrounding amide 30-31.

To enable a double mutant thermodynamic cycle analysis that could be used to test the
polarity dependence of the strength of the hydrogen bonds formed by amide 30-31, four
variants of protein A were synthesized by native chemical ligation. Note that Ser34 was
changed to Cys to enable the ligation reaction; protein A with the S34C mutation will
hereafter be denoted protein A*. The wild-type protein A* served as Al, F31¢ as E1 (¢
denotes the a-hydroxy acid equivalent of Phe), G30F as A2-F, and G30F/F31¢ as E2-F.
These four protein A* variants fold into native structures based on their one-dimensional 1H
NMR spectra (Fig. 3b) and their far-UV circular dichroism spectra (Supplementary Fig. 2).
Retention of native-like structure by the G30F/F31¢ double mutant is further corroborated
by 2D H-1H NOESY spectra. The fingerprint (NH-NH and NH-Ha) spectral regions of the
G30F/F31¢ variant exhibit resonances that are as well dispersed as those of the all-amide
G30F protein A* variant (Supplementary Fig. 3). The cross peaks of the G30F and G30F/
F31¢ spectra display strictly analogous patterns, with the expected chemical shift
perturbations. The majority of the NOE cross peaks were assigned for the G30F/F31¢
double mutant, with the aid of COSY/TOCSY spectra and previously published wild-type
protein A chemical shift assignments31. The methyl group of Ala49 in wild-type protein A
packs against the benzene ring of Phe31, leading to upfield shifted Ala49 p-protons31. The
analogous cross peak between the Phe31 aromatic protons and Ala49 -protons was
observed in G30F/F31¢ protein A* (Supplementary Fig. 4). Moreover, the chemical shift of
Alad9 B-protons in the double mutant G30F/F31¢ is at 0.523 p.p.m., similar to that of wild-
type protein A* (0.497 p.p.m.). Collectively, these data indicate that the double mutant has a
native structure.

The folding free energies of the protein A* variants mentioned above were extracted from
their GUHCI denaturation curves (Fig. 3¢, Supplementary Table 1, and Supplementary Fig.
5). The thermodynamic data in Figure 3c show that an amide-to-ester mutation at Phe31
destabilizes protein A* by a AG; = —1.31 + 0.05 kcal mol~! when residue 30 is Gly. When
residue 30 is Phe, however, an amide-to-ester mutation at Phe31 causes a larger
destabilization, with AG,F = —2.42 + 0.09 kcal mol™L. This yields a thermodynamic coupling
energy of AAG,_1" = -1.11 + 0.10 kcal mol™1, again consistent with the notion that
decreasing the polarity of the microenvironment increases the strength of backbone-
backbone hydrogen bonds.
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The thermodynamic coupling energy reported above suggests that there should be a
detectable interaction between residues Phe30 and Phe31 in the G30F mutant. Indeed, such
an interaction was confirmed by 2D 1H-1H NOE cross peaks between the aromatic protons
of Phe30 and Phe31 (Fig. 3d, circled). This Phe-Phe interaction corroborates the assertion
that the side chain of Phe30 substantially shields amide 30-31 from solvent, thereby
decreasing the solvent accessibility and the polarity of its microenvironment.

It is reasonable to expect that the magnitude of the thermodynamic coupling energy
discussed directly above should correlate with how effectively the side chain at position 30
shields the hydrogen bonds formed by amide 30-31 from water. Thus, side chains that are
smaller than that of Phe but larger than that of Gly should yield a value of AAG,_; between
0 and —1.11 kcal mol~1 when subjected to double mutant thermodynamic cycle analysis. To
test this hypothesis, protein A* variants with Ala or Leu at position 30 were synthesized,
again by using a native chemical ligation strategy47. G30A (A2-A) and G30A/F31¢ (E2-A)
for Ala, and G30L (A2-L) and G30L/F31¢ (E2-L) for Leu were used with the wild-type
(A1) and F31e (E1) variants of protein A*, which were already studied above, to enable the
desired double mutant thermodynamic cycle analyses.

Inserting the resulting free energies of folding (Fig. 3c and Supplementary Table 1) into the
double mutant cycle yielded values of AAG,._4 of —0.60 + 0.08 kcal mol~1 and —0.39 + 0.08
kcal mol~1 for the Ala and Leu mutations at position 30, respectively. Both of these values
are between 0 and —1.11 kcal mol™1, as expected. It is perhaps surprising that the
thermodynamic coupling energy between the side chain and amide-to-ester mutations is
slightly more negative for Ala (by —0.21 + 0.11 kcal mol~1) than it is for Leu. However, this
result is consistent with the results of Bai et al.48, who found that Ala and Leu have similar
abilities to protect amides on their C-terminal side from acid catalyzed hydrogen exchange
by steric blockage.

Limits on the polarity dependence of hydrogen bond strength

To further explore the influence of hydrophobic microenvironments on hydrogen bond
strength, we applied the double mutant cycle analysis to the region around Trpl11 of the Pin
WW domain. Pro8 and Trpl1l are residues i and i+3 of a type Il p-turn (Fig. 4a). The amide
NH of Trp 11 therefore makes a hydrogen bond to the amide CO of Pro8. This hydrogen
bond occurs between residues that are closer in sequence than in any of the cases described
above.

To determine whether this hydrogen bond behaves like the others examined in this study
upon a decrease in the polarity of its microenvironment, a double mutant thermodynamic
cycle was constructed. Mutating residue Gly10 to oPhe (the o configuration was used to
avoid a steric clash with Asn26, His27, and/or 11e28 in the native state) places a large,
hydrophobic side chain next to amide 10-11. Thus, the following Pin WW domain variants
enable the thermodynamic coupling energy to be determined after extracting their folding
free energies from GuHCI denaturation curves: wild type (Al), Wlle (E1), G10oF (A2),
and G10oF/W1lwm (E2). Note that these variants of the Pin WW domain contained the native
loop 1 sequence (-SRSSGR-). The folding free energies of these variants are displayed in
Figure 4b (the folding free energies of the wild type and W11 variants of the Pin WW
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domain were determined previously19,20). Inserting these folding free energies into the
double mutant thermodynamic cycle analysis yielded values of —1.12 kcal mol~1 for AG;
(from literature data19) and —1.13 + 0.06 kcal mol~2 for AG,. Since AG; and AG; are
almost equal, there is no thermodynamic coupling between the G10oF and W11® mutations.

Clearly, introducing a larger side chain on the N-terminal side of amide 10-11 has a
different effect on the folding free energy than the cases examined previously, indicating
that even the environmental dependence of hydrogen bond strengths may itself be context
dependent. We offer two explanations for this result. Given the sequence proximity of Trp11l
and Pro8, perhaps the most likely explanation is that the hydrogen bond between the amide
NH of Trp11 and the amide CO of Pro8 is at least partially formed in the denatured state, as
has been observed in both small peptide fragments and other proteins49-53. Thus, mutating
Gly10 to oPhe would increase the strength of this hydrogen bond in both the native and the
denatured states, muting the effect on the folding free energy. A second explanation is that
the oPhe side chain at position 10 could have adopted a conformation that left amide 10-11
solvent exposed. In either case, no thermodynamic coupling between the G10oF and W1lw
mutations would have been observed.

Discussion

Stronger hydrogen bonds vs. structural rearrangement

In the interpretation of our results, we have reasoned that the thermodynamic coupling
energies measured in the Pin WW domain and protein A* resulted from native state
hydrogen bonds becoming stronger in the all-amide variants with larger side chains (the A2
variants). Our results could alternatively be explained by structural rearrangements in the
native states of the amide-to-ester mutants that allowed water to hydrogen bond to the
acceptor carbonyl that is left unsatisfied by the amide-to-ester mutation (the amide CO of
Arg14 in the loop-1-modified Pin WW domain and the amide CO of GIn27 in protein A*).
Such rearrangements could provide better access to water in the amide-to-ester mutants with
small side chains (E1) than those with large side chains (E2), resulting in higher stability of
the E1 variants relative to the E2 variants, while the hydrogen bond strength remained the
same in the all-amide variants with small (A1) and large (A2) side chains. The difference
between the folding free energies of E2 and E1 (AGg; see Fig. 1) would then be positive,
whereas the difference between the folding free energies of A2 and Al (AGp; see Fig. 1)
would be close to 0. In this circumstance, negative values of AAG,_q (recall that AAG,_; =
AGy — AG1 = AGa — AGE; see Fig. 1) would arise largely from the positive value of AGE.

While the results of Blaber et al.54 with T4 lysozyme have demonstrated that structural
rearrangements can make it possible for water to compensate for lost hydrogen bonds in the
interior of a protein, we nevertheless believe that the dependence of hydrogen bond
strengths on microenvironment polarity is primarily responsible for the thermodynamic
coupling energies we observe for the following reasons. First, Alber et al.55 have shown,
also in T4 lysozyme, that mutational elimination of a hydrogen bond sometimes simply
leaves the remaining donor or acceptor unsatisfied. In fact, a survey of protein crystal
structures by McDonald and Thornton showed that a small, but substantial, percentage of
main chain donors and acceptors, ~1.3% for NH groups and 1.8% for CO groups, are
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unsatisfied56 (it should be noted, however, that Fleming and Rose have suggested that
unsatisfied hydrogen bond donors and acceptors are even less common57). Second, and
more importantly, none of the E1 variants are substantially more stable than the E2 variants
in the double mutant cycles examined herein (see Fig. 2c, Fig. 3c, and Supplementary Table
1). In the loop-1-modified Pin WW domain variants, the E1 and E2 variants are nearly
equally stable (-1.52 £0.02 vs. —1.42 + 0.05 kcal mol~1, respectively; AGg = 0.1 + 0.05 kcal
mol™1); in the protein A* variants the E1 variants are actually less stable than the E2 variants
(-3.47 £ 0.03 vs. —=3.67 £ 0.04 for E2-A, —3.77 + 0.06 for E2-L, and —4.73 + 0.07 kcal
mol~1 for E2-F; AGEg = -0.20 + 0.05, -0.30 + 0.07, and —1.26 + 0.08 kcal mol™1,
respectively). Thus, it seems unlikely that a structural rearrangement that allowed water to
compensate for lost hydrogen bonds could have occurred in the E1 variants. The negative
values of AAG,_, for both the loop-1-modified Pin WW domain variants and the protein A*
variants instead seem to be better explained by increased hydrogen bond strengths in the A2
variants, in which the hydrogen bonds in question are embedded in less polar
microenvironments.

The above arguments notwithstanding, the possibility of structural rearrangements that
compensate for lost hydrogen bonds can be rigorously excluded only by high-resolution
structures of E1 and E2. Despite substantial effort, we have been unable to obtain such
structures. We therefore suggest that the observed thermodynamic coupling energies should
be considered upper limits on the effect of microenvironment polarity on hydrogen bond
strengths. If rearrangements that enabled solvent to compensate for lost hydrogen bonds
actually took place in the E1 variants, the values of AAG,_; would overestimate the true
increases in hydrogen bond strengths by an amount equal to the stability difference between
the normal and rearranged structures of E1 (which is in turn equal to the difference between
the energetic cost of losing a hydrogen bond in the normal native state and the energetic cost
of the strain induced by the conformational changes in the rearranged state).

Denatured vs. native state effects

Another alternative explanation for our results is that shielding of amide groups from water
in the denatured state decreases the desolvation energy of the amides, thereby stabilizing the
native state. Denatured state effects certainly could make some contribution to the observed
thermodynamic coupling energies. However, it is unlikely that denautured state effects could
outweigh native state effects in our double mutant thermodynamic cycles. Bai and
Englander58 have suggested that amide shielding in the denatured state should stabilize the
native state by no more than 0.2 kcal mol~2. This amount of energy can account for small
effects, like the differences among the -sheet propensities of the amino acids58, but not the
large thermodynamic coupling energies that are reported above. Our thermodynamic
coupling energies are more in line with the differences in hydrogen bond enthalpies
observed by Franzen and Stephens59 for N-methylacetamide in cis-dichloroethylene
(dielectric constant = 9.13, AH = —1.6 kcal mol™1) and the much less polar trans-
dichloroethylene (dielectric constant = 2.25, AH = —3.2 kcal mol™1). This observation is
consistent with our thermodynamic coupling energies originating in changes in the hydrogen
bond’s native state microenvironment. It should be kept in mind, however, that denatured
state effects could be important in some instances. For example, detergents like SDS are
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often used to unfold membrane proteins13. In the environment of SDS micelles, hydrogen
bonds formed in the denatured state could be stronger than typical solvent-protein hydrogen
bonds.

Energy increment upon hydrogen bond burial

The thermodynamic coupling energies determined from our double mutant thermodynamic
cycles are summarized in Table 1. The data in Table 1 show that the average thermodynamic
coupling energy measured herein is roughly —0.7 kcal mol™1, but can range from 0 to almost
-1.2 kcal mol~L. As discussed above, these energies can be taken to be upper limits on the
increase in hydrogen bond strength when the polarity of the microenvironment is decreased.
Thus, these results demonstrate not only that the effect of microenvironment polarity on
hydrogen bond strength can be quite large, but also that it can vary considerably. This
finding is consistent with literature data. The last row in Table 1 shows the difference
between the average changes in folding free energies (AAGk values) for buried and exposed
amide-to-ester mutants from previous studies (see Supplementary Table 2; note that, for
simplicity, only amide-to-ester mutations in which the affected amide donates, but does not
accept, a hydrogen bond are used). This difference is —1.1 kcal mol~2, which is consistent
with the largest of the thermodynamic coupling energies that we report. In addition, this
difference has a large standard deviation, again consistent with our results. It is worth noting
that this large standard deviation primarily results from the variability in AAGs values for the
amide-to-ester mutations at buried sites; at exposed sites, the AAG¢ values are more
narrowly distributed (see Supplementary Table 2). This observation again emphasizes the
context dependence of hydrogen bond strengths.

Implications for studies of protein folding

We have demonstrated that under some circumstances, introducing a hydrophobic side chain
at the surface of a protein can stabilize either helix- or sheet-rich proteins by up to 1.2 kcal
mol~1, most likely by increasing the strength of a nearby hydrogen bond in the native state.
Thus, the effect of context dependence on hydrogen bond strengths can be a substantial
fraction of the overall free energies of protein folding, which are typically1,60 between -5
and —20 kcal mol~1. Thus, burial or solvent exposure of a few hydrogen bonds near the
surface of a protein can dramatically stabilize or destabilize a protein’s native state,
respectively11,12. Understanding this point is likely to be important for a number of
practical problems, including protein structure prediction, protein engineering, and the
design of foldable, non-protein polymers.

When local hydrophobicity and hydrogen bonding are thermodynamically coupled, it creates
an energetic “hot spot” that buttresses the native state against unfolding. It is equally
important to recognize, however, that placing hydrophobic side chains close to hydrogen
bonded amides favors the native state in some, but not all, cases. Defining the conditions
that must be met to observe cooperativity between hydrophobic environments and hydrogen
bond strengths is an important future undertaking that will require close collaboration
between theory and experiment.
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Methods

Protein preparation

We synthesized the all amide sequences of the Pin WW domain on an ABI 433 peptide
synthesizer using Fmoc/tBu chemistry. We prepared the ester mutants through a solid-phase
Boc strategy as described previously16. To ensure that the double mutant is well-folded,
some Pin WW domain variants (V22Y23, A22Y23, V22y23 and A22y23) incorporated the
5-residue FBP loop 1 sequence —SADGR- instead of the 6-residue Pinl loop 1 sequence —
SRSSGR-. The shortened loop increases the thermodynamic stability of Pin WW domain by
2.3 kcal mol~1 (ref. 26). The sequences of the Pin WW domain variants used in the V22A/
Y23y double mutant cycle were:

6 11 21 31
A2: KLPPG WEKRMSAD-G RVYYFNHITN ASQWERPSG
Al: KLPPG WEKRMSAD-G RAYYFNHITN ASQWERPSG
E2: KLPPG WEKRMSAD-G RVyYFNHITN ASQWERPSG
El: KLPPG WEKRMSAD-G RAwYFNHITN ASQWERPSG

The sequences of the Pin WW domain variants used in the G10oF/W11w double mutant

cycle were:
6 1 21 31
ALl: KLPPG  WEKRMSRSSG RVYYFNHITN ASQWERPSG
A2: KLPPoF WEKRMSRSSG RVYYFNHITN ASQWERPSG
El: KLPPG  @EKRMSRSSG RVYYFNHITN ASQWERPSG
E2: KLPPoF ®EKRMSRSSG RVYYFNHITN ASQWERPSG

We carried out the chemical synthesis of 60-residue protein A* through a fragment

condensation strategy47 enabled by mutation of solvent exposed Ser34 to Cys. We

synthesized N-terminal fragments (T1-Q33-COSR) on S-trityl-$-mercaptopropionyl-Leu-
Pam resin through a Boc chemistry strategy. Automated peptide synthesis yielded C-

terminal fragments (C34-A60), which we ligated to N-fragments to give intact protein A*.
The sequences of the protein A* variants used in the double mutant cycles were:

1 11 21 31 41 51
Al: TADNKFNKEQ OQNAFWEILHL PNLNEEQRNG FIQCLKDDPS QSANLLAEAK KLNDAQAPKA
A2-X: TADNKFNKEQ QNAFWEILHL PNLNEEQRNX FIQCLKDDPS QSANLLAEAK KLNDAQAPKA
El: TADNKFNKEQ OQNAFWEILHL PNLNEEQRNG ¢IQCLKDDPS QSANLLAEAK KLNDAQAPKA
E2-X: TADNKFNKEQ QNAFWEILHL PNLNEEQRNX ¢IQCLKDDPS QSANLLAEAK KLNDAQAPKA
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For A2-F and E2-F, X = F; for A2-A and E2-Ala, X = A; and for A2-L and E2-L, X =L, We
purified all protein variants by RP-HPLC and size exclusion chromatography to give >95%
purity and chemical identity confirmed by ESI-MS.

Structure characterization

We subjected chemically synthesized Protein A* and Pin WW domain variants to
spectroscopic analysis to ensure that they adopted native-like structures. Analytical
ultracentrifugation experiments confirmed that the protein variants are monomeric under the
experimental conditions used. We compared circular dichroism spectra, Trp fluorescence
emission, and NMR spectra (both 1D 'H NMR and 2D 1H-'H NOESY data) of the mutants
to those of the wild type to confirm their structural similarity.

Assessing the thermodynamic stability

We measured the thermodynamic parameters of all protein variants through guanidine
hydrochloride denaturation experiments19,20. We monitored the denaturation process by
both circular dichroism (ellipticity 222 nm for protein A* and 227 nm for Pin WW domain
variants) and Trp fluorescence (fluorescence intensity a 355nm for protein A* and
fluorescence intensity ratio 355 nm / 342 nm for Pin WW domain). We obtained essentially
identical results from the two different methods. Fitting the denaturation curves to a two-
state model, with pre- and post-transition baselines determined by independently fitting the
pre- and post-transition regions of the denaturation curves to straight lines, yielded the Cy,
m values and folding free energies AG¢ of all protein variants. Examples of the denaturation
data are shown in Supplementary Figure 5.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Double mutant cycle design
Amide-to-ester mutation of the backbone perturbs hydrogen bonding while traditional side

chain mutation of a nearby residue perturbs microenvironment polarity. The differences in
the free energies of folding of the pairs of mutants A1/E1 and A2/E2, AG; = AGs a1 —
AGs g1 and AG; = AGt a2 — AGk g2 respectively, primarily (but not exclusively) reflect the
strength of the hydrogen bond lost in the context of a smaller, less hydrophobic side chain
(AL/EL) or a larger, more hydrophobic side chain (A2/E2). The differences in the free
energies of folding of the pairs of mutants A2/Al and E2/E1, AGp = AGs a2 — AGs A1 and
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AGE = AGy g2 — AG g1 respectively, primarily reflect the effect of the side chain on folding
free energy in the presence or absence of the hydrogen bond(s) formed by the amide of
interest. The thermodynamic coupling energy, AAGy_1 = AG, — AG; = AGp — AGE reflects
the effect of the microenvironment on hydrogen bond strength (barring a structural
rearrangement in the amide-to-ester mutants): if it is negative, the hydrogen bond is stronger
in the more hydrophobic microenvironment; if it is positive, the opposite is true; finally, if it
is 0, then either the hydrogen bond is unaffected by its microenvironment or its
microenvironment does not change upon folding.
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Figure 2. Environmental dependence of hydrogen bond strength in the loop-1-modified Pin WW
domain at Tyr23

(a) Structure of the Pin WW domain (pdb ID 1PIN, rendered using PyMol) shown as space
filling spheres. The spheres are transparent to reveal the backbone (sticks). The hydrogen
bonds defining the 3-stranded [-sheet are shown as thick dashed lines. The region around
residues 22 and 23 is enlarged to show the side chains and hydrogen bond that are perturbed
in the double mutant cycle. The isopropyl side chain of Val22 is outlined in black. (b)

1D IH-NMR spectra of the loop-1-modified Pin WW domain variants used in the double
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mutant cycle. (c) Bar graph displaying the thermodynamic data for the double mutant cycle
in kcal mol™1 (note the reverse scale). Shown are the free energies of folding of the four
variants in the double mutant cycle, and the free energy differences between Al and E1
(AGy), and A2 and E2 (AGy). The thermodynamic coupling energy (AAG,_1 = AG, — AGy)
is indicated in red.
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Figure 3. Environmental dependence of hydrogen bond strength in protein A* at Phe31
(a) Structure of the B domain of protein A (pdb ID: 1SS1, rendered using PyMol) shown as

space filling spheres. The spheres are transparent to reveal the backbone (sticks). The
hydrogen bonds defining the three a-helices are shown as thick dashed lines. The region
around residues 30 and 31 is enlarged to show the side chains and hydrogen bond that are
perturbed in the double mutant cycle. The potential of a larger side chain on residue 30 to
occlude the hydrogen bond formed by the NH of Phe31 is illustrated by the shaded circle.
(b) 1D H-NMR spectra of the protein A* variants used in the double mutant cycles. (c) Bar
graph displaying the thermodynamic data for the double mutant cycles in kcal mol= (note
the reverse scale). Shown are the free energies of folding of the eight variants in the three
double mutant cycles (in which Gly30 is replaced by Ala, Leu, or Phe), and the free energy
differences between Al and E1 (AG;), A2-A and E2-A (AG,”), A2-L and E2-L (AG,Y), and
A2-F and E2-F (AG,F). The thermodynamic coupling energies (AAG,_1X = AGyX — AGy)
are indicated in red. (d) 1H-IH NOESY and TOCSY spectra of G30F showing inter-residue
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cross peaks between aromatic protons of Phe30 and Phe31. Cyan lines connect the relevant
intra- and inter-residue cross peaks. The critical Phe30-Phe31 NOEs are circled.
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Figure 4. Environmental dependence of hydrogen bond strength in the Pin WW domain at

Trpll

(a) Enlargement of the region of the Pin WW domain around residues 10 and 11, showing
the side chain and hydrogen bond that are perturbed in the double mutant cycle. The
potential of a larger side chain on residue 10 to occlude the hydrogen bond formed by the
NH of Trpl1l is illustrated by the shaded circle. (b) Bar graph displaying the thermodynamic
data for the double mutant cycle in kcal mol~1 (note the reverse scale). Shown are the free
energies of folding of the four variants in the double mutant cycle (note that the values for
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Al and E1 were determined previously19), and the free energy differences between Al and
El (AG;), and A2 and E2 (AG,). The thermodynamic coupling energy is close to 0, as
indicated in red.
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Table 1

Summary of the thermodynamic coupling energies determined herein and comparison to literature data (s.d. =
standard deviation, s.e. = standard error.)

Double mutant cycle AAG,_; (kcal mol™1)
Loop-1-modified Pin WW domain -1.17

Protein A*, G30A -0.60

Protein A*, G30L -0.39

Protein A*, G30F -1.11

Wild-type loop 1 Pin WW domain -0.01

Average -0.66, s.d. =0.49, s.e. =0.22

Difference between average literature AAG; values for buried and exposed amide-to-ester mutants® -1.08,5.d.=133,se.=054

aData from Supplementary Table 2. Mutations at sites with fractional backbone exposure < 0.20 were defined as buried.
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