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ABSTRACT. Most globular proteins contain a core of hydrophobic residues that are inaccessible to solvent
in the folded state. In general, polar residues in the core are thermodynamically unfavorable except when
they are able to form intramolecular hydrogen bonds. Compared to hydrophobic interactions, polar
interactions are more directional in character and may aid in fold specificity. In a survey of 263 globular
protein structures, we found a strong positive correlation between the number of polar residues at core
positions and protein size. To probe the importance of buried polar residues, we experimentally tested the
effects of hydrophobic mutations at the five polar core residudssherichia colithioredoxin. Proteins

with single hydrophobic mutations (D261, C32A, C35A, T66L, and T77V) all have cooperative unfolding
transitions like the wild type (wt), as determined by chemical denaturation. Relative to wt, D261 is more
stable while the other point mutants are less stable. The combined 5-fold mutant protein (IAALV) is less
stable than wt and has an unfolding transition that is substantially less cooperative than that of wt. NMR
spectra as well as amide deuterium exchange indicate that IAALV is likely sampling a number of low-
energy structures in the folded state, suggesting that polar residues in the core are important for specifying
a well-folded native structure.

The clustering of hydrophobic residues in protein cores is thermodynamically unfavorabl@). In the unfolded state,
a general feature of globular proteins in their native state polar residues are largely solvated and form hydrogen bonds
(1, 2). In the denatured state, these hydrophobic residuesto water (L0, 11). As expected, polar residues that are buried
become exposed to solvent. The interaction of hydrophobic in the folded state and fail to make intramolecular hydrogen
amino acids with water compared with hydrophebic  bonds are destabilizing relative to hydrophobic resida@s (
hydrophobic interactions results in the thermodynamically 13). Buried polar residues can reduce the free energy of
unfavorable ordering of solvent atoms in the denatured state.folding by forming intramolecular hydrogen bonds. However,
Thus, the burial of hydrophobic surface area upon protein this decrease in free energy can be offset by gains in free
folding is expected to thermodynamically stabilize the native energy due to desolvatioti4) and the entropy loss associated
state relative to the unfolded stat8, (@4). Experimental with fixing side chains 15). To address this energetic
evidence abounds for this stabilization. For example, an balance, a number of experimental studies have measured
increased level of hydrophobic burial in the design of the the thermodynamic effect of replacing a side chain that forms
Bl domain of protein G resulted in a molecule with an intramolecular hydrogen bond in the folded state with a
dramatically improved thermostabilitys), while cavity- residue that cannot form a hydrogen boidé-19). While
forming mutations that reduced the level of hydrophobic disagreement exists, interpretation of the experimental data
burial were destabilizing in T4 lysozymé)( Simple lattice indicates that an intramolecular hydrogen bond can stabilize
models suggest that the clustering of solvent-averse sidethe native state on the order of 1 kcal/maDj.

chains in the protein interior is sufficient to encode a Unique Structural Specificity, the Capacity to form a Sing|e unique
compact chain conformatioT. Experimentally, the restric-  folded structure, has been well studied in coiled coil systems
tion of core residues to hydrophobic identity has been \here experimental techniques exist for rapidly identifying
successfully employed in the design of a 28-resigiie. a parallel or antiparallel orientation as well as an oligomeric
motif (8). state. Coiled coils contain a heptad repeat denatexiefg
The transfer of polar amino acids from water to hydro- \where positionsa and d form the interface between the
phobic solvent results in a loss of hydrogen bonding and is helices, positione andg are at the interface boundary, and
p— A od by e Howard Huahos Medical positionsb, ¢, andf are oriented toward solvent. Kim and
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homodimeric coiled coil domain of GCN£22). When this
asparagine is replaced with valir&3f or aminobutyric acid
(24), a mixture of dimers and trimers is formed. Crystal
structures of the aminobutyric acid mutant demonstrate that
the hydrophobic core is able to pack efficiently in both the
dimeric and trimeric state24). A parallel heterodimeric
coiled coil dubbed “peptide velcro” was successfully de-
signed with an asparagine from each monomer forming
buried hydrogen bonds as in GCN4 as well as charged
residues at the andg positions that are complemented in
the parallel structure but not in the antiparallel struct@).(
When the buried asparagine in this coiled coil was replaced
with leucine, the resulting molecule formed a heterotetramer
that lacked a unique orientation of the helic26)( In coiled
coil systems, buried polar residues clearly play a role in
structural specificity.

The role of polar residues in the core of globular proteins

has not been studied as extensively. We analyzed the number

of polar residues at core positions in 263 globular proteins
from a previously published structural data 7 ( We find

a strong positive correlation between protein size and the
number of polar residues at core positions. Active site

residues that are often buried in proteins are not prevalent
enough to fully account for the number of polar residues

observed at core positions, suggesting that core polar residues

play a structural role. To evaluate this possible structural
role, the effect of polar to hydrophobic mutations was
experimentally determined in a model system, the 108-
residue proteirEscherichia colithioredoxin. The ORBIT
(optimization of rotamers by iterative techniques) protein
design software§) was used to predict hydrophobic muta-
tions compatible with the wild-type protein structui2s).
Thermodynamic as well as NMRlata indicate that core
polar residues in thioredoxin aid in distinguishing a single
well-folded structure from alternative structures.

EXPERIMENTAL PROCEDURES

Analysis of Polar Residues at Core Positions in Protein
StructuresThe orientation of the &—Cp vector relative to

a solvent-accessible surface computed with only the template,
Ca atoms was used to determine core positions as previouslyO

described 29). Briefly, a position was classified as core if
the distance from its € atom, along its @—Cp vector, to

the solvent accessible surface was greater than 5.0 A, and i
the shortest distance from itsfGatom to the surface was
greater than 2.0 A. The following 10 amino acids were
considered polar: Arg, Asn, Asp, Cys, GIn, Glu, His, Lys,
Ser, and Thr.

Computational ModelingSimulations were performed
using coordinates from the 1.7 A X-ray structure of thio-
redoxin @8). The five polar core positions in wild-type (wt)
thioredoxin (D26, C32, C35, T66, and T77) were restricted
to the following seven amino acids: Ala, Val, Leu, lle, Phe,
Tyr, and Trp. Side chains at other core positions in the protein
were allowed to change geometry while retaining their wt
identity. The remainder of the structure was held fixed during
the optimization. The resulting combinatorial complexity is

! Abbreviations: CD, circular dichroism; DSC, differential scanning
calorimetry; NMR, nuclear magnetic resonan@g; melting temper-
ature; AG, free energy of unfoldingm value, slope ofAG versus
denaturant concentratiolg,, midpoint of the guanidinium chloride
unfolding transition; GdmCI, guanidinium chloride.
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Ficure 1: (A) Correlation of the number of polar residues at core
positions with protein size. (B) Fraction of residues that are polar

as a function of protein size. Error bars indicate one standard
deviation from the mean.

10?8 possible rotamer (side chain identity and geometry)
sequences. Computational details and potential functions are
described in our previous worB); Similar calculations were
also performed that optimized the identity of each polar core
residue independently.

Mutagenesis and Protein Purificatiohe genes for all
variants were constructed by inverse PGB) (ising the gene
for wt thioredoxin (Invitrogen) cloned into pET-1la
(Novagen). Mutations were confirmed by DNA sequencing.
BL21(DE3) hosts (Invitrogen) were used for protein expres-
sion. Cells were grown to mid log phase and induced with
5 mM IPTG (ICN) fa 3 h at 37°C. Cells were lysed by
sonication and centrifuged twice at 20@0€r 30 min.

cetonitrile (EM Science) was added to the soluble fraction
o a final concentration of 60%. After centrifugation, the
supernatant was evaporated to half its volume and purified
by reverse phase high-performance liquid chromatography
using an acetonitrile/water gradient containing 0.1% trifluo-
roacetic acid (Applied Biosystems). Protein identities were
confirmed by mass spectrometry. Protein concentrations were
determined by UV absorbance ¥ M GdmCI (ICN) based
on an extinction coefficient of 13 700 M cm™! at 280 nm
(32).

CD Analysis.CD data were collected on an Aviv 62DS
spectrometer equipped with a thermoelectric unit and using
a 1 cm path length cell. Protein samples wergh\s in 50
mM sodium phosphate (pH 7.0). Guanidinium chloride
denaturations were monitored at 219 nm and °25 for
comparison to previously published da&2), AG values,

m values, and error estimates were obtained by fitting the
denaturation data to a two-state transition as described
previously @3). The GdmCI concentration was measured by

refractometry.



Polar Residues in the Core Aid Fold Specificity Biochemistry, Vol. 40, No. 34, 200110049

Ficure 2: Ribbon diagrams of the X-ray crystal structure of wild-typecoli thioredoxin @8) illustrating polar residues in the core and

their surrounding contacts. (A) Asp26 makes a putative water-mediated hydrogen bond with the carbonyl oxygen of Cys35. (B) Cys32 and
Cys35 form an intramolecular disulfide bond. (C) Thr66 makes a hydrogen bond to the side chain of Asp9. (D) Thr77 hydrogen bonds to
the carbonyl oxygen of Gly74. These structures were generated using MOLMIDL (

Fluorescence Analysigluorescence measurements were the sample was heated above its calorimetrically determined
taken on an SLM 8000 spectrofluorimeter. Chemical dena- melting temperature for 15 min to fully exchange all labile
turation of the wild type and IAALV (D261/C32A/C35A/  protons. After the sample was cooled to 26, a final
T66L/T77V) were determined by fluorescence. Protein spectrum was acquired to serve as the fully exchanged
samples were at@M in 50 mM sodium phosphate (pH 7.0). reference. The areas of all exchangeable amide peaks were
Samples were excited at 280 nm, and chemical denaturatiomormalized to that of a nonexchanging aliphatic proton peak.
was followed by emission at a wavelength of 340 nm.

DSC. Protein samples at-0.7 mg/mL were dialyzed RESULTS
against 50 mM sodium phosphate buffer (pH 7.0). DSC data We find a strong positive correlation between the number
were collected on an N-DSC Il instrument from Calorimetric of polar residues at core positions and protein size (Figure
Sciences Corp.34). Samples were degassed under vacuum 1A). The largest protein in our analysis with no polar core
for 15 min prior to scanning. Scans were performed at a residues was 94 amino acids. The number of polar residues
rate of 1.0°C/min. Data were analyzed using the program at core positions as a function of the number of core residues
cpcalc (Applied Thermodynamics). was also analyzed (data not shown). According to a linear

NMR SpectroscopyProtein samples at 0.5 mM were fit, a protein with eight or more core residues is expected to
prepared in a 90:10 #/D,0O mixture buffered at pH* 7.0  have at least one polar residue at a core position, and for
with 50 mM sodium phosphate. Spectra were acquired on aproteins with a large number of core residues, approximately
Varian Inova 600 MHz spectrometer at 25. For hydrogen  one-third of the core residues are polar. The largest number
exchange studies, an NMR sample was prepared, the pH wa®f core residues in a protein with no core polar residues was
adjusted to 7.0, and a spectrum was acquired to serve as a@7. The average fraction of residues in the core that are polar
unexchanged reference. This sample was lyophilized andincreases slightly as protein size increases in the following
reconstituted in 99.9% J®, and repetitive acquisition of ranges: fewer than 100, 16@00, 200-300, and more than
spectra was begun immediately at a rate of one spectrum300 residues (Figure 1B). The average within each size range
per 100 s. Data acquisition continued fo20 h, and then is within a standard deviation of the other size ranges.
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Table 1: Experimental Thermodynamic Data A 8000 . j j ! ) !
T? AGP Cnt mvalue!
protein (°C) (kcal mol1) (M) (kcal moFt M~1) 4000

wt 87 9.0 2.6 3.4
reduced wt 76 6.3 1.8 3.6
D26l 98 12.1 3.7 3.3
C32A 74 5.3 1.6
C35A 73 5.9 1.7
Te6L 85 7.6 2.4
7.9 2.5
2.8 1.0

[@] (deg cm? / dmol)

T77V 82 -4000
AALV 55

IAALV 66 3.9 2.4 1.

2 Calorimetrically determined melting temperatut&ree energy of -8000
unfolding at 25°C measured by guanidinium chloride denaturation 200 210 220 230 240 250
(monitored by CD)* Midpoint of the guanidinium chloride unfolding Wavelength (nm)
transition.? Slope of AG vs denaturant concentration plots.

Dwwwow
LANYERTEN

Similarly, previous research has shown that larger proteins
tend to bury a larger percentage of the accessible surface
area of their polar uncharged and charged atd3gs (The
average fraction of all residues that are polar decreases
slightly with increased protein size within the same ranges,
and the average from each size range is again within a
standard deviation of the other size ranges.

Side chains of the five polar core residues (D26, C32, C35,
T66, and T77) inE. coli thioredoxin are greater than 95%
buried, are distant in space from each other with the 0

exception of the disulfide-bonded cystine, and make a range [GdmCi (M)

; ; : ; Ficure 3: Circular dichroism measurements of wt, D261, AALV
of hydrogen bonding interactions in the 1.7 A crystal =i iradl 7o o AV (D261/C32A/C35ATE6L

structure _28)' D2,6' C32’ C35, and T77 are conserved in T77V) thioredoxin. (A) Far-UV CD spectra. (B) Guanidinium
human thioredoxin, which has a 0.79 A rmsd from fhe  chloride denaturation at 28 monitored by CD at 219 nm.
coli structure and whose sequence is 29% identical ®ith
coli thioredoxin @6). The protein atoms surrounding D26 (C32A/C35A/T66L/T77V), was thermodynamically desta-
in E. coli thioredoxin are hydrophobic (Figure 2A). One of bilized relative to wt, but had a CD spectrum similar to that
the QY atoms of D26 is solvent inaccessible, while the other of wt (Figure 3A) and an unfolding transition with cooper-
is slightly solvent accessible via a narrow cleft in the protein. ativity similar to that of wt as observed by chemical
There is a water molecule in this cleft within hydrogen denaturation monitored by CD (Figure 3B). The 5-fold
bonding distance (2.7 A) of D26. This water is also within mutant protein IAALV (D261/C32A/C35A/T66L/T77V) is
hydrogen bonding distance of the carbonyl oxygen of C35 less stable than wt and has an unfolding transition that is
(2.8 A). A water molecule making similar contacts is present substantially less cooperative than those of D26l, AALV,
in both of the crystallographically independent molecules of and wt as observed by chemical denaturation monitored by
the 1.7 A structure28) and the structure of a point mutant CD (Figure 3B). When the transitions are monitored by
of E. coli thioredoxin @7), and is found in five of six  fluorescence, chemical unfolding experiments also exhibit
structures of human thioredoxiBg, 38). C32 and C35 form a substantially less cooperative unfolding transition for
a redox active disulfide bond in wt thioredoxin. They are IAALV than for wt (m values of 2.1 and 3.3 kcal mdi
located close to the boundary between the protein core andM ™, respectively). Comparison of the extent of chemical
surface. C32 and C35 are both slightly solvent exposed denaturation as monitored by CD and fluorescence does not
(Figure 2B); however, the sulfur atoms are solvent inacces- indicate the presence of intermediate states.
sible. The sulfur atom of C32 is within weak hydrogen  The thermodynamic stability of D26l is 3.1 kcal/mol
bonding distance of the amide nitrogen of C35 (3.2 A). T66 greater than that of the wild type. Hydrogen exchange
is solvent inaccessible (Figure 2C) and is within hydrogen (Figures 4 and 5) shows that D26l protects slightly more
bonding distance of the side chain of D9 which makes amide protons than wild-type thioredoxin. The thermody-
putative hydrogen bonds with the amide protons of both T66 namic stability of IAALV is 1.1 kcal/mol greater than that
(3.0 A) and G65 (2.9 A). T77 is slightly solvent accessible of AALV. IAALV has very few protected amide protons
(Figure 2D) and makes a putative hydrogen bond with the relative to AALV; however, these protons are well protected
carbonyl oxygen of G74 (2.7 A). (Figures 4 and 5). The proton NMR spectrum (Figures 4
The ORBIT protein design calculations recommended the and 6) of D261 shows slight line broadening relative to wild-
following five polar to hydrophobic mutations in thio- type thioredoxin. IAALV shows considerable line broadening
redoxin: D26l, C32A, C35A, T66L, and T77V. Identical and loss of chemical shift dispersion relative to AALV
mutations were predicted when each position was optimized (Figures 4 and 6).
individually. Four of the point mutant proteins (C32A, C35A,
T66L, and T77V) were thermodynamically destabilized DISCUSSION
relative to wt, while D261 was stabilized (Table 1). AALV, The increased thermodynamic stability of D26l relative
a mutant protein combining the four destabilizing mutations to the wild type at neutral pH is similar to that reported for
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Ficure 4: Proton NMR spectra of wt, D261, AALV (C32A/C35A/T66L/T77V), and IAALV (D261/C32A/C35A/T66L/T77V) thioredoxin.

The spectra at 0 min were recorded in a 90: LOMD,O mixture, and additional times refer to exchange time after resuspension of the
lyophilized sample in 99.9% . The fully exchanged spectra were acquired after heating the samples above their calorimetrically determined
melting temperature. IAALV has broader lines and poorer dispersion than wt, suggesting that IAALV exhibits greater conformational
flexibility. The persistence of amide peaks at 600 min is an indication of well-protected protons in IAALV. Spectra at 0 min were scaled
to maximize the height of the viewable area. Within columns, spectra are scaled identically. The sharp peaks at 8.45 ppm are impurities.

Protected Protons

Time (hours)

Ficure 5: Amide hydrogen-deuterium exchange of wt, D26,
AALYV (C32A/C35A/T66L/T77V), and IAALV (D261/C32A/C35A/
T66L/T77V) thioredoxin. Total area of exchangeable peaks,
expressed as the number of protons, as a function of time & 25

and pH 7.0. Exchange rates calculated with the program SPHERE

(48, 49) using the wt thioredoxin sequence predict a protection
factor of 1@ corresponds to an average half-life of 0.97 h under
these conditions.

D26A (39). The midpoint of guanidinium chloride denatur-
ation increases by 1.1 M for D261 and 0.9 M for D2639]

spectrum of D261 is poorer than that for wt, indicating some
structural differences. The thermodynamic destabilization of
T66L and T77V relative to wt is likely due to the loss of
intramolecular hydrogen bonds without compensatory inter-
actions with solvent for the previous hydrogen bond partners
(06 of Asp9 and O of Gly74).

The loss in stability of the cysteine to alanine variants
(C32A and C35A) relative to wt can largely be ascribed to
removal of the disulfide cross-link. Calorimetric studies by
Sturtevant and co-workerd@) compared reduced wild-type
and C32S/C35S thioredoxin and found an increased enthalpy
of unfolding for C32S/C35S relative to the reduced wild-
type protein. From this study, it was concluded that stronger
hydrogen bonding by the more polarizable hydroxyl of serine
relative to the sulfhydryl of cysteine explained the difference
in calorimetric unfolding. In addition, Raman spectroscopy
indicates that the sulfhydryl group of each cysteine is a
hydrogen bond donor in reduced thioredoxid)( Hydrogen
bonding by the sulfhydryl groups of the cysteine residues in
reduced wild-type thioredoxin, which would be partially
eliminated in the C32A and C35A point mutant proteins,
may explain the slight thermodynamic destabilization of

relative to that of the wild type. In both cases, the increased C32A and C35A relative to the reduced wild-type protein.

thermodynamic stability relative to that of wt is likely due

According to standard models, thme value reflects the

to the removal from the core of a charged atom whose change in the hydrophobic surface area exposed upon

hydrogen bond potential was unsatisfi@d)( The protected

conversion of the native state to the denatured s#p (

protons as well as the chemical denaturation data suggesiThe lowm value of IAALV relative to that of the wild type

that D26l is well folded. However, the line shape in the NMR

is consistent with a greater hydrophobic surface area exposed
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result in poor packing and is consistent with the reduced
level of thermodynamic stabilization of the D261 mutation
in the AALV background compared to the wild-type
background. A small number of protons in IAALV are well
protected from exchange with solvent, suggesting that in the
family of folded structures putatively populated by IAALV
these protons are continually inaccessible to solvent ex-
change. In contrast, AALV appears to be well structured in
the folded state but samples the denatured state and fully
exchanges all of its protons over the time course of the
hydrogen exchange experiments. Adding the D261 mutation
to AALV likely results in a family of low-energy structures

in the folded state, all of which are stabilized relative to the
denatured state.

Polar residues are prevalent at core positions in globular
proteins. While some of these residues may be involved in
active sites, the strong correlation with protein size suggests
that most polar residues in the core are structurally important.
McDonald and Thornton4@) found that the vast majority
of buried polar atoms in proteins are satisfied by intramo-
lecular hydrogen bonds. They conclude that to offset the
energetic cost of losing H-bonds with solvent upon folding,
the majority of buried polar groups observed in folded protein
structures form intramolecular hydrogen bonds. Larger
proteins are likely to require more polar core residues to
satisfy the hydrogen bonding potential of buried polar groups
on the backbone, which may explain part of the correlation
between protein size and the number of polar residues at
core positions.

Three slightly overlapping categories suffice to explain
most core polar residues: active sites, thermodynamic
stability, and structural specificity. Active sites use polar
residues to perform chemistry and are often buried in clefts
(44). Polar residues can increase thermodynamic stability
when they form intramolecular hydrogen bonds to polar
atoms that are solvent inaccessible (e.g., T66 and T77 in

in the native state of IAALV than in wild-type thioredoxin. thioredoxir_l). The direc@ional n:_;lture of polar interactions as
Fluctuation between multiple low-energy conformations in well as thel_r hydrophobl_c aversion allows core polar residues
the native state may be responsible for some hydrophobicl© determine a fold in a more specific manner than
solvent exposure in IAALV. Decreased hydrophobic surface Nydrophobic residues alone.

area exposed in the denatured state may also contribute to Previous studies have elucidated some of the factors that
the lowm value of IAALV relative to that of the wild type.  influence fold specificity. The relatively high level of
Alternatively, the presence of folding intermediates, while conservation of core residues in sequence alignments clearly
not observed in comparing the extent of chemical denatur- indicates the structural importance of core residues in terms
ation determined in the circular dichroism and fluorescence of the hydrophobic effect and packing specificids). On

IAALV

AALV

D261

WT

[§9]
o
<

-1
ppm

Ficure 6: Proton NMR spectra of WT, D261, AALV, and IAALV
thioredoxin showing the upfield methyl region.

experiments, may be responsible for the differencemin
values between IAALV and wt.

the basis of this concept, a genetic library with the correct
binary pattern to produce a 74-residue, four-helix bundle with

The slight increase in the number of protected protons for a hydrophobic interior and hydrophilic exterior was shown

D26l relative to wild-type thioredoxin indicates that the

to contain sequences that were helical and monomeric, and

amide protons of D261 are less accessible to solvent. Thisexhibited cooperative chemical denaturatié6)( Consistent

observation is consistent with the increased thermodynamicwith these studies, we observe small proteins in our structural
stability of D26l relative to wild type. Both results suggest database survey with no polar residues at core positions. As
that D26l populates the unfolded state less than wild-type the size of a protein increases, the probability of having a

thioredoxin.

IAALV is thermodynamically stabilized relative to AALV;
however, the level of this stabilization is greatly reduced
compared to that of the D26l mutation in the wild-type
background (1.1 and 3.1 kcal/mol, respectively). The ex-
tremely poor line shape and dispersion of IAALV relative
to AALV indicates a substantial increase in conformational

polar main chain atom that requires a core polar residue to
satisfy its hydrogen bonding potential increases. Similarly,
the number of folds that bury substantial hydrophobic surface
area also increases with protein size. In larger proteins, polar
residues at core positions likely aid in satisfying the hydrogen
bond potential of main chain polar groups as well as
energetically distinguishing a single well-folded structure

heterogeneity. Increased conformational heterogeneity couldfrom alternative structures.
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