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Abstract: An amide-to-ester backbone substitution in a protein is accomplished by replacing an o-amino
acid residue with the corresponding a-hydroxy acid, preserving stereochemistry, and conformation of the
backbone and the structure of the side chain. This substitution replaces the amide NH (a hydrogen bond
donor) with an ester O (which is not a hydrogen bond donor) and the amide carbonyl (a strong hydrogen
bond acceptor) with an ester carbonyl (a weaker hydrogen bond acceptor), thus perturbing folding energetics.
Amide-to-ester perturbations were used to evaluate the thermodynamic contribution of each hydrogen bond
in the PIN WW domain, a three-stranded f-sheet protein. Our results reveal that removing a hydrogen
bond donor destabilizes the native state more than weakening a hydrogen bond acceptor and that the
degree of destabilization is strongly dependent on the location of the amide bond replaced. Hydrogen
bonds near turns or at the ends of -strands are less influential than hydrogen bonds that are protected
within a hydrophobic core. -Sheet destabilization caused by an amide-to-ester substitution cannot be
directly related to hydrogen bond strength because of differences in the solvation and electrostatic
interactions of amides and esters. We propose corrections for these differences to obtain approximate
hydrogen bond strengths from destabilization energies. These corrections, however, do not alter the trends
noted above, indicating that the destabilization energy of an amide-to-ester mutation is a good first-order
approximation of the free energy of formation of a backbone amide hydrogen bond.

Introduction for example, by using Ser to Ala or Tyr to Phe mutatié#d8

The hydrophobic effect and hydrogen bonding are the two
major forces that stabilize a protein’s native state relative to an
ensemble of unfolded conformatioh&lumerous studies have
focused on their energetic contributions to protein foldiny.
Since the hydrophobic effect largely originates from interactions
between side chains, it can be perturbed by traditional site-

directed mutagenesis employing side chains of variable structure

and hydrophobicity-12 Side chain hydrogen bonding interac-
tions can also be altered by traditional site-directed mutagenesi
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The experimental ease of traditional mutagenesis has facilitated
many studies concerning the role of the hydrophobic effect and
side chain hydrogen bonding in protein folding energetics.

In contrast, data addressing specific backbone hydrogen
bonding contributions to the thermodynamics and kinetics of
protein folding are scarce because ordinary mutagenesis does
not alter the backbone. There are backbone amide replacements
that can be incorporated into polypeptides using solid phase

Speptlde synthesis approaches that perturb hydrogen bonding.

‘Each alternative (Figure 1) has advantages and disadvantages.
Replacement of a secondary amide by a tertiary amide is
achieved employing a C-terminal Pro substitution in a dipeptide
subsequence, removing an-N hydrogen bond dondf The
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Figure 1. Using a Gly-Gly dipeptide as an example, four substitutions
that perturb the ability of the amide backbone to participate in hydrogen
bonding are shown: (from top) amide to secondary amide via proline
substitution, amide to dimethylene, amide to thiomethylene, and amide to
E-olefin isostere.

E-Olefin Isostere:

disadvantage of Pro incorporation is that it strongly alters the

conformational preferences of the backbone, as proline prefers

to be in reversegs-turns or extended polyproline type Il con-
formations2%-21 Another approach is to replace the amide bond
of interest with a dipeptide mimetic lacking an amide bond,
such as 5-aminopentanoic acid or (2-aminoethylsulfanyl)acetic
acid?2 These dipeptide mimetics often have altered conforma-

tional preferences about what was the amide bond and different

side chain substructures owing to the difficulty involved in the
synthesis of dipeptide mimetics retaining the original side chains
and chirality. Dipeptide isosteres where the amide bond is
replaced with drans-alkene functional group, referred to as an

“E-olefin isostere”, are ideal backbone amide replacements as

the trans-olefin, which is incapable of hydrogen bonding,

replaces the trans amide bond, which is capable of serving as
both a hydrogen bond donor and acceptor (Figure 1). However,
the synthetic challenge associated with the stereospecific

synthesis oE-olefin isosteres limits their utility at this tin®8:24
Currently, the most accessible and attractive method for the

perturbation of backbone hydrogen bonding is to replace the

amide bond with an ester bond (Figure22)36 The synthesis
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Figure 2. lllustration of the A-to-E backbone mutation strategy, where
the amide bond of the parent dipeptide is replaced with an ester bond. Note
that the side chains of both amino acids @d R) are preserved in the
o-hydroxy acid dipeptide substructure.

of amide-to-ester (A-to-E) variants of a protein is accomplished
by replacing thea-amino acid residue of interest by the
corresponding chiradi-hydroxy acid residue bearing the same
side chain. Incorporating-hydroxy acids into a protein can be
done either by chemical synthesis or by biosynth&si®, the
latter using technology developed by Schultz and co-wofRe?3.
Proteins or peptides that contain an ester linkage instead of an
amide linkage are called depsipeptides (“depsi” comes from the
Greek word tlepsidi, which means estef}t

The A-to-E substitution eliminates the NH hydrogen bond
donor by replacing it with an O (Figure 2j.Furthermore, the
carbonyl of an ester is a weaker hydrogen bond acceptor than
that of an amide. Thus, A-to-E mutations eliminate one of the
hydrogen bonds that a given backbone amide could make (by
removing the donor) and perturbs the other one (by weakening
the acceptor). An A-to-E substitution is a desirable backbone
amide replacement because amides and esters have similar
conformational preferences. Previous reports, including a recent
crystal structure of a depsipeptide and conformational data on
polyesters, reveal that depsipeptides and their all-amide coun-
terparts have similar bond angles and lengths, prefer similar
and y dihedral angles, and strongly prefer the trans ester
conformation, like secondary amides in proteihd® 42

It is important to maintain the structure of the side chains
when using A-to-E mutations to study backbone hydrogen
bonding in protein folding, because altering the side chain in
an A-to-E mutant contaminates the effect of perturbing backbone
hydrogen bonding with the effect of changing the side chain.
The above is especially true wifltsheet structures, in which
interactions between side chains on different strands are often
crucial to the stability of the folded state. As a result, the scope
of A-to-E mutation as a method for studying backbone H-bond-
ing has been limited by the lack of commercial availability of
some of thea-hydroxy acid analogues of the-amino acids.
To avoid this dilemma, our laboratory has synthesized the
o-hydroxy acid equivalents of the-amino acids not currently
commercially available, thus allowing all possible A-to-E
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substitutions to be made with retention of side chain structure structure, and thus in kineti€3.In contrast, this manuscript
anda-carbon configuration (Figure 2¥%. focuses on the effect of A-to-E variants, and therefore of
The contribution of each backbone hydrogen bond to the individual backbone H-bonds, on folding thermodynamics. This
stability of the three-strandegtsheet structure of the PIN WW  manuscript also introduces methodology to correct the experi-
domain was probed using twenty A-to-E variants. These variants mental destabilization free energies of A-to-E mutants for the
were required to perturb each of the eleven hydrogen bonds insolvation differences and electrostatic repulsions associated with
the PIN WW domairs-sheet. The free energy of destabilization the A-to-E mutations to obtain estimates of the free energies of
resulting from an A-to-E mutation cannot be directly ascribed formation of individual backbone H-bonds.
to hydrogen bond strength because of possible electrostatic The crystal structure of the PIN WW domain, taken from
repulsions between the ester oxygen and the amide carbonylthe crystal structure of the entire PIN1 protein, and the solution
on the opposing strand and energetic differences between esteNMR structure of the isolated PIN WW domain reveal 11
and amide solvation. We propose electrostatic and solvation backbone hydrogen bonds (Figure®3)jThe sequence of the
corrections to the measured free energies of destabilizationPIN WW domain employed for these studies is shown below.
caused by the A-to-E mutations that provide a preliminary
estimate of hydrogen bond strengths; however, more sophisti-
cated corrections and data from A-to-E scans of other proteins
will be needed before accurate position-dependent hydrogen pgackbone hydrogen bonding requires one amide backbone
bond strengths can be established. Importantly, both the p”marycarbonyl to serve as the hydrogen bond acceptor, while another
data and the corrected data reveal the same trend: that hydrogegackhone amide NH serves as the donor. As a result, two A-to-E
bonds in the low dielectric microenvironment of a hydrophobic packphone mutations can be made to probe each backbone
cluster contribute substantially more to protein stability than pygrogen bond: one A-to-E mutation eliminates the donor,
do solvent-exposed hydrogen bonds. This indicates, first, thathile the other weakens the acceptor. For example, the hydrogen
the measured free energies of destabilization are good ap-pond petween S16 and S19 in tReturn of loop 1 can be
proximations of hydrogen bond strengths, and, second, that there|iminated by replacing S19 by thehydroxy acid equivalent
are “hot spot” hydrogen bonds in a protein that contribute of serine, thus eliminating the hydrogen bond donor. Alterna-
disproportionately to stability. tively, this hydrogen bond can be weakened by substituting R17
with its corresponding-hydroxy acid to weaken the hydrogen
bond acceptor of S16. In all, 20 A-to-E variants of the PIN
The PIN1 protein has two domains and functions in cell cycle ww domain were synthesized to probe the 11 hydrogen bonds
regulation by mediating proteirprotein interactions?#%4’ The in the three-stranded-sheet. These variants, the contributing
WW domain can be excised from the full length PIN1 protein residues for each hydrogen bond, and their location in the
as an independently folded, 34-residue, three-strajielsiieet  context of the PIN WW domaip-sheet are listed in Table 1.
miniprotein with two intervening loop¥® This folded mini- e propose the use of lower case Greek letters to refer to the
protein retains its proline-rich phosphoserine/phosphothreonine o-hydroxy acid equivalents of thea-amino acids utilized in

peptide binding propertieS. The PIN WW domain is mono-  thjs study (e.g.o represents lactic acid, the-hydroxy acid
meric, small enough to be conveniently synthesized by solid- equivalent of alanine, A).

phase peptide synthesis, and is one of the best stfdgrbet

proteinst?22:48-50 Moreover, PIN WW domain variants prepared A‘?;“f" ACDET FGHIKLMNT P QRSTVYV WY

by traditional recombinant methods reveal that this sequence is;cy' d;xy

highly tolerant of conservative side chain mutations, affording g ox e oy mixrpyvnabpoTd oy

folded structures that allow one to probe the role of almost every

side chain in protein folding energetics. Kinetic and thermo- Results

dynamic analyses of these variants reveal that hydrophobic side  gynthesisThe synthesis of PIN WW domain A-to-E mutants

chain packing is important for thermodynamic stability and that yas carried out using a Boc/benzyl solid-phase peptide synthesis

the formation qf the 4.6 1Igop 1 conformation is rate limiting  strategy, as described previoudfyThe wild type PIN WW

L?ervr:]/\a/\\:y(jc)?Thaelnkifrloel(tjilcngalﬁ d?ﬁgﬁ:%& r‘]’;ﬁ:n iioé?frggtglc;?ti\dtan domain (wt PIN) and itzdghosphopeptide ligand were synthesized
! _ ‘ ] “9°E as previously described. All a-hydroxy acids that were not

mutations on PIN WW domain folding, focusing mostly on the - commercially available with appropriate side chain protection

role that individual backbone H-bonds play in the transition state fqr 4 Boc/benzyl synthesis strategy were synthesized as recently

6 39
wt PIN: KLPPGWEKRMSRSSGRVYYFNHITNASQWERPSG

Design

described?

(43) Lu, K. P.; Hanes, S. D.; Hunter, Nature1996 380, 544-547. .
(44) Verdecia, M. A.; Bowman, M. E.; Lu, K. P.; Hunter, T.; Noel, J.Nt. Sample Preparation.One of two methods were employed

Struct. Biol.200Q 7, 639-643. to ready the PIN WW domain A-to-E variants for biophysical
(45) Sudol, M.; Hunter, TCell 200Q 103 10011004, ady . L _blophy
(46) Sudol, M.Exp. Mol. Med.1996 28, 65—69. studies. In the first method, utilized for the majority of the
(47) Staub, O.; Rotin, DStructure1996 4, 495-499. _tO- i _ ifi i _
(48) Deechongkit, S.; Kelly, 3. WI. Am. Chem. So2002 124, 4980-4986. A to. .E Varlan.ts’ HPLC.: pur!fleq PIN WW domains were ly.
(49) (a) Kaul, R.; Angeles, A. R.; Jager, M.; Powers, E. T.; Kelly, JJMAM. ophilized, redissolved in deionized water, eluted through a size

Chem. Soc2001, 123 5206-5212. (b) Kaul, R.; Deechongkit, S.; Kelly, ; i i i
T W Am Chem. So@002, 124 11900-11907. exclusion column in the presence of high salt, and dialyzed

(50) Ferguson, N.; Johnson, C. M.; Macias, M.; Oschkinat, H.; Fersht, A. against an appropriate aqueous buffer. In the second method,
Proc. Natl. Acad. Sci. U.S.£001, 98, 13002-13007. _ H H il i

(51) (2) Ranganathan, R.: L. K. P.. Hunter. T.. Nool. L&l 1097, 89, 875 HPLC-purified PIN WW domains were lyophilized, redissolved
886. (b) Kowalski, J. A.; Liu, K.; Kelly, J. WBiopolymers2002 63, 111~
121. (53) Deechongkit, S.; Nguyen, H.; Powers, E. T.; Dawson, P. E.; Gruebele,

(52) Deechongkit, S.; You, S.-L.; Kelly, J. WDrg. Lett.2004 6, 497-500. M.; Kelly, J. W. Nature 2004 430, 101—105.
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(a) Loop 1 (b)

. Hydrogen Bonds

) and corresponding
Q3 O hydrogen bond
number (HB#)

Figure 3. (a) Crystal structure of the PIN WW domain excised from the crystal structure of the full-length two domain PIN1 protein (top) and solution
structure of the isolated PIN WW domain<{89) determined by NMR spectroscopy (bottom). (b) Backbone ofthlkeet region (from the crystal structure)
where hydrogen bonds and their corresponding hydrogen bond number (HB#) are indicated by green lines.

Table 1. List of A-to-E Mutants, Their Backbone Hydrogen Bonding Context, Their Pairing Residues, and Their Thermodynamic
Characteristics?

mutation affected backbone H-bond location pairing residue Ta (°C) AG; (kd/mol)
wt PIN N/A N/A N/A 59+0.1 —-13.9+ 0.4
L7 N/A N/A N/A 56.7+ 0.1 —13.9+0.3
W1lw donor HB1 outep-turn shown in Figures 3 and 6 N/A 45420.2 —9.24+0.2
E12 donor HB2 end of sheet N26 22420.1 —7.6+0.4
K13k acceptor HB3 middle of sheet F25 46:40.1 —10.9+ 0.4
R14p donor HB4 middle of sheet Y24 n.d. 2450.2
M15u acceptor HB5 middle of sheet Y23 55130.3 —12.24+0.2
Sl6r donor HB6 first loop 1 H-bond V22 422 0.2 —-9.24+0.2
R17p acceptor HB7 defing-turn in loop 1 S19 49.% 0.1 —-12.6+0.1
S1% donor HB7 defing-turn in loop 1 R17 38.4: 0.1 —11.3+0.2
V22w acceptor HB6 first loop 1 H-bond S16 56470.1 —-11.3+ 04
Y23y donor HB5 middle of sheet M15 2% 0.2 —4.6+0.3
Y24y acceptor HB4 end of sheet W34 250.4 —9.3+0.1
donor HB11 middle of sheet R14
F25p donor HB3 middle of sheet K13 n.d. 3#70.3
acceptor HB10 middle of sheet Q33
N26v donor HB9 middle of sheet S32 n.d. 6130.4
acceptor HB2 end of sheet E12
H27y acceptor HB8 loop 2 N30 38F#0.1 —10.5+0.2
N30y donor HB8 loop 2 H27 24.80.2 —6.3+0.2
A3la donor to side-chain backbone to side chain T29 4531 —10.5+ 0.6
S3w acceptor HB9 middle of sheet N26 4H50.3 —-9.7+04
Q33 donor HB10 middle of sheet F25 n.d. -0.8+0.1
W34w acceptor HB11 end of sheet Y24 49:50.1 —-11.84+0.1

aValues of AGs (at 2°C) are derived from guanidine hydrochloride denaturation curves. The A-to-E mutanis 2B, N26v, and Q38 required the
addition of trimethylamineéN-oxide (TMAO) to determineAG.

in deionized water to make a concentrated stock solution, andthese A-to-E variants were readied for biophysical studies by
diluted with buffer. Although the former approach was preferred the second method.

because it further purified the protein, it was not suitable for ~ PIN WW Domain Characterization. A number of ap-
the R1p, S19, and H2% variants of the PIN WW domain. proaches were utilized to ensure that the PIN WW domain
The ester bonds of these depsipeptides were hydrolyzed withinA-to-E variants adopted a normally folded structure. The A-to-E
12—24 h under high salt conditions, likely because the ester variants were characterized by far-UV CD and fluorescence
bonds are located in highly solvent accessible loops. Therefore,spectroscopy. All of the folded variants exhibited the charac-

J. AM. CHEM. SOC. = VOL. 126, NO. 51, 2004 16765
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parison of all these variants include the midpoint of thermal
denaturation curved ) (Table 174 and the free energy changes
based on guanidine hydrochloride-induced unfolding &C2
! ‘ (AGy). Thermal denaturation curves were recorded based on the
decrease in ellipticity of the characteristic maximum in the CD
l spectrum of the PIN WW domain at 227 nm. Chaotrope
H27n denaturation curves at € were recorded based either on the
decrease in ellipticiy at 227 nm or on the decrease in the nor-
wwu | malized fluorescence signal (the ratio of the fluorescence at 342
H “ and 355 nm) as a function of increasing guanidine hydrochlor-
ide concentration. Though chaotrope denaturation experiments
S19e d ( were carried out at 2C to enable a direct comparison of as
many variants as possible, some of the A-to-E variants, namely

K13k R14p, F25p, N26v, and Q3®, were partially unfolded at 2C
il in the absence of denaturant and could not be studied by this
L ‘ approach (a pretransition baseline is necessary for data fitting).
Therefore,AG; for these variants was measured by recording

their denaturation curves in the presence of varying concentra-
tions of trimethylaminéN-oxide (TMAO), an osmolyte that can
....................................................................................... stabilize proteins by up to 16 kJ/m##55-56 With increasing

m 1w 9 8 7 6 5 4 3 2 1 0 A1 concentrations of TMAO, these variants became more stable,
showing a higher ellipticity at 227 nm and a higher normalized
Figure 4. 1D H NMR spectra (600 MHz) of wt PIN WW domain and  fluorescence signal. The normalized fluorescence signal was
selected A-to-E PIN WW domain mutants (1 mM) in 9:334D;0 (viv) related to the fraction of unfolded protein as established from
buffered with 20 mM sodium phosphate (pH 7.0°Q). other guanidine denaturation experiments, and plots of the
fraction protein unfolded as a function of TMAO concentration
were constructed for each of these mutants. Fin&lfg; in the
absence of TMAO was obtained by extrapolating this plot to 0
M TMAO. The steady-state thermodynamic data and experi-
mental errors are shown in TableéSL.

wt PIN

teristic far-Uv CD maximum at 227 nm, as well as a
fluorescence emission spectrum (maximum at 342 nm) similar
to that of the wt PIN WW domain. The tertiary structure of a
representative set of the PIN WW domain A-to-E variantsi(L7
K13k, S1%, V22, H27y, W34w) was further scrutinized by
1D H NMR spectroscopy employing a Watergate solvent Discussion
suppression pulse sequer®é®The variants analyzed displayed o . ,
well-dispersed resonances in both the downfield aromatic/amide U'[I|I.2atI.OI’.I of A,'tO'E B{:\clfbone.Mutatlons. Thg |mportance
region © 6.5-10.0 ppm) and the upfield aliphatic region, which of maintaining side chain integrity when examining backbone

is characteristic of a properly folded WW domain (Figure 4). hydrogen bonding can be illustrated using A-to-E mutants of
The similarity between the 1BH NMR fingerprints of the W11. Replacement of W11 with lactic acid)(results in WW

A-to-E variants and the wt PIN WW domain is consistent with domain unfolding, likely because the smaller methyl side chain

the expectation that these depsipeptides adopt a normal tertiar)Pf the lactic acid disrupts the hydrophobic core (data.not ShO,W“)-
structure. To confirm the integrity of the folded state, all PIN Because the effect of altering the side chain of W11 is combined

WW variants, except for R4 F25p, N26, and Q3® (which with the effect of perturbing the backbone hydrogen bond,
were not folded), were subjected to a ligand-binding assay. Theinformation on the contribution of backbone hydrogen bonding

phosphorylated peptide YSPTpSPS (CTD-S5) bound to all of to protein folding energetics at this residue cannot be extracted

the A-to-E variants with a free energy comparable to that of 7o the destabilization energy of the Wi inutant. When the

the wt PIN-ligand interaction (2625 kJ/mol), implying that ~ UYPtophan residue is replaced by(W11lw), the resulting WW

the variants adopted a native structure. domain remains folded and the |nfluen_ce of that bac_kbone
To apply the two-state assumption to extract thermodynamic hydrogen bond can be ascertained, provided that solvation and

data from the denaturation curves of the PIN WW domain electrostatic corrections are made (see below). The stability of

A-to-E variants, they must remain monomeric in solution. Their W1lw is decreased by 4.6 k/mol relative to wt PIN, and since

S . . . ..~ no side chain interaction is interrupted, the decrease in stability
association state was characterized by sedimentation equilibrium

analytical ultracentrifugation studies. Under the conditions C2 be attributed largely to the loss of a backbone hydrogen
Y ugatior ) bond. This hydrogen bond, from the NH of the G10-W11 amide
employed to make biophysical measurements, all of the PIN

WW ' domain A-to-E variants (bOth folded and unfOIded) (54) AG values can be calculated from a thermal denaturation curve if the change

exhibited radial concentration distribution profiles that fit best in AC, upon unfolding AC, ) is known and the thermal denaturation curve

. . . . . contains both native and unfolded baseliffeSince not all A-to-E variants
to asmgle species model with a molecular WE|ght correspondlng have native baselines, theiG values cannot be obtained. Thus, for

to monomer {4 kD) and do not fit well to models invoking consistency, thAG values discussed herein are those obtained by chaotrope
h . d h denaturation or osmolyte renaturation.
eterogeneity (data not shown). (55) (a) Baskakov, I.; Bolen, D. WI. Biol. Chem1998 273 4831-4834. (b)
Steady-State Thermodynamic MeasurementsThe aim of Bolen, D. W.; Baskakov, I. VJ. Mol. Biol. 2001, 310, 955-963. (c) Auton,

. S . . i M.; Bolen, D. W.Biochemistry2004 43, 1329-1342.
this study was to gain insight into the contribution of each of (56) (a) Kumar, R.; Lee, J. C.; Bolen, D. W.; Thompson, EJBBiol. Chem.
; i 2001, 276, 18146-18152. (b) Liu, Y.; Bolen, D. WBiochemistry1995
the eleven hydroge_n bonds_ _to the thermodynamic stability of 34, 12884-12891. (c) Wang, A Bolen, D WBiochemistry1997 36
the PIN WW domain. Stability parameters that enable com- 9101-9108.
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bond to the carbonyl of the P89 amide bond, defines areverse Table 2. Summary of the Stability of A-to-E Variants Relative to

turn encompassing residues P8 to W11. The existence of this
turn was confirmed by an evaluation of tiheandy dihedral

angles of residues P8, P9, G10, and W11 in the NMR structural Described in the Text®

the wt PIN WW Domain (AAG; = AGimut — AGiw), Their Amide
Solvent Accessibility Based on the NMR Solution Structure, and
the Adjusted AAG; Corrected for Solvation Differences as

ensemble (Figure 3%

solvation correction

L74 A-to-E Mutant and the Energy of the Unfolded State. (k/mol®
The thermodynamic stability of a protein is measured by the observed - b solvent - cor - cor
difference in free energy between the native and unfolded states Pycrogen ARG fom - from - adusted
¢ gy =hthe S utation  bond (klimol)  —CO—2 —NH-> -CO-¢ -NH-¢  AAG{
In traditional mutagenesis studies, it is assumed that mutations
S N/A 0 25 29 0 0 0

do not change the free energy of the variant’s unfolded state \y11,, Hp1 46404 0 18 29 24 9304
compared to that of the wild type. Thus, the difference in free E12 HB2 6.3+05 35 0 19 29 11.%05
energies between variant and wild type is assumed to resultK13« HB3 29+05 0 34 29 19 7#05
entirely from changes in the native st&&hough the unfolded :Eg 167'110044 53 48 %g i? 22'% 8'1
state of both wt PIN and the A-to-E variants can be assumed to 515, HB6 4.64+04 40 0 17 29 9%04
have the same ensemble of unordered structures, the solvatiorR17p HB7 13+£03 10 30 26 20 5903
energies of the all-amide backbone of wt PIN and the dep- S1% HB7 25+04 28 20 21 23 6204

) : : . T V22 HB6 25+0.5 0 30 29 20 7405
sipeptide backbone of the A-to-E variants could be differentin y,3, s 92+04 20 0 23 29 14404
the unfolded state. The wt PIN WW domain has 33 amide Y24y HB4, HB11 4.6+ 0.3 0 0 29 29 10403
bonds, while the A-to-E variants have 32 amide bonds and 1 F25% HB3,HB10 17.6£04 0 0 29 29 23404
ester bond in the backbone. It is well-known that solvating :gg,HBg g%i’toof 8 8 g'g g'g 28% 8'2
amides in agueous solution are more favorable than solvatingnzg, Hgs 76+04 52 0 14 29 11904
esters’’40.62Thus, it is possible that an A-to-E mutation affects A3la Side-chain 3.4£0.7 40 0 17 29 8&07
the unfolded state as well as the native state. 8233; :gio ‘;gfé);; 2g 43 gg ;-g 12-7; g-g

The A-to-E mutant LZ was used to determine whether \ya34, HB11 21+03 35 1 19 29 6903

changes in the solvation of the unfolded state affectAks

value of A-to-E mutants, since the ester is fully solvated in both
the folded and unfolded states in this mutant. It happens that
AGs values for L4 and the wt PIN WW domain are identical

aBased on the rationale stated above, the difference between the water/
octanol transfer energies of an amide carbonyl (5.7 kJ/mol) and an ester
carbonyl (2.8 kJ/mol) is 2.9 kJ/mdl.Based on Table 2, the difference
between the water/octanol transfer energies of an amidel— (5.7 kJ/

within experimental error (Table 1). Therefore, the solvation mol) and an esterO— (2.8 kd/mol) is 2.9 kJ/mok: The correction assumes
differences between the unfolded states of the wt PIN WW fractional transfer energy. As a result, the correction fre@O— = (100

domain and its A-to-E mutants were neglected.
Relationship between MeasuredAAG Values and Hy-

drogen Bond Strengths. Since A-to-E mutations primarily
affect backbone hydrogen bonds, it is tempting to equate

— —CO— solvent accessible %)(2.9)/100 and the correction froNH—

= (100 — —NH— solvent accessible %)(2.9)/100.0bservedAAG; =
adjustedAAG; — (AG correction from—CO— + AG correction from
—NH-). ¢Values in the table are rounded to the nearest 0.1 kJ/mol. For
sums, rounding is performed after summation.

differences between the folding free energies of the wt PINWW and esters in protein folding was estimated from watatanol

domain and its A-to-E mutant®\AG; = AGsmut — AGrwt) tO

partition energies of amide and ester functional groups: 11.3

hydrogen bond strengths (or strength difference, for cases wheregng 5.5 kJ/mol, respectivel§:59-65 Amides and esters consist
an amide CO is replaced by and ester CO). We define the of two fragments that are involved in hydrogen bond formation,
strength of a given hydrogen bond as the free energy of thej e  carbonyl and NH (for amide) or carbonyl and O (for ester).
electrostatic interaction between desolvated amide CO and NHyyhile it is debatable how much each fragment contributes to
groups in the native state of the PIN WW domain. The value the overall partition energies of amide and ester functional
of AAG; for an A-to-E mutant is only equal to the hydrogen  groups, we approximate that each fragment contributes equally
bonding energy when the electrostatic repulsions and solvationq the partition energy of an amide or ester substrucie.
differences discussed in the Introduction are negligible. How- gther words, partition energies for each fragment of an amide
ever, this is often not true for the electrostatic repulsions, and gnd an ester are 5.7 and 2.8 kJ/mol, respectively. The extent of
almost never true for the solvation differences. We describe a co and NH burial at each residue was obtained from the average
simple, first-order procedure for making such corrections below. NMR structure of the PIN WW domain using a 1.4 A probe
Corrections for solvation energy differences between the Wt radjus and is summarized in Table 2. Using this information,
PIN WW domain and A-to-E mutants require knowledge of AAG; values were corrected for solvation effects in the folded
the solvation energies of amides and esters and the extent ok;ate by scaling the correction based on percent solvent
backbone burial at each residue. The solvation energy of am'desaccessibility. In other words, no correction was applied to fully

(57) Bergasa-Caceres, F.; Rabitz, HPhys. Chem. B001, 105, 2874-2880.

(58) (a) Shortle, D.; Simons, K. T.; Baker, [Proc. Natl. Acad. Sci. U.S.A.

1998 95, 11158-11162. (b) Wrabl, J. O.; Shortle, [Protein Sci.1996
5, 2343-2352. (c) Dill, K. A.; Shortle, DAnnu. Re. Biochem 1991, 60,
795-825. (d) Botstein, D.; Shortle, D5ciencel985 229 1193-1201.

(59) Meylan, W. M.; Howard, P. HPerspect. Drug Disceery Des.200Q 19,

(60) Abraham, D. J.; Kellogg, G. E.; Holt, J. M.; Ackers, G. X.Mol. Biol.
1997 272 613-632.

(61) Chan, H. S.; Dill, K. A.Annu. Re. Biophys. Biomol. Structl997, 26,
425-459.

(62) (a) Leo, A. J.; Hoekman, Perspect. Drug Discgery Des.200Q 18, 19—
38. (b)Leo, A.; Hansch, C.; Elkins, BChem. Re. 1971, 71, 525-616.

solvated functional groups, the full correction was applied to
fully desolvated functional groups, and for intermediate cases,
the percent desolvation was used to derive a fractional correction
(Table 2).

(63) Kellogg, G. E.; Abraham, D. Eur. J. Med. Chem200Q 35, 651-661.

(64) Mannhold, R.; Rekker, R. FRPerspect. Drug Disceery Des.200Q 18,
1-18.

(65) Petrauskas, A. A.; Kolovanov, E. Rerspect. Drug Disceery Des.200Q
19, 99-116.

(66) Honig, B.; Yang, A. SAdv. Protein Chem1995 46, 27—58.
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Strand 1 Strand 2 Strand 3 Table 3. Approximation of Individual Hydrogen Bond Strengths?
electrostatic
hydrogen observed AAG; correction adjusted AAG?
R mutation bond (kdmol) (kd/mol) (kd/mol)
5 E_ L72 N/A 0 N/A 0
W1llw HB1 46+0.4 0.4 9.5t 0.4
El2 HB2 6.3+ 0.5 0.4 10.A4 0.5
K13k HB3 29+ 05 N/A 7.7£05
R14o HB4 16.4+ 0.4 2.9 177+ 0.4
M15u HB5 1.7+ 04 N/A 6.3+ 0.4
- Sl6r HB6 46+04 0.4 8.8- 0.4
2 R17p HB7 1.3+0.3 N/A 5.9+0.3
g S1% HB7 25+04 0.4 6.5+ 0.4
3 V22w HB6 25+05 N/A 74+0.5
@« Y23y  HB5 9.2+ 0.4 2.9 11.5+ 0.4
Y24y HB4,HB11  4.6+0.3 0.4 10.0+ 0.3
F25p HB3,HB10  17.6+0.4 2.9 20.5£ 0.4
N26v HB2, HB9 20.2+ 0.5 2.9 23.1+0.5
H27n HB8 34+04 N/A 9.2+ 04
. N30v HB8 7.6+0.4 0.4 115+ 04
9 N A3l Side-chain  3.4£0.7 0.4 7.6£0.7
E CSE S3% HB9 42+0.5 N/A 8.7£ 0.5
< \ Q33¥ HB10 13+0.3 2.9 15.2£ 0.3
& W34w HB11 2.1+ 0.3 N/A 6.9+ 0.3
aThese values represent a first-order approximation of the hydrogen bond
strength utilizing the solvation and electrostatic corrections described in
the text.> Summary of the stability of A-to-E variants relative to the wt
o PIN WW domain AAG), the electrostatic correction to theAG; value
o using the approach described in the text, andA&s; value corrected for
= both electrostatic and solvation contributions. The fully correcieddst
E value is a first-order approximation of the hydrogen bond strengths. Values
3 in the table are rounded to the nearest 0.1 kJ/mol. For sums, rounding is

performed after summation.

Figure 5. Three scenarios for the introduction of potentially unfavorable atoms, and the dielectric constant of the surrounding medium.

electrostatic interactions utilizing an A-to-E mutation. Typical hydrogen . . .
bonds are indicated by a black line, while weakened hydrogen bonds areWhIIe there are many methods for calculating partial charges

indicated by a red line. Potentially unfavorable electrostatic interactions ON ester oxygen,an ab initio calculated set of values for these
are formed between the partially charged oxygens of the amide carbonyl partial charges calculated by ChemBats3D (CambridgeSoft, Inc.)
and the ester in scenarios 1 and 3. using a Hiekel model are-0.8 and—0.1 for an amide carbonyl
oxygen and an ester oxygen, respectively. The distance between
these oxygen atoms is approximately 3 A. In scenario 3, where

electrostatic interactions that should be corrected for to extract - ¢ nctional groups are solvent exposed, the dielectric constant
hydr(?gen bond .strengths fromAG values. There' are threg of water (80) is utilized, whereas, in scenario 1, the dielectric

possible scenarios where unfavorable electrostatic mteractlonsConstalnt must be estimated. While the absolute dielectric
could complicate A-to-E effects on backbone hydrogen bonding constant of protein can vary, a value of 16 is chosen here for
in as-sheet (Figure 5). First, an A-to-E su-bstituti.on in the gen_ter simplicity.58 Based on these ,Iimits, the electrostatic repulsion

strand of a three-strandgdsheet (scenario 1, Figure 5) elimi- between the two oxygen atoms is destabilizing by approximately
nates the NH hydrogen bond donor and creates an unfavorabIeOA and 2.9 kJ/mol in scenarios 3 and 1, respectively (assuming

electrostatic interaction between the ester O and the amldeno motion to separate the oxygens). An experimental approach

c?rrbc;ns/llon]t t:]eti e:teirrllortrst;?jmlj (Strlzndttli]' Otf ct(k)]urse, :;'T/orr to approximate this unfavorable electrostatic interaction was
structural afterations In stra could attenuate these untavor-., o oyt by replacing-O— with —CH,— in the carboxylate

able electrostatic interactions between the electron-rich centers . .
N L AR .~ “ester of vancomycin’s ligand and the phosphonate ester of
indicated in Figure 5. Second, an A-to-E mutation in an exterior y g phosp

. . . ) thermolysin’s ligand® The differential binding energy assigned
strand involving an NH that is solvent exposed (scenario 2, y g 9 9y 9

Fi 5 K the hvd bond that th : b Ito destabilizing lone pair/lone pair interaction was-612..3
igure )_wea ens the hydrogen bond that the ester carbonyly 5,469 These studies likely overestimate the destabilization
makes with the amide NH in strand 2 without introducing

- . . . energy because the solvation/desolvation energies are unac-
unfavorable electrostatic interactions. Finally, A-to-E mutations

) . o . counted for.

:: ti:je de?:terlor st.rjmd ﬂ;)at ell|m|n?te 3”2 NH that. |33hy(:rogen First-order approximations of hydrogen bond strengths, based
on ? 0 agl an}| ?catr t(_)n_y tm S ?n b t(v?lcenat[]lo )tm roduce AAG; values adjusted for both electrostatic and solvation
an unfavorabie electrostatic interaction between the ester OXygencontributions, can be found in Table 3 and Figure 6. Clearly,

and the amide carbonyl oxygen. This repulsion could also be

. . . more accurately adjuste®AGs values could be calculated with
attenuated by slight rearrangements in structure that increase

the separation between the partial negative charges. (67) Li, J. B.; Zhu, T. H.; Cramer, C. J.; Truhlar, D. G.Phys. Chem. A998
i i i ; 102, 1820-1831.
. The energetic costs of the unfayorable eI.ectrostaUc interac (69) (a) Schutz, C. N.. Warshel, Rroteins2001, 44, 400-417. (b) Bergveld,
tions between the oxygen atoms in scenarios 1 and 3 can be " p.Biosens. Bioelectrori991, 6, 55-72.
; ) ; ; (69) (a) McComas, C. C.; Crowley, B. M.; Boger, D. . Am. Chem. Soc
approximated by Coulomb’s law, by accounting for the partial 2003 125 9314-9315. (b) Morgan, B. P.; Scholtz, J. M.; Ballinger, M.
charge on each oxygen atom, the distance between the two D, Zipkin, I. D.; Bartlett, P. AJ. Am. Chem. Sod 991, 113 297-307.

A-to-E mutations in some contexts can lead to unfavorable
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AAGy adjusted for solvation
and electrostatic corrections

—&— Experimental AAGg

25 [

- N
w o

AAGg (kJ/mol)
=
=)
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Strand 1 Loop 1 Strand 2 Loop 2 Strand 3

A-to-E Mutants

Figure 6. A plot comparing experimentflAGy's andAAGy's corrected for solvation and electrostatic contributions. Experimental errors for the data in this
plot are reported in Table 3.

Table 4. Statistical Summary of the of A-to-E Mutation Data a backbone hydrogen bond located in the middle ffsirand,

corrected for usually a hydrogen bond buried by hydrophobic core side
corrected for both solvation ina70,71 Hig :
without correction solvation and electrostatic chams. In_contrast, Ies; destabilizing A-to-E variants

(kd/mol) (k/mol) (ki/mol) eliminate hydrogen bonds in or near the two loops, at the
effects average SD (o) average SD (o) average SD (o) beginning of strand 1, and at the end of strand 3 (Figure 7). All

removal of donor 76 46 122 46 110 36 A-to-E variants exhibiting average to below avera§AG;
weakening of acceptor 2.5 0.8 75 1.2 75 12 values were solvent accessible (Figure 7). Hydrogen bonds,
affecting both donor ~ 14.3 84 199 84 179 69 being primarily electrostatic interactions, are stronger in a low

and acceptor dielectric medium, explaining why hydrogen bonds enveloped

by hydrophobic side chains contribute disproportionately to the
more knowledge about solvation energies specific for each thermodynamic stability of the PIN WW domain.
amide bond and more information regarding the local dielectric  The extent of destabilization of an A-to-E mutation may also
constants and structural alterations for the electrostatic correc-relate to the ability of the structure to rearrange. This point can
tions discussed above. While the tabulated raw data allows uspe illustrated by the extreme context dependency of mutations
and others to further refine these corrections, it is clear that the within strand 2. For example, Y28removes a hydrogen bond
trends in the data are the same whether or not the data aredonor, whereas Y24 both removes a hydrogen bond donor
corrected (see below). and weakens a hydrogen bond acceptor. Yet,y¥#3a more
Thermodynamic Analysis. Three observations regarding the  destabilizing mutation than Y24 A likely explanation for this
contributions of backbone hydrogen bonding to PIN WW finding is that M15, the hydrogen bonding partner of Y23s
domain stability are striking. First, the elimination of selected in a more constricted location than W34, the hydrogen bonding
backbone hydrogen bonds shifts the equilibrium toward the partner of Y24p. The hydrogen bond between M15 and Y23
unfolded state, demonstrating their important energetic contribu- occurs in a region where there are several other hydrogen bonds.
tions to the stability of the native state. Second, A-to-E mutations Therefore, conformational changes that might allow M15 to find
where a hydrogen bond donor is removed are more destabilizinganother hydrogen bonding partner would likely disrupt many
than mutants where a hydrogen bond acceptor is weakenedinteractions. In contrast, W34 is located at the end of strand 3
Third, the energetic contributions of backbone hydrogen bonds and likely can form new hydrogen bonds with water without
to the thermodynamic stability of the PIN WW domain are severely distorting the structure of the WW domain.
strongly context dependent, as evidenced by standard deviations The points made above regarding the context dependency of
of the AAGs values that are much larger (on the order of several the contributions of hydrogen bonds to the stability of the native
kJ) than the experimental error (on the order of tenths of kJ) state are equally valid, whether the uncorrected or corrected
among mutants where (A) a hydrogen bond donor is removed, data are being considered. This suggests that the destabilization
(B) a hydrogen bond acceptor is weakened, and (C) both energy due to an A-to-E mutation is an adequate indicator of
hydrogen bond donor and acceptor are affected (Table 4). Thesghe strength of a backbone hydrogen bond, even though this
findings emphasize that backbone hydrogen bonding can haveenergy is not strictly equal to the energy of hydrogen bond
highly variable, context dependent effects on the stability of a formation. The corrections applied for solvation and electrostat-

f-sheet protein, and in extreme cases (RIF25p, N26v, and ics do not change the trends in the raw data, and even though
Q33)), the destabilization resulting from A-to-E substitutions

can be sufficient to prevent substantial population of the native (70) Loladze, V. V.; Ermolenko, D. N.; Makhatadze, GJI.Mol. Biol. 2002
state 320, 343-357. : R

) " . . (71) Gromiha, M. M.; Oobatake, M.; Kono, H.; Uedaira, H.; SaraiPAotein
The most destabilizing A-to-E variants are those that interrupt Eng.1999 12, 549-555.
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(b)

20 kJ/mol

532 12 kJ/mol

QQ{ ) 4 k)/mol
A3l
~ N

Figure 7. (a) Traditional side chain mutagenesis data reveals the side chains that contribute most to thermodynamic stability as indicated by the single lette
codes in red ovals. (b) Relative stability of the A-to-E WW domain variants. The degree of destabilization caused by the A-to-E mutation is indicated b
the color of the hydrogen bonds that are perturbed. Red hydrogen bonds are most destabilized by the A-to-E substBukiimol). The pink hydrogen

bond is destabilized by 215 kJ/mol. The remainder of the hydrogen bonds depicted in blue are only modestly destakilifekld(mol).

they cannot be neglected for determining absolute hydrogen Cucamonga, CA). The following-hydroxy acids were purchased from
bond energies, they do not dramatically change the reportedFisher: L-lactic acid (1), L-phenyllactic acid4), glycolic acid §), (S)-

numbers. (+)-2-hydroxy-4-methylpentanoic acid); and §-(+)-2-hydroxy-2-
_ methylbutyric acid ¢). Othera-hydroxy acids with appropriate side
Conclusions chain protecting groups for Boc synthesis were synthesized using

previously published method3.Common inorganic compounds and

. . I ultrapure guanidine hydrochloride (GuHCI) were purchased from Fisher.
backbone hydrogen bonds to discern their contributions to PIN TrimethylamineN-oxide was purchased from Sigma (St. Louis, MO).

WW domain folding thermodynamlcs. While tReAG; values Reversed-phase HPLC (RP-HPLC) was performed on a Waters
had to be corrected for solvation effects and unfavorable pp| ¢ system with model 600 pumps and model 486 or 2487 detectors
electrostatic interactions to estimate hydrogen bond strengths,yith 214 and 280 nm UV detection using a Vydag Column. The
such corrections, based on the criteria and approximationsfiow rate for analytical HPLC was 1 mL/min, while the flow rate for
presented in this paper, do not substantially change the overallpreparative HPLC was 10 mL/min. The mobile phase was a gradient
picture suggested by the raw data. The contributions of backbonefrom 4.9% acetonitrile, 95% water, 0.1% TFA to 95% acetonitrile, 4.9%
hydrogen bonds t8-sheet stability are highly context dependent, Wwater, 0.1% TFA. The purified peptides were identified by ESI-MS
with a few hydrogen bonds potentially contributing as much as Performed on a Hewlett-Packard LC-MS (MSD1100).

25 kJ/mol, and others contributing almost nothing. The best PIN WW domain variants were subjected to size exclusion chro-
predictor of whether a hydrogen bond is highly stabilizing is Matography, which was accomplished using a Pharmacia Model
whether it is buried These conclusions suggest that the UPC900/P-920 FPLC. The stationary phase was Superdex 30. The

f i f buried hvd bonds i . tant drivi eluant was 20 mM sodium phosphate buffer (pH 7.0, 100 mM NacCl).
ormation Of buried nydrogen bonds IS an Important arving g 4y rate was 0.5 mL/min. The eluted peptide was collected and

force for protein folding, a conclusion worthy of further scrutiny dialyzed against 20 mM sodium phosphate (pH 7.0). For some
utilizing A-to-E scans in structurally diverse prot.eins where the gepsipeptide variants with labile ester bonds, samples were prepared
thermodynamic data are analyzed by correction methods of by dissolving the lyophilized depsipeptide in deionized water and

This study used A-to-E mutations to perturb individual

increasing sophistication. diluting with 20 mM sodium phosphate buffer (pH 7.0) to an appropriate
. . concentration. The concentrations of all PIN WW domain variants were
Experimental Section determined by UV absorbancex{, = 13 940 Mt cm™?).
Materials and Methods. Boc-amino acids were obtained from Peptide SynthesisThe wt PIN WW domain and the tetramethyl-
Midwest Biotech (Fishers, IN). Boc-Gly-PAM resin was purchased from rhodamine-labeled YSPTpSPS (CTD-S5) ligand were synthesized by
Applied Biosystems (Foster City, CA). 24{Benzotriazol-1-yl)- Fmoc-based solid phase peptide synthesis as previously dest¥ibed.

1,1,3,3,-tetramethyluronium hexafluorophosphate (HBTU) was obtained Peptides incorporating-hydroxy acids were synthesized by Boc solid
from QBiogene (Carlsbad, CA). 1-Hydroxybenzotriazole (HOBt) was phase peptide synthesfs.

purchased from Novabiochem (San Diego, CA). Diisopropylethylamine ~ CD Studies.CD spectra were recorded using an Aviv model 202SF
(DIEA) and p-cresol were purchased from Aldrich Chemical Co.. circular dichroism spectrometer equipped with a cell holder with a
Trifluoroacetic acid was purchased from Halocarbon (River Edge, NJ). Peltier temperature controller and a 0.2 cm path length Suprasil quartz
All reagent-grade solvents (dichloromethane (DCIM)N-dimethyl- cell (Hellma, Forest Hills, NY). Far-UV CD spectra were recorded from
formamide (DMF), ethyl ether, and acetonitrile) were purchased from 200 to 250 nm at 2 and 28C. The wavelength step size was 0.5 nm,
Fisher. Hydrogen fluoride was purchased from Matheson Gas (Ranchoand the signal averaging time w@ s ateach wavelength step. The
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peptide sample was dissolved in 20 mM sodium phosphate (pH 7.0).  Ligand Binding Assay. Fluorescence anisotropies of the samples
Thermal denaturation was monitored at 227 nm. The temperature rangewere measured on an Aviv model ATF105 automated differential/ratio
utilized was from 2°C to 98 °C with a 2°C step size and a 90 s spectrofluorometer. The tetramethylrhodamine-labeled YSPTpSPS
equilibration time. The signal was averaged for 30 s at each temperature (CTD-S5) ligand for the PIN WW domain was prepared as described
After the highest temperature was reached, the sample was cooled tgpreviously*® Samples with varying concentrations of the PIN WW
25°C and another full CD spectrum was measured to ensure that folding domain or one of its A-to-E mutants (0, 10, 25, 50, and 4080 and

was reversible. The fraction of unfolded PIN WW domafy) (vas a constant concentration of phosphopeptide ligand«Pin sodium
determined using the baseline extrapolation method. TFhelue was phosphate (pH 7.0) were prepared. The fluorescence anisotropies at
determined from the fraction unfolding curve (tfig value was taken 571 nm of these samples was measured (4 nm bandwidth, excitation
to be the temperature at whi¢h= 0.5) as previously describéél. at 544 nm with a 1 nnbandwidth) and fit as a function of peptide

Guanidinium hydrochloride (GuHCI) denaturation was accomplished concentration to the following equation to obtain the dissociation
using the automated titrator accessory on the Aviv model 202SF. Two constantKg:
solutions were prepared. The first being@ protein in 20 mM sodium
phosphate buffer at pH 7.0, and the second beinyl5rotein in 7 M =1+ (r, = r)((Kg+ [P1+[L]) — (Kq+ [P]+[LD)* —

GuH_CI (20 mM sodium phos_pha_te buffer at pH 7.0). The second A[PILD) Y42[P] (1)
solution was added to the first in steps such that the denaturant

concentration of the mixture increased by 0.2 M/step while the protein Where r = anisotropy,rr = anisotropy of free ligand, and, =
concentration remained fixed (excess solution was removed after eachdnisotropy of bound ligand. [P¥ concentration of the PIN. WW
step). The equilibration time was 10 min for each addition with constant domain, and [L]= concentration of the ligand

stirring. The data were collected at 227 nm with a 30 s averaging time.  Analytical Ultracentrifugation. The solution molecular weights of
The denaturation curves were analyzed assuming two-state behaviothe peptides were evaluated by sedimentation equilibrium measurements
using a previously described methid. carried out with a temperature-controlled Beckman XL-I analytical

Fluorescence Fluorescence measurements were carried out on an ultracentrifuge equipped with an An-60 Ti rotor and a photoelectric
AVIV model ATF-105 automated titrating differential/ratio spectro- ~Scanner (Beckman Instruments, Palo Alto, CA). Protein samples (100
fluorometer. Emission spectra were recorded from 310 to 410 nm in 1 #M in 20 mM sodium phosphate, pH 7.0) were loaded in a double
nm steps with excitation at 295 nm ugim 1 cmx 0.6 cm cuvette. sector cell equipped with a 12 mm Epon centerpiece and a sapphire
GUHCI denaturation experiments were conducted %€ 2ising 5uM optical window. The reference compartment was loaded with the
protein in 20 mM sodium phosphate (pH 7.0) and increasing GUHCI matching buffer. The samples were monitored at 280 nm at a rotor
concentration as described above (0.2 M/step). Data were converted toSPeed of 3000 to 40 000 rpm at 2C and analyzed by a nonlinear
ratios of the fluorescences at 342 and 355 nm (the normalized least squares approach using Origin (Microcal Software Inc., Northamp-
fluorescence) to eliminate the dependence of the fluorescence onton. MA). The data were fit to the Lamm equation for a single species
concentration. The data were fit to a two-state model using a previously model
described methotf. The fit yielded a relationship between fraction
unfolded and the normalizedyﬂuorescence, which F\jvas used as a standard A=h exp[wZ/ZRTl\/(l B (v-bar)o)](r2 B r02) )
curve for the TMAO renaturation studies described below.

For A-to-E mutants that were not folded af@, renaturation was
carried out in the presence of the osmolyte trimethylanhhexide
(TMAO). The concentrations of TMAO were determined by a previ-
ously described methdd.Experiments were conducted af@ using
5 uM protein in 20 mM sodium phosphate (pH 7.0) and increasing
TMAO concentration (0.2 M/step). The normalized fluorescence signals ~ Acknowledgment. We gratefully acknowledge financial
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whereA, is radial absorbancé is the baseline absorbance,is the
rotor speed (39, R is the gas constant (J ndlK™), T is the
temperature (K), v-bar is the partial specific volume (mi¥)gp is the
density of solvent (g mt'), r is the variable radius, and is the
meniscus radius.
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