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ABSTRACT. Experimental and theoretical double-mutant cycles have been used to investigate a salt bridge
in the N-terminal domain of the protein L9. Aspartic acid 23 is the only acidic residue involved in a
well-defined pairwise interaction, namely, a partially solvent-exposed salt bridge with the protonated
N-terminus of the protein. Mutations were studied in which Asp 23 was substituted by alanine, asparagine,
and nitrile alanine. Interactions with the N-terminus were probed by comparisons between proteins with
a protonated and acetylated N-terminus. The mutants were all folded, and the structures were unchanged
from wild type as judged by CD and 2-D NMR. The coupling free energy between the N-terminus and
the side chain of Asp 23 measured through double-mutant cycle analysis was favorable and ranged from
—0.7 to —1.7 kcal mot?, depending upon the set of mutants used. This relatively large coupling free
energy for a surface salt bridge likely arises from geometric factors that reduce the entropy loss associated
with salt-bridge formation and from structural relaxation in the mutants. Coupling free energies computed
with continuum electrostatic calculations agreed well with the experimental values when full account was
taken of all potential interactions, particularly those involving Asp 23 and the acetylated N-terminus as
well as interactions with solvent. The measured and calculated coupling free energy decreased only slightly
when the salt concentration was increased from 100 to 750 mM NaCl. The calculations suggest that the
coupling free energy between D23 and the N-terminus measured through the experimental double-mutant
cycle analysis is significantly smaller than the actual interaction free energy between the groups in the
wild-type structure because of the inapplicability of assumptions frequently used to interpret double-
mutant cycles.

The role of electrostatic interactions in protein stability to their mesophilic counterparts as a possible source of
and folding is a topic of great interest<9). Particular increased thermostabilityt §—23). Electrostatic interactions
attention has been focused on the role of salt bridges ininvolving surface residues have also received considerable
protein stability (0—18). Recent experimental and compu- attention as target sties for mutations designed to rationally
tational studies have suggested that, in some cases, saltabilize proteinsZ4—28).
bridges may not always provide substantial stability enhance-  gjgcrostatic interactions can be studied by a variety of
ments beyond that conferred by hydrophobic interactions yochniques. A particularly useful approach is to employ
involving groups of similar sizeld, 16, 18). A number of 4o pje-mutant cycles to measure the coupling free energy
studies have investigated the role of increased or enhanceq)veen the groups by mutating the residues of interest
electrostatic interactions in thermophilic proteins as Comparedseparately and concurrentlgQ 29). Under ideal circum-

stances, the coupling free energy can be associated with the
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Surface Salt Bridges and Protein Stability

Ficure 1: Structure of NTL9 with the side chain of Asp 23 and

the free N-terminus shown in ball-and-stick format. (A) Combined
NMR and X-ray structure. (B) 18 member NMR ensemble. Drawn
with Weblab Viewer Lite (MSI Inc).
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distributed throughout the 3-D structure and titrate indepen-
dently of each other35). A well-defined salt bridge is
formed between Asp 23 and the free N-terminus. In the joint
X-ray/NMR structure, the terminal nitrogen is 2.66 A from
the proximal carboxylate oxygen of the Asp 23 side chain.
These groups lie at the surface of the protein, but they are
not completely solvent accessible. The protonated N-terminus
has a solvent accessibility of only 2.5%, while the Asp side
chain is 75% accessible. The two groups are well-isolated
from other charged residues. Only one basic group, Lys-12
at 8 A distance, is within 14 A of the N-terminus, and D23
is the only acidic group within 10 A of the N-terminus. E38
is the only acidic residue within 14 A of D23. Tkeamino
group of K2 & 9 A from the D23 side chain, while all other
basic residues are more than 11 A distant.

MATERIALS AND METHODS

Materials. PAL resin was purchased from Perseptive
Biosytems (Framingham, MA). HATU was purchased from

of functional groups within a protein. Only if circumstances Advanced Chemtech (Louisville, KY). Fmoc-protected amino
are ideal can a Coup”ng free energy measured throughaCidS were pUrChased from Advanced Chemtech and Per-
double-mutant cycle analysis be associated with an inter- Septive Biosystems. 0 and sodium 3-trimethylsilyl (2,2,3,3-
action free energy. The interaction free energy measured inds) propionate were purchased from Cambridge Isotope
this way is sometimes equated with the net contribution that Laboratories (Andover, MA). All other solvents and reagents
the salt bridge makes to the stability, but this is misleading Were purchased from Fisher Scientific (Springfield, NJ).
since the double-mutant cycle analysis attempts to cancel Peptide Synthesis and Purificatiomhe proteins were
the desolvation penalty of each of the side chai@.(Said prepared by solid-phase synthesis using a Millipore 9050
another way, the ideal double-mutant cycle result is the Plus automated peptide synthesizer and standard Fmoc
screened interaction free energy of the bridging side chainschemistry. The proteins were purified by reverse phase high-
in the folded state, which is clearly only part of the effect of pressure liquid chromatography (HPLC) using a C4 prepara-
these residues on protein folding. Typically, only modest free tive column. All of the proteins were greater than 95% pure
energy values are measured for salt bridges involving surfaceas judged by analytical HPLC. Variants containing nitrile
residues, as assessed through double-mutant cyclekand p alanine (in which a cyano group replaces the side chain
shifts 6, 6, 10—13, 17, 29). Notable exceptions are the carboxylate) or asparagine at position 23 were generated by
partially buried salt bridge in T4 lysozyme, which has a solid-phase peptide synthesis. Incorporating Fmoc-Asn with-
measured coupling free energy 68 to —5 kcal mol*and out side chain protection at position 23 generated the nitrile
a surface salt bridge in a hyperthermophilic rubredoxin Ala analogue via the dehydration of the side chain during

variant, which has a measured coupling free energy- of
1.5 kcal mof? (30—32).

The usefulness of double-mutant cycles is that, in principle,
they allow the isolation of specific interactions in the absence

Fmoc removal. A mixture of peptides resulted. One contained
nitrile alanine at position 23, and the other contained an
asparagine. The two were separated by reverse phase HPLC.

The identities of the proteins were confirmed by matrix

of background or context effects. Here, we use double-mutantassisted laser desorption ionization time-of-flight mass
cycle analysis to investigate the role of a partially exposed spectroscopy (MALDI-TOF). The calculated and observed

salt bridge in the stability of the N-terminal domain of the
ribosomal protein L9 (NTL9}.Through a detailed compari-

molecular weights were NTL9 calculated 6218 Da, observed
6217 Da; the acetylated variant (NTAS calculated 6260

son of experiment and calculation, assumptions generally Da, observed 6263 Da; NTL9 D23N calculated 6217 Da,
used to interpret double-mutant cycles were tested. NTL9 is observed 6217 Da; the variant with an Asn at residue 23

a small mixedo.—f protein that folds in a two-state fashion
(Figure 1) 83, 34). It is a basic protein containing 12 basic

and an acetylated N-terminus (NTL9 D23\ calculated
6259 Da, observed 6261 Da; NTL9 D23A calculated 6191

residues and six acidic residues. The acidic residues are well-Da, observed 6183 Da; D23Acalculated 6233 Da, observed

1 Abbreviations: 2-D, two-dimensional; CD, circular dichroism;
Fmoc, Na-9-fluorenylmethyloxycarbonyl; HATUQO-(7-azabenzotri-
azole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate; HPLC,
high-pressure liquid chromatography; MALDI-TOF, matrix assisted
laser desorption ionization time-of-flight; NMR, nuclear magnetic
resonance; NTL9, N-terminal domain of the ribosomal protein L9 from
Bacillus stearothermophiki comprising residues -156; NTL9Ac,
N-terminal domain of the ribosomal protein L9 with an acetylated
N-terminus; NTL92scn N-terminal domain of the ribosomal protein
L9 with Asp-23 replaced by an nitrile alanine; PAL, polystyrene Fmoc
support for peptide amides; TFA, trifluoroacetic acid; TOCSY, total
correlation spectroscopy.

6225 Da; the variant with the side chain carboxylate of Asp
23 replaced by nitrile (NTL9 D23CN) calculated 6199 Da,
observed 6195 Da; and NTL9 D23GNcalculated 6241 Da,
observed 6244 Da.

Circular Dichroism Spectroscopgircular dichroism (CD)
experiments were performed on an Aviv Model 62A DS CD
spectrometer equipped with a Peltier temperature control
system. All of the CD experiments were performed using a
buffer of 100 or 750 mM sodium chloride and 10 mM
sodium phosphate (pH 5.4); protein concentrations were in
the range of 25425 uM. Temperature denaturation experi-
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ments were performed over the range 63 °C, with two Gaussian 98 implementation of 6-3t G* was used to
degree steps and a 45 s equilibration time and were followedcalculate the electrostatic surface potential on a grid (Gauss-
at 280 nm. Thermal denaturation was greater than 90%ian 98, Revision A.7, Gaussian, Inc., Pittsburgh PA, 1998).
reversible. Urea denaturation experiments were followed at A two-stage restrained electrostatic potential fitting procedure
a wavelength of 222 nm. The concentration of urea was was used to assign atomic charges as described by Bayly et
determined by refractometri3§). The thermal and chemical al. (38). The resulting charge distribution was adjusted
unfolding curves were fit to the standard expressions for two- slightly to balance charge for the residue while emulating
state transitions using a method that explicitly accounted for the standard backbone charges from both the PARSE and
the baselines3). the CHARMM parameter set (Table 1). Bond lengths and
NMR SpectroscopyNMR experiments were performed angles were taken from the geometry optimization. Other
using a Varian INOVA 500 MHz spectrometer. Thig of parameters were estimated from values in PARAM19. The
the Asp 23 in NTL9 Ac was determined by recording a set parametrization is shown in Table 1.
of nine TOCSY spectra between pH 2.2 and 6.8 yOH Electrostatic CalculationsA modified version of the
The chemical shifts of the Asp 2B-protons could be  DELPHI computer program was used for continuum elec-
followed throughout the titration. Plots of chemical shift trostatic calculations as described previoug9-41). The
versus pH were fit to the standard Hendersétasselbalch PARSE parameter set of charges and atomic radii augmented
equation. with charges derived quantum mechanically for nitrile alanine
Modeling. Two sets of structures were used in the were used42). The protein dielectric constant was 4, the
calculations. The first was a single structure of NTL9 solvent dielectric constant was 80, and solvent ionic strengths
determined though a combination of X-ray crystallography, of 0, 100, or 750 mM were used. The Poisson equation or
and the second was the 18-member NMR ensemble. Modelghe linearized PoisserBoltzmann equation was solved using
for the mutant proteins were derived by building the a 2 A Stern layer and a water probe radius of 1.4 A to
appropriate groups into the wild-type structures and minimiz- describe the molecular surface. A calculation with Debye
ing the energy using the CHARMM program (Figure 3Y) Huckel boundary conditions in which the molecule filled
Changes to the wild-type structure to generate models of the23% of the grid was used to provide the boundary condition
mutant NTL9 were conservative. Namely, the model for for a final calculation in which the molecule filled 92% of
D23A was created by simple truncation. Models for D23N the 159x 159 x 159 grid (final grid spacing of 0.249 A).
and D23CN were created from D23A by building new atoms  Accessible Surface Area Calculatioif® compute solvent
onto theS-carbon at position 23 and minimizing only the accessible surface areas, solvation radii from the ACCESS
new residue. The model for D23Awas generated from the  parameter set were assigned to each structure according to
D23A model structure by building the acetyl group, rotating CHARMM atom type 43, 44). The solvent accessible
the acetyl group to optimize potential hydrogen bonding surface area was determined in CHARMM with a probe of
interactions of the amide hydrogen with the carbonyl of 1.4-A radius. The free energy contribution was taken to be
residue 21, and adjusting the torsions of Asn 20 to remove 25 cal mot® A=2 for the burial of surface area.
a steric clash with the increased N-terminal bulk while  Computational Analysis of Double-Mutant Cyclé&he
forming potential hydrogen bonds with the backbone, Lys computational calculation of the coupling free energy
2, and the new acetyl. Finally, this structure was allowed to measured experimentally via double-mutant cycle analysis
relax by minimizing the acetyl and Asn 20. Models for involves the sum of five terms. First, the electrostatic
NTL9ac, D23Nac, and D23CN. were built starting from the  desolvation penalty of each of the two groups being probed
D23Aa; model by building new atoms onto tifiecarbon of ~ (AG****"and AG’****" was computed through differences
position 23 in standard geometry and minimizing the new in the bound and unbound state models of half of each
residue. The energy associated with the change in Asn 20group’s interaction with its own reaction field. Second,
conformation was not calculated because it canceled in anyelectrostatic interactions between the two groups being
double-mutant cycle that included a pair of acetylated probed AGP999 were computed as the interaction of one
models. Models of the mutant structures built from the single group with the reaction field from the other. This bridge
combined X-ray/NMR structure are shown in Figure 2. energy was independent of the group used to generate the
Molecular mechanics parameters were taken from the reaction field because of reciprocity. Third, intramolecular
CHARMM PARAM19 set where possible and augmented electrostatic interactions between each of the probed groups
with quantum mechanical calculations for groups outside of and the rest of the proteil\G*****" and AGOdE‘SO"j were
PARAM19 37). For the nitrile alanine side chain, parameters computed through the interaction of the bystander groups
were derived through the use of constrained quantum with the reaction field of each of the probe groups. Fourth,
mechanical geometry optimization and restrained electrostaticindirect effects because of changes in the interactions of
potential fitting. Namely, the geometry optimization con- bystander groups with solvent resulting from shape changes
strained the backbone torsions to the values seen in the singlgAGPndrecy \were computed through the differential interaction
protein model, while the torsions involving side chain atoms of the set of bystander groups with their own reaction field.
were optimized. The fixed backbone was used to ensure thatFifth, changes in the nonelectrostatic contributioh&{ne'ey
the product was applicable to the protein site. The model were estimated as 25 cal m&A 2 of the solvent accessible
for the nitrile alanine residue replaced tlecarbon of surface area difference.
adjacent residues with freely rotating methyl groups. The
geometry optimization was performed using Hartr€eck RESULTS
with the 6-31G** basis set using the Jaguar program Design and Structural Characterization of the Mutants.
(Schrodinger, Inc., Portland, OR, Jaguar 3.5, 1998). A This study investigated a salt bridge between the side chain
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ranged from+1.5 to —1.0 ppm. GH chemical shifts are

very sensitive to environment, and the lack of large changes
Partial charges ) relative to th_e wild-type protein proyided evidence tha}t there
atom CHARMM DELPHI rgf)” (keal bond A2 (kcgorggﬁl”ggz) were no major structural changes in the mutants. Wild-type
chemical shifts have been reported previously; additional

Table 1: Parametrization of Nitrile Alanine

Force constants

H _8'28 _%‘i% 1150 assignments for the alanine family of mutants are provided
o 0.05 000 2.0 GCsC, 315.0 in the Supporting Informatior3@). Additional evidence for

Cs 0.16 016 20 €C,450 the structural integrity of the mutants was provided by the
c 0.34 084 17  GNp1200 Cs CgN»1000.0 observation of a set of distinctive ring current shifted methyl
Ny —050 -050 15 ' resonances in all of the spectra. Our NMR chemical shift
C 0.55 055 17 data do not provide detailed information about the local
o —055  —055 14 structure at the site of the mutation(s) but do clearly indicate

that the global fold is very similar. Consequently, we used

of Asp 23 and the protonated N-terminus of the main chain. the wild-type structure to generate model structures of the
The ideal double-mutant cycle involves mutations that various individual and double mutan@Generation of models
remove only the interaction of interest and do not alter other involving nitrile alanine required the development of a set
interactions or introduce new interactions. In practice this is of parameters for this unnatural amino acid. The process is
often difficult to achieve, and in general it is difficult to test described in detailed in the Materials and Methods, and the
if these conditions, which are inherent to the analysis of all parameters are listed in Table 1. Models of the mutant
double-mutant cycles, are met. Disruption of the salt bridge structures built from the combined X-ray/NMR wild-type
was achieved by three separate changes to the aspartate sidgdructure are shown in Figure 2. The wild-type structure is
chain. Mutation to alanine removed the electrostatic inter- shown in Figure 2A, the D23N mutant in Figure 2B, N9
action with the N-terminus and also eliminated the hydrogen in Figure 2C, and the double mutant in Figure 2D. Also
bonding capability of the side chain. In addition, since an shown are the models for D23CN and D23A. In the D23A
Ala side chain is smaller than an Asp side chain, van der model, only one interaction strongly differed from wild type,
Waals and solvation interactions may also have beennamely, the lack of an electrostatic interaction between Ala
modified, and the additional space may have permitted 23 and the N-terminus. The truncation of the Asp side chain
neighboring groups to repack. The Asn mutation was more also allowed for greater solvation of the N-terminus (Figure
conservative, removing the charge but preserving the ability 2F). In D23N, the Asn side chain hydrogen bonded to the
to hydrogen bond with little change to size or shape. Using N-terminus (Figure 2B), but in D23CN a favorable inter-
solid-phase peptide synthesis, we generated a third mutanaction with the N-terminus was not found (Figure 2E). In
in which Asp 23 was changed to nitrile Ala (i.e., the all models with an acetylated N-terminus, the acetyl oriented
carboxylate group of the Asp side chain was replaced with itself to maintain a favorable polar interaction with carbonyl
a cyano (&N) group). The change removed the net charge, 21, while Asn 20 moved to allow packing of the new acetyl
but nitrile Ala is still polar and is a more isosteric substitution and to form favorable interactions with the acetyl carbonyl,
than is Ala. It is extremely difficult to introduce a conserva- Lys 2, and its own amide backbone. When rebuilt in the
tive mutation to the N-terminus. In an ideal scenario, the presence of the acetylated N-terminus, the side chain of the
terminal amino group might be changed to a methyl group; aspartic acid, asparagine, and nitrile alanine residue did not
however, this is synthetically nontrivial. Only one type of interact directly with the N-terminal acetyl because of steric
alteration was made to the N-terminus, namely, acetylation constraints (Figure 2D).
(through solid-phase synthesis), which removed the net Equilibrium Unfolding Experiments and Double-Mutant
charge but added both bulk and a potential hydrogen bondCycle Analysisthe Salt Bridge Has a Strong karable
donor. All combinations of single and double mutants were Interaction Free EnergyThe free energy of stabilization was
prepared. determined by a series of urea denaturation experiments in

The wild-type protein is designated NTL9, and acetylated 100 mM NaCl and 10 mM phosphate at 26. Urea was
variants are denoted by an Ac subscript. The variants with used rather than guanidine hydrochloride to avoid ionic
Asp 23 replaced by nitrile Ala (i.e., the carboxylate replaced strength effects. The conditions were chosen to allow
with a CN group) are denoted D23CN. Three double-mutant comparison with our previous investigations of this protein.
cycles were studied. The single mutants were N\ELD23N, The m values for all of the mutants were very close to the
D23A, and D23CN, where the free N-terminus was acety- value of the wild typeM values report on the difference in
lated, the aspartic acid residue was changed to an asparaginsolvent accessible surface area between the native and the
or an alanine, or theg-position of the aspartic acid was unfolded states4, 46). The good agreement among time
changed to a cyano group, respectively. The double mutantsvalues coupled with the observation that the native structures
are designated as D23N D23A.., and D23CN; all are all very similar provides some indirect evidence that the
contained an acetylated N-terminus along with the indicated mutations do not significantly perturb the unfolded state
substitutions at position 23. All variants were studied using ensemble47, 48). The stability estimated by urea denatur-
2-D 'H NMR spectroscopy. The {l chemical shifts of the  ation agrees well with the stability extrapolated from thermal
variants were all similar to the wild-type values except in denaturation data using the Gibtidelmholtz relationship
the region of the mutation. The deviations ighCchemical and with the stability estimated by amide H/D exchange
shifts, excluding residues near the site of the mutation, weremeasurements4@). Thus, urea denaturation provides a
within 0.1 ppm of the wild-type values. In contrast, the simple and robust method for estimating the stability of
deviation between the wild-type and the random-coil values NTL9 and its variants.
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Table 2: Summary of Equilibrium Stability Measurements for Wild-Type NTL9 and the Salt-Bridge Mutants in 10 mM Sodium Phosphate, pH
5.4 at 25°C with (A) 100 mM NaCl or (B) 750 mM Nagl

A. 100 mM NaCl
Tm AGfO (H20) m AAGfO(Hzo)
protein (°C) (kcal mol™) (kcal moirt M%) [ureakoss (kcal moi™)
NTL9 77 —4.454+ 0.3 0.72 6.18
NTL9ac 56 —2.02+0.2 0.64 3.16 2.43
NTL9 D23N 67 —3.73+0.1 0.70 5.33 0.72
NTL9 D23Nac 57 —2.00+0.3 0.68 2.94 2.45
NTL9 D23A 72 —3.994+0.13 0.69 5.78 0.46
NTL9 D23Axc 63 —3.27+£0.2 0.75 4.36 1.18
NTL9 D23CN 61 —2.954+0.25 0.71 4.15 1.50
NTL9 D23CNxc 56 —2.1840.2 0.72 3.03 2.27
B. 750 mM NaCl
AGt O(Hzo) m AAGt O(Hzo)b
protein (kcal mol?) (kcal moirt M%) [ureakos (kcal moi™)
NTL9 —4.814+0.16 0.62 7.76
NTL9Ac —2.40+0.1 0.66 3.64 2.41
NTL9 D23A —4.30+ 0.43 0.60 7.17 0.51
NTL9 D23Axc —3.53+0.2 0.69 5.12 1.28

a AG0 (H:0) is the free energy of folding in the absence of denaturant. [ss5€8] the concentration of urea at the midpoint of the unfolding
transition. Thet values associated with eaddG:0 (H.O) represent the standard error to the fit. The precision of the mea$uiedre 1.0°C or
better.b Relative to wild type in 750 mM NaCl (i.eAAG? (H,0) = AG (mutant, HO, 750 mM NaCl)— AG; %(wild type, H,O, 750 mM NaCl).

difference of one K, unit between wild type (K, = 3.04)
and the NTLQ. variant (K, = 4.01).

The coupling free energy between the Asp 23 side chain
and the free N-terminus\AGC%ouping Was calculated from
the experiments using eq 1, whek&°yr, AG%z3x, AGc,
and AGPpaax ac are the free energies of folding for the wild-
type protein, the two single mutants, and the double-mutant
protein, respectively. The subscript D23X refers to the
different replacements of the D23 side chain.

0.75

0.5

0.25

Fraction Unfolded

AAGOcoupling= (AGOWT - AGOD23X,A(‘) -
[(AGpyax — AGppax ad + (AG%s — AG p5¢20] (12)

Urea (M) The relationship can be rearranged to give the somewhat

) ) simpler form
Ficure 3: Urea unfolding curves for the Ala based family of

mutants. Closed squardm)(represent the wild-type protein, NTh9 0
is represented by open squargs,(NTL9 D23A by open circles AAG coupling —

(©), and NTL9 D23A. by closed circles @). The solutions 0 _ 0 _ 0 0
contained 100 mM NaCl, 10 mM sodium phosphate pOHt pH AG 1 = AG ppax = AG . + AG D23X,Ac (1b)
5.4. The solid lines represent nonlinear least-squares fits to the

standard expression for denaturant induced unfolding. The measured coupling free energy was found to depend

on the mutants used in the analysis. Values ranged from a
favorable—1.7 kcal mot? for both the alanine cycle and
Representative plots of the chemical denaturation experi-the nitrile alanine to a favorable-0.7 kcal mot? for the

ments are shown for the alanine double-mutant cycle in asparagine cycle. Given the estimated uncertainty in indi-
Figure 3. Both the thermal and the denaturant induced vidual AG® measurements as judged by repeat measurements,
unfolding transitions were reversible. All of the variants were typically +0.2 kcal mot?, the —1.0 kcal mot! difference
less stable than the wild type, and the valuesA@° are in measure coupling free energies is small but likely real.
summarized in Table 2. For the Asp23 to Asn family of The range of measured interaction free energies are in good
mutants, the decrease iy, ranged from 10°C for NTL9 agreement with that expected from thi€,shift of Asp 23
D23N to 21°C for NTL9 D23Nsc. The decrease iING° at induced by acetylation of the N-terminus. Note that the
25 °C, 100 mM NaCl ranged from 2.45 kcal mélfor observation that different choices of mutants give different
D23Ny to 0.72 kcal mot! for the D23N mutant, the bulkiest  coupling energies suggests that some of the basic assump-
and the most isosteric substitutions, respectively. Similar tions of the double-mutant cycle analysis may not be meet.
results were obtained for the other sets of mutants. In generalMost reported double-mutant cycles make use of only one
acetylation of the N-terminus resulted in a larger decrease set of mutants.
in stability than did modification of the side chain of position The data can rearranged to calculate the coupling free
23. Blocking the charge on the N-terminus by acetylation energy between the Asn 23 side chain and the N-terminus
significantly modulated the K, of Asp 23 leading to a  in the D23N mutant and between the cyano group and the
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6 measured coupling free energy was close to zefb] kcal
mol*.

The coupling free energies between D23 and the N-
terminus measured experimentally were very different from
the computed interaction free energies. This could be a
genuine disagreement; however, it is important to re-
emphasize that the values computed correspond to very
different processes. Only under ideal circumstances can the
coupling term be interpreted as an interaction free energy.
0—3 5 ) 3 3 3 g A double-mutant cycle is designed to cancel context effects

Interaction Free Energy of N termunus with Asp 23 sidechain [kcal/mol] and eliminate all interactions except the interaction between
FiGURE 4: Distribution of the computed interaction free energies the two mutated sites; however, this may not always be true
between the N-terminus and Asp 23 in the 18 members of the NMR inpractice. For example, a mutation might alter other
structure ensemble. Two structures lack a well-formed salt bridge. interactions, and the effects might be different in the double

and single mutants. In this case, the effect will not be
N-terminus in the D23CN variant. In this analysis, D23N canceled by the cycle. Mutations at one site could also alter
assumes the role of the wild type in the calculation of the solvation effects at another site by, for example, altering the
interaction free energy between the Asn side chain and thesolvent accessibility of the site. This will lead to desolvation
N-terminus while D23A, D23\, and D23A, are used as  terms that do not cancel in the cycle. In addition, a mutation
the two single and one double mutant. In a similar fashion, might introduce an additional interaction, and this new
D23CN is treated as the wild type in the calculation of the contribution toAG® need not be canceled out by the cycle.
interaction free energy between the cyano group and theln general, highly conservative mutations should reduce but
N-terminus. The analysis is useful because it facilitates may not always eliminate such complications. In our case,
comparison with the computational studies (vide infra). The the large size of the acetyl group and its hydrogen bonding
experimental coupling free energy between an Asn side chaincapabilities give rise to the possibility of new interactions.

»H

Number of Structures
N

at position 23 and the protonated N-terminus-is.0 kcal  Unfortunately, there are no easily accessible conservative
mol™*, while a value of—0.1 kcal mof* is found for the  mutations of the N-terminus. Note that even highly conserva-
nitrile alanine N-terminus coupling free energy. tive mutations can have significant effects. For example, the

The Interaction Free Energy Calculated Using Continuum analysis described in detail in the next section shows that
Electrostatics Calculations Is Significantly Larger than the €ven the very conservative Asp to Asn mutation gives rise
Experimentally Determined Coupling Free Enerdysing to effects that are not canceled by the double-mutant cycle.
the joint X-ray/NMR structure, the interaction free energy The results are summarized in Figure 5, which compares
between the charged N-terminus and Asp 23 was computedthe calculated and experimental coupling and interaction
to be a favorable-4.34 kcal mot! at 100 mM ionic strength.  €nergies for the three double-mutant cycles (Figure 5A). The
This is considerably larger than the experimental coupling figure also includes the analysis of the interaction of the
free energy between D23 and the N-terminus measured withN-terminus with the various groups at position 23 (Asp, Asn,
any of the experimental double-mutant cycles. The calculatedand nitrile Ala) (Figure 5B).
energy term was computed using the folded state structure Continuum Electrostatics and Double-Mutant Cycle Cal-
and is an interaction free energy rather than a coupling free culations: Additional Interactions Introduced by Mutation
energy because no double-mutant cycles were consideredCan Account for the Difference between the Calculated
Electrostatic interactions can be sensitive to small changesinteraction Free Energies and the Experimental Coupling
in the position of charged groups. Consequently, we recal- Free Energies.To provide a better comparison between
culated the interaction free energy at 100 mm NacCl for the theory and experiment, we have computationally studied the
16 structures in the NMR ensemble that form a salt bridge mutants in the double-mutant cycle analysis to provide
to ensure that our results were not biased by calculations ontheoretical coupling free energies. The calculated double-
asingle representative structure. The average interaction freeamutant cycle energies included four electrostatic and one
energy calculated for the 16 members of the NMR ensemble nonelectrostatic contribution, which we briefly outlined here
that formed a salt bridge between the N-terminus and Asp (see also Materials and Methods). Desolvation contributions
23 was —4.56 kcal mot* (favorable), with 12 of the  (AGMsV and AGdeeSO'“) accounted for differences in the
structures falling between-4.26 and—5.36 kcal mof* desolvation penalties of the pair of groups. Bridge interac-
(Figure 4). tions (AGP?ri499 accounted for interactions between the pair

Calculations were also performed to calculate the inter- of groups. Intramolecular electrostatic interaction contribu-
action free energy between an Asn at position 23 and thetions AG’™"™ andAGjO'““a) accounted for their interactions
N-terminus and between a nitrile Ala at position 23 and the with groups that remained invariant throughout the double-
N-terminus. The interaction free energy between Asn 23 and mutant cycle (bystander groups). The movement of the

the N-terminus was calculated to be favorable1§}63 kcal dielectric boundary can result in a surface area correction, a
mol~tin the D23N model, which is in better agreement with change in side chairprotein interactions, and even small
the experimentally measured coupling free energy-@f0 protein—protein interaction changes. Indirect contributions

kcal molt. The interaction free energy between the side (AG®ndree) were due to changes in the interactions of
chain of nitrile Ala and the N-terminus was calculated to be bystander groups with solvent. Finally, nonelectrostatic
an unfavorablet-0.91 kcal mot?, while the experimentally  contributions AGP™"ele§ were computed through changes
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A Table 3: Contribution of Free Energy Componems\G°) to
2 Apparent Coupling Terms Measured via Double-Mutant Cycle
1 Analysis
0 ] double-mutant
= cycle D23X%=A D23X=N D23X=CN N23A CN23A
5 -1
E Desolvation of the N-terminus
g -2 AAGOefesoV 1.3 0.9 12 0.4 0.0
=
2.3 Desolvation of the side chain of residue 23
< AAGPpyzxdesov 0.4 0.3 0.4 0.1 -0.1
-4 . . . . .
Bridge term between the side chain of residue 23 and the N-terminus
-5 AAGPbridge  —4.0 -3.3 —4.5 -0.6 0.5
6 Interaction of the N-terminus with other groups in protein
Alanine Asparagine Nitrile Alanine AAGONterintra —04 0.0 -0.1 —0.4 -0.3
B 5 Interaction of the side chain of residue 23 with other groups in protein
AAGPpyzxna 0.5 0.1 0.6 04 -0.1

1 |
0l i _I:Im Indirect interactions
1

AAGOindiect 0 1 0.3 -0.2 -0.4 0.0

:i 2 Nonelectrostatic interactions
&= AAGOnonelec —Q 3 -0.2 -0.4 -0.1 -0.1
g -3 total theoretical —2.6 -1.9 -2.8 -0.7 0.2
<, AAGP
5 experimental  —1.7 —0.7 -1.7 -1.0 -0.1
6 AAGP
Aspartate Asparagine Nitrile Alanine aThe net result for a calculated double-mutant cycle is obtained by

summing all of the terms in one column. The final result is included
and is listed as theoreticAG® coupling. The experimental values
are included for comparison. Units are kcal miolThe first three

Ficure 5: Summary of the analysis of the coupling terms. (A)
Analysis of the interaction of Asp 23 with the N-terminus using

the ttr?ri(e dquble;jmut%nt (%(.:I%Sbﬂ{ﬁ ideném{.toftyhe cyclg istindic;gted columns represent the calculations for the coupling free energy between
on theX axis and Is identinied by the substtution USed at resldue n53 gng the N-terminus using three different double-mutant cycles.

23. Thg bar graphs. represent thg experimental or calculated From right to left, the cycles are the D23 to Ala cycle (D23X), the
interaction and coupling free energies. The left column (black) D23 to Asn cycle (D23%N), and the D23 to a nitrile Ala cycle
represents the experimental coupllng frep energy, the middle COIu.mn(D23X=CN). The last two columns represent the calculation of the
(gray) represents the computed interaction free energy, and the r'ghtcoupling free energy between an Asn (N23A) or a nitrile Ala (CN23A)
column (dots) represents the computed coupling free energy. (B) at position 23 and the N-terminus. These calculations are considered

Comparison of the experimental and calculated interaction and g, hje_mutant cycles in which the side chain at position 23 was mutated
coupling free energies for the interaction between the N-terminus ;" |5

and the various side chains at residue 23. Khaxis is labeled
with the identity of the group at position 23. From left to right:

interaction of ASp-23 with the N-terminus, interaction of Asn-23 The |nd|v|dua| terms in eq :ﬂGo Values) that Cont”bute to

with the N-terminus, and interaction of nitrile alanine-23 with the o : : :
N-terminus. In each set, the black column represents the experi-eaCh of theAAG® terms in eq 2 are given in Table 4.

mental coupling free energy, the middle column (gray) represents It is useful to describe the results for one cycle in detail.
:gerzgfgrﬁgt?ﬁ;négﬁcﬂ?gdffggueﬂﬁfg)}{;eaen(i rt]g? rig%gg!ﬁ?% (()ﬂ%tlz) We consider the D23A cycle as an example. The analysis
mlFJ)tant cycles Werepused to d%ri\?e the coupﬁl)'l/g and interaction shows the N-termlnus paid a 7.7 kcal moHesolvation
energies. penalty in the wild-type model and a 6.4 kcal mbl
desolvation penalty when Asp 23 was truncated to Ala. The
in solvent accessible surface area. The AAGereaction uncharged, bulkier, acetylated N-terminus paid about 2 kcal
measured via a double-mutant cycle is the sum of thesemolin desolvation regardless of the side chain at position

contributions 23. This means that there will be a 1.3 kcal miatontribu-
) tion from the differences in the desolvation of the N-terminus,
AAG,  oaciion= AAG’ o o521+ which is not canceled by the cycle. The net effect of
AAGD. desolvation A A ~Obridge | A A0 intra uncar_1ce|ed desolvation terms on the doubIe—muta_nt cycle
D23X Nter coupling free energy was 1.3 kcal méfor the N-terminus

AAG 5™ + AAG M ANGOOEI 2 and 0.4 kcal mol* for residue 23 (Table 3). The bridge
interaction was-4.34 kcal mot? in the wild type and zero
The values of the variousAG® terms are listed in Table 3 in D23A and D23A. but was nonzero in NTLQ. The value,
for each of the double-mutant cycles. Each term in eq 2 —0.36 kcal mot?, represents another contribution that is not
represents the contribution summed over the double-mutantcanceled by the double-mutant cycle. This will result in a
cycle. For example, the contribution of the desolvation of positive contribution to the calculated cycle since the free
the N-terminus for the alanine cyclaG eV} is given  energy terms associated with the single mutants are sub-

by tracted during the cycle. The intramolecular interactions of
o desolvation o desolvation Asp 23 with invariant groups also did not cancel over the
AAG e = AG yer (NTL9) — cycle. There was a difference between the wild typé.Q

AG desolvation(D23 A) — AG desolvation(NTLg )+ kcal mol?Y) and the acetylated—(1.5 kcal mot?) back-
ONter desovation Nter Ac grounds, leading to an additioh 0.5 kcal mot? correction.
AG \rer (D23A,) 3) There was a-0.4 kcal mof? contribution from variations
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Table 4: Analysis of the Contributions of Each Protein Variant to nitrile alanm_e cycle and_a less favorable coupling term for
the Double-Mutant Cycle Free Energy Components Given in Table the asparagine cycle (Figure 5).

3 The Interaction between Asp-23 and the N-Terminus Is
double-mutant Not Screened by High Salthe experimental coupling free
cycle D23X=A D23X=N D23X=CN N23A CN23A energy was also measured at 750 mM NaCl using the alanine
Desolvation of N-terminus cycle. Interestingly, although a clear electrostatic interaction
222WTde;:¥.v g-z Z'Z; g; g-i g-i is visible in the structure, the corresponding experimentally
AGOEZS’EXSO.V 20 20 20 20 20 determined coupling free energy is essentially unscreened
AGOac €50V 20 20 20 20 20 by increasing the ionic strength be.tweer) 100 and 75_0 mM.
NetAAG e esoV 1.3 0.9 12 0.4 0.0 The stability for all four of the variants increased slightly
Desolvation of the side chain of residue 23 with an increase in ionic strength, typically by 0.26 to 0.4
AGEWTde:::;w 13 13 13 0.4 0.2 kcal mol . However, the coupling free energy measured in
igoizgexso,v g'g 8'3 8'3 8'2 8'2 high salt for the alanine cycle;1.6 kcal mot?, was virtually
AGCc paaxdeso 0.0 0.3 0.3 0.0 0.0 identical to the value measurgd in Iovy saitl.7 kcal mof2,
NetAAGOpazxdeso 0.4 0.3 0.4 01 -01 The salt dependence of the interaction free energy for the
Bridge term between the side chain of folded state structure was calculated using continuum
J— fesé'ld;e 23 3”2 ghe N‘temzn;s 06 0o electrostatics. The strength of the interaction was calculated
WT 4. —4a. —4. —U. . _ 1 . . _
AGOpaidde 0.0 06 0.9 0.0 00 to be —4.61 kcal mo‘r_ at 0 M ionic strength;—4.34 kcal
AGOidge —04 —04 -04 0.0 0.4 mol~! at 100 mM ionic strength, and4.13 kcal mot?! at
AGOAC,ngﬁb_'('jdge 0.0 0.0 0.4 00 00 750 mM ionic strength.
rage — — — . . . . .
NeAAGTEE 40 783 45 706 05 These calculations yield the interaction free energy but
o Interaction Ongé\"term[‘gSOW'th °th_e:§’%r°ups_'”sllg0t9[‘3 0 not the coupling free energy (i.e., they do not include the
Aeoﬁggxin"a 58 _30 30 28 -28 double-mutant cycle corrections described in the previous
AGOpna -1.9 -1.9 1.9 -19 -20 section). Consequently, we repeated the entire double-mutant
A"GAC,ngx'”‘_'a1 -2.1 -1.9 —2.0 -21 =21 cycle calculation for the alanine cycle at 750 mM. The only
intra — j— — — . . . .
NEAG et 04 0.0 01 04 —03 component to change with increasing salt was the direct
'mefaf\?ltv'i%:‘ gtfhtgregsrgifpghiﬁ'gr%fté?ﬁ'dUe 23 coupling term between the two charged species Asp 23 and
AGO,inta 1.0 Z1.0 ~10 -02 03 the N-terminus; however, the effects were small. The
AG 232 0.0 —-0.2 0.3 0.0 0.0 reduction in both the interaction free energy and the
AGgAc'”"a s —-15 -15 -15 06 0.4 computed coupling free energy was only about 0.2 kcal
ﬁggfé@;zgxm g'g 7%'61 %‘é %‘3 _Ooio mol~. Although the lack of screening may seem surprising,
Net indirect terms there is precedence for weak ionic strength effects on surface
AAGOindirect 01 0.3 02 04 00 salt bridges. Early studies by Pertuz and co-workers noted
. - that a His Asp surface salt bridge in human hemoglobin was
Net nonelectrostatic contributions . " o .
AAGONonelec —03 —0.2 —04  -01 01 insensitive to ionic strength, as judged by the lack of salt

@ The double-mutant cycles are labeled as in Table 3. All units are dependence of the His<q (S0). Rece_ntly, Garc'.a_Moren.ao
kcal molL. The net contribution to the double-mutant cycle for a given and co-workers have reported a series of detailed continuum

component is aAAG® defined asAAGeeomPonet = A GOy, poomponet — electrostatic calculations on the effect of ionic strength on
AG pggxcomponent— AGOALOMPonet+ AGOpc pysx®OmPOne! pKss and electrostatic interactions in several proteilfs (
51, 52). One of their studies examined a surface salt bridge
in the intermolecular interactions between the N-terminus in myoglobin. Like the results reported here, they found that
and the rest of the protein. Indirect effects nearly canceled the strength of that salt bridge, as judged I phifts, was
in the cycle (the net effect was only0.1 kcal mof?), and largely insensitive to saltlf). In addition, and in agreement
nonelectrostatic effects accounted for anothed.3 kcal with our analysis, their study of this salt bridge found no
mol~* deviation from ideal behavior. Note that all of these effect of salt on the desolvation terms, and they observed
terms represent contributions to the free energy that shouldthat the small effects of increasing ionic strength were
be canceled by the cycle but are not. The net effect for the confined to the coupling term.
cycleisa (1.3+ 0.4+ 0.36+ 05— 04— 0.1—-0.3)= Changes in the structure and energetics of the unfolded
+1.76 kcal mot* correction. Addition of this correction to  state induced by the mutants are not accounted for in the
the calculated bridge term;4.34 kcal mot?, gives a quantity ~ double-mutant cycle analysis. Potential unfolded state effects
that represents the computational version of the actualhave been almost universally ignored in double-mutant

experimental double-mutant cycle. Thus the rest®,6 kcal analysis, but it is worth noting the complications that they
mol~t, can be compared with the actual experimental value might cause. Problems can arise if the mutations modify
of —1.7 kcal mot™. unfolded state structure in a way that is not canceled out by

In summary, the double-mutant cycle energy contributions the mutant cycle. There are two lines of indirect experimental
sum to form apparent coupling terms that resemble the evidence that argue that changes in unfolded state interactions
experimental coupling terms. The effect of considering do not play a significant role for the salt bridge under
double-mutant cycle contributions is considerable, making investigation here. First, the values for the equilibrium
the wild-type salt bridge appear less favorable, while masking unfolding are similar. Since the native state structure is not
an unfavorable match between the N-terminus and the nitrile significantly perturbed, this implies that there are not large
alanine mutant. The calculations reproduce the experimen-changes in the denatured state as have, for example, been
tally observed trend of similar values for the alanine and observed withS nuclease 47). Second, and of greater
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importance, we have previously shown that residual elec- observations is that the interactions may behave more like
trostatic interactions in the denatured state of NTL9 are hydrogen bonds then like Coulombic interactions between
effectively screened by high saB%). Our observation that  two charges. The experimental data and calculations reported
the calculated and measured interaction free energies aréere for NTL9 and the work of Garcia-Moreno and col-
insensitive to salt again suggests that unfolded state effectdeagues on myoglobin demonstrate, however, that surface
are not critical. In principle, electrostatic interactions in the salt bridges can be insensitive to salt even when there is a
unfolded state can be probed by comparing the pH depen-clear Coulombic interaction. Thus, caution needs to be
dence ofAG® of folding for the wild type and for a set of employed when using ionic strength dependent effects to
point mutants in which the ionizable residues are individually partition interactions between classic Coulombic and hydro-
mutated to neutral residues3). Analysis of the pH gen bond interactions.

dependence akG® of folding for the D23A mutant indicates The interaction free energy of the Asp-23 N-terminus salt
that removal of the charged side chain does not significantly bridge is clearly strong and favorable but does that mean
perturb unfolded state interactions4j. the salt bridge makes a net favorable contribution to the free
energy balance of folding? This is partially a question of
DISCUSSION defining the reference state for the comparisenld). For

mutation to two hydrophobic isosteric residues and assuming
that the groups are fully solvated in the unfolded state, the
answer is calculated to be no. The net contribution to the

. . folding free energy is simply the sum of each groups’
of the standard assumptions made in double-mutant CyCIedesolvation penalty, each groups interaction energies with

analysis, and to examine the ionic strength dependence of 8he rest of the protein, and the coupling term. The net
er.lT:fallgees daItTt;]rledggl.JTlfi\r:eefrseeetse?]l;crioutc))lf trr1ne u;aarlltt gzgle: vaggecontribution calculated using the formulation of continuum

ployed. 1h piing 9y 9 -~ electrostatics employed here (solvent dielectric of 80, protein
measured using the different cycles and the value, while

- ~ dielectric of 4) is 0.63 kcal mol unfavorable. Different
ﬂ:‘g@l)s favorable, spanned 1 keal mio(—0.7 to—1.7 keal computational protocols could, of course, give different

answers, but the key point is that the coupling free energy,

The Asp 23 to N-terminus coupling free energy is large measured either experimentally or computationally, does not
and favorable in contrast to other experimental studies, whichygpresent the contribution of a salt bridgeA6° of folding

have shown that the coupling free energy of most solvent- (g 14).

exposed salt bridges are weak. There are two likely factors - o oy nerimental and theoretical analysis presented here
that contribute to the high favorable interaction free energy. yemanstrates that the implicit assumptions inherent to all
First, although the residues are on the surface, they are Nolyouble-mutant cycles are not always met. The removal or

completely solvent exposed, and the N-terminus is signifi- o )12 cement of an important interacting partner, especially

_cantlly protected frorg solventh Secqndﬁ the S(’jaIL bEdgE for surface residues, can lead to changes that do not cancel
involves Interactions between the mainchain and the back-,.qqq the double-mutant cycle as illustrated in this work.

bone. The N-terminus is well-constrained by the rest of the Some. but not all. of the difficulties encountered in the

protein, and only Asp .23 mus.t be immobilized to form the present case are caused by the inability to generate a
?alt db”dgﬁ' An élsp :de Ch?}'n also h_as fewefr fdegreeshof conservative isosteric substitution for the protonated N-
reedom than a Glu. Hence, the entropic cost of forming the o yins - Similar difficulties will arise when analyzing
salt bridge is reduced. Similar observations have recenﬂyinteractions that involve the C-terminus of a protein. It is

been made using a .hyperth_ermophlllc “%'bfedox”.‘ variant qrih noting that the interaction between two completely

(32). In that study, a S'd.e chaln to side chain salt .b_”dge WaS puried side chains could likely be more accurately reproduced
founq to h:?\ve no cpntannon to the ovgrall stab'|I|ty ofthe "\ith an experimental double-mutant cycle because desolva-
protein while a main chain to side chain salt bridge had a i, effects would be more likely to cancel and because the

o 1 :
favorable—1.5 kcal mor* interaction energy. _ protein backbone would not need to be modified.
A very small decrease in the experimental coupling free

energy of approximately 0.1 kcal mdlwas observed upon  ACKNOWLEDGMENT

increasing the ionic strength from 100 to 750 mM. This is ) ) )

in excellent agreement with our calculations, which predicted e thank Dr. Satoshi Sato for many helpful discussions
a decrease in the interaction energy of about 0.2 kcatfnol  and for assistance with MALDI-TOF measurements.

over this range of ionic strength and with the observations
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Several factors likely contribute to the lack of salt dependence  Tables oftH chemical shift assignments for the D23A set
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salt. The salt bridge interaction involves residues that are

not fully solvent exposed and lie on the surface of the protein. REFERENCES
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