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ABSTRACT. A hyperstable variant of the small independently folded helical subdomain (HP36) derived
from the F-actin binding villin headpiece was designed by targeting surface electrostatic interactions and
helical propensity. A double mutant N68A, K70M was significantly more stable than wild typeTFhe

of wild type in aqueous buffer is 73, whereas the double mutant did not display a complete unfolding
transition. The double mutant could not be completely unfolded even by 10 M ar8aMIlurea, ther,

of wild type is 54.8°C while that of the N68BAK70M double mutant is 73°€. Amide HPH exchange
studies show that the pattern of exchange is very similar for wild type and the double mutant. The structures
of a K70M single mutant and the double mutant were determined by X-ray crystallography and are identical
to that of the wild type. Analytical ultracentrifugation demonstrates that the proteins are monomeric. The
hyperstable mutant described here is expected to be useful for folding studies of HP36 because studies of
the wild type domain have sometimes been limited by its marginal stability. The results provide direct
evidence that naturally occurring miniature protein domains have not been evolutionarily optimized for
global stability. The stabilizing effect of this double mutant could not be predicted by sequence analysis
because K70 is conserved in the larger intact headpiece for functional reasons.

A common goal of protein engineering studies is to hyperstable variant of the small, fast folding villin headpiece
increase protein stability. Increased protein stability is helical subdomain (HP3%
important for applications in biotechnology because the HP36 is the helical C-terminal subdomain from the villin
performance of protein pharmaceuticals and proteins usedheadpiece and can fold in isolation. The subdomain is one
as biocatalysts can often be improved by stabilizatibn ( of the smallest known naturally occurring proteins that folds
3). Enhanced stability can also be extremely useful in to a compact native state. The complete villin headpiece
biophysical studies, particularly for the study of marginally domain is a 76 residue F-actin binding domain that is found
stable proteins and protein domains. In this case, proteinat the extreme C-terminus of villin and related actin binding
engineering experiments are often of limited utility because proteins involved in cytoskeleton remodelind0¢14).
even modestly destabilizing mutations can drastically de- Headpiece domains are not related to any other F-actin
populate the folded state. There are also theoretical reasondinding proteins. Intact villin is a multidomain protein
why developing more stable proteins is of interest, particu- comprising a set of gelsolin domains and headpiece. It has
larly for proteins that fold rapidly. For example, recent work the interesting property of being able to act as both an actin-
in protein folding has led to the hypothesis that stabilizing a bundling protein and an actin-severing protein. Actin bun-
rapidly folding protein can lead to downhill folding, that is, dling requires two independent actin binding sites, and the
folding that does not involve crossing a free energy barrier
(4). The analysis predicts that stabilizing a protein that folds  * Abbreviations: AUC, analytical ultracentrifugation; CD, circular
at a rate near the speed limit for folding could lead to dichroism; Cy, the midpoint of the denaturant induced unfolding

; ; ; ; transition; ESI MS, electro-spray ionization mass spectromai@p°®,
downhill folding. A wide variety of approaches have been the change in heat capacity upon unfoldingi°, the change in enthalpy

applied to increase protein stability, sometimes with mixed ypon unfolding; AG°(T), the change in free energy upon unfolding
successJ—9). Here, we describe the rational design of a measured at a temperatufe HP36, the villin headpiece helical
subdomain corresponding to residues Letu®2e76 of the headpiece
with an additional Met at the N-terminus; HP36 N68A, the Asn68 to
T This work was supported by a grant from the NSF (MCB-0614365) Ala mutant of HP36; HP36 K70M, the Lys70 to Met mutant of HP36;

to D.P.R. HP36 N68AK70M, the Asn68 to Ala and the Lys70 to Met double
* To whom correspondence should be addressed. Tel: 631-632-9547.mutant of HP36; HP67, the C-terminal 67 residues of the villin
Fax: 631-632-7960. E-mail: draleigh@notes.cc.sunysb.edu. headpiece (this is the smallest characterized headpiece construct which
* Department of Chemistry, State University of New York at Stony exhibits full affinity actin binding); HSQC, heteronuclear single
Brook. quantum coherencem, the mvalue for unfolding; MALDI-TOF,
§ Graduate Program in Biochemistry and Structural Biology, State matrix-assisted laser desorption and ionization time-of-flight mass
University of New York at Stony Brook. spectrometry; NMR, nuclear magnetic resonance; rmsd, root mean
'Univeristy of Wirzburg. square deviation.
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Table 1: Summary of Equilibrium Stability Measurements for Wild
Type HP36 and Its Mutarts

Asné8 Tmin3M AG° m-value

" protein Tm (°C)  ureafC) (kcal mol?) (kcal moFtM1)
WT HP36 73.0£ 1.5 54.8 3.22£0.12 0.52+ 0.01
N68A 76.1 N/A 4.16+ 0.08
K70M 82.2 N/A 4.41+ 0.09

N68AK70M 90.6 9C¢ 73.9  4.94-5.0¢

aThe quoted uncertainties represent the standard error to the fit. The

uncertainty inTp, as estimated by repeated measurements of wild type
is 1.5°C. The estimated uncertaintiesAG° and them-values are on
the order of 0.12 kcal mot and 0.01 kcal mol* M™%, respectively,

N on the basis of repeated measurements of wild type. Thermal unfolding
studies were conducted at protein concentrations of 20.4wild type
HP36), 26uM (HP36 K70M), 27uM (HP36 N68A), and 28.7uM
(HP36 N68AK70M). Value estimated by directly fitting the thermal

C unfolding curve. Value estimated by taking the derivative of the curve.
d Estimated using the wild type-value (0.524 0.01 kcal mot* M~1)
and the measure@y value.®Value estimated by using the wild type
41 51 61 71 m-value andCy determined either by directly fitting the curve or by
MLSDE DFKAY FGMTR SAFAN LPLWK QQNLK KEKGLF taking the derivative of the curve.

Ficure 1: Ribbon diagram and primary sequence of the villin . ] ] )
headpiece subdomain (HP36). The side chains of Asn68 and Lys70groups have published theoretical or computational studies

are shown in ball-and-stick representation, created by PyMOL, of its folding (26—44). There are fewer experimental studies
version 0.9 §1). of its folding, but we and independently the Eaton group
headpiece domain provides the second F-actin binding sitehave demonstrated that HP36 folds on the microsecond time

(10, 11). The first nine residues of the headpiece can be SCale @1, 22). One issue that has limited experimental studies
removed without compressing actin binding activity, and the 1S the modoest stability of the domain. Wild type HP36 has a
resulting construct is commonly referred to as HP§2)(  'm Of 73.0°C, arelatively high value, b1“t its free energy of
The N-terminal portion of the protein is made up of a set of Unfolding at 25°C is only 3.22 kcal mol* at pH 5.0 (Table
loops, turns, and a short helix, whereas the C-terminal 1). This is typical for small globular proteins. Their small
portion, here designated HP36, comprises a small three helixS12€ normally means they have a smallp® and a small
bundle (2, 13, 15). HP67 is the smallest characterized AH® of unfolding which leads to relatively highy values,
fragment of the headpiece that retains full actin binding €Ven thougtAG at 25°C can be quite modest. The small
activity. Extensive structural and mutational studies from the Valué ofAG® has limited mutational studies of the folding
McKnight group have led to a model of the binding sité-¢ of HP36, particularly because these investigations typically
14). Key residues include K38, E39, K65, and the sequence involve temperature jump studies that are usually carried out
comprising residues 7674 and possibly L75 and F76. E39 above room temperaiure, where the protein is even less
and K70 are involved in a structurally important buried salt StaPle. For example, the hydrophobic core of HP36 contains
bridge and are important for maintaining the structural &n unusual triad of phenylalanines, which pack together in

integrity of the protein, whereas the other residues group @0 approximately triangular arrangement. Studies of this
together on the protein surface. HP67 contains a Sing|e|nterest|ng interaction have made use of Phe to Leu substitu-

contiguous hydrophobic core, but none the less, the C- tions but havglb_een hindered beqal_Jse some of the mutants
terminal helical subdomain can fold independently. are so destablllzlng that the doma_ln is not completely_folded
HP36 is composed of three sharhelices (Figure 1) that (18 49). In this work, we design and characterize a
pack to form the hydrophobic core. The protein contains four hyPerstable mutant of HP36. We used X-ray crystallography
acidic and six basic residues, all of which are located on the {0 détermine the structures of the single mutant K70M and
protein surface. They are not distributed uniformly on the the thermal hyperstable double mutant N68AK70M. Ther-
molecular surface but rather form several clusters. The helicalmMedynamic and HD exchange experiments were also used
subdomain of the headpiece starts at residue 42, which is &0 characterize the hyperstable mutant.
Leu, and continues to the C-terminus. This subdomain is
commonly denoted HP35. Many experimental studies of the MATERIALS AND METHODS
subdomain use a construct that contains an additional Cloning, Expression, and Purificatiofithe plasmid (pET3a-
N-terminal Met resulting from the expression system. This NTL9-FXa-HP36) containing the gene for HP36 was pre-
protein is usually referred to as HP36, and we have adoptedpared as described®). The proteins with coded amino acid
this notation here. The first residue of HP36 is denoted as substitutions were expressed and purified as descrig@d (
Met-41 to conform to the notation used in earlier studies. **N-labeled HP36 and N68AK70M were produced by using
Small proteins have become useful model systems for M9T minimal media with*>NH,CI. All proteins were more
experimental, theoretical and computational investigations than 95% pure. The identities of the proteins were analyzed
of protein folding (5—27). HP36 in particular has been by electro-spray ionization mass spectrometry (ESI MS) or
widely studied by a diverse set of investigators. Its small matrix-assisted laser desorption and ionization time-of-flight
size and rapid folding have made it an exceptionally popular mass spectrometry (MALDI-TOF). The expected and ob-
model protein for theoretical and computational studies of served molecular weights were as follows: N68A, expected
protein folding and dynamics. At least 17 separate research4146.8, observed 4146.8; N68BAK70M, expected 4149.9,
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Table 2: X-ray Data 10
- e WT o®
HP36 K70M  HP36 N68AK70M o NB8A ..o°.
wavelength (A) 1.1 1.0 0.8 | v K70M o* o
resolution limits (A) 50-1.41 50-1.79 2 & N6BAK70M o oy
number of reflections 5,976 3,020 % .' Ov
completeness 0.942 (0.578) 0.942 (0.701) < 0.6 1 . Ov
mean redundancy 3.9(1.5) 5.9 (3.8) 3 ° o(v)'
Reyn? 0.062 (0.176) 0.038 (0.176) § 0.4 ] ° ov
Mol 21.1(6.4) 34.5 (6.6) ° o oY
space group P41 P41 =z o 99 &
unit cell dimensions, b, c (A) 32.2,32.2,31.7 32.4,32.4,31.7 0.2 | o® OO AAA
3 Reym = Znwi|li — DOVEneili, wherel; is thei™ measurement, and .." ‘06° AAAAAAA
(I0is the weighted mean of all measurementd.df /ol Jindicates 0.0 - 200onnARBRRMEOT A nsasss
the average of the intensity divided by its standard deviation. The
numbers in parentheses refer to the respective highest resolution data 0 2 4 6 8 10 12

shell in each data set.

[Urea] (M)

observed 4150.25N-labeled HP36, expected 4238.9, ob- H'GUREZ: Urea denaturation of HP3®], NE8A (), K70M (v),
served 4238 5°N-labeled N68BAK7OM, expected 4195.9, a0 in 10 mih sodum e oo D P
-Js , -Z; 5.0 in 10 mM sodium acetate buffer. Data are plotted as fraction
observed 4195.6. unfolded.
Circular Dichroism (CD) Spectroscopyll CD experi- i )
ments were performed on an Aviv 62A DS and a 202SF MM path length, charcoal-filled Epon cell with quartz
Circular Dichroism spectrophotometer. A 10 mM sodium windows were used. The wavelength used for this experiment
acetate buffer was used for all CD experiments at pH 5.0. Was 280 nm. Ten SC?”S were averaged. The partial specific
The protein concentrations were determined from absorbance/olume (0.750 mL g*) and solution density (1.005 g*)
measurements using the method of Pace and co-work@rs ( Were calculated from the software program SEDNTE&E). (
Far-UV wavelength scans were performed with five repeats 1 N€ HeteroAnalysis program from the Analytical Ultracen-
and a signal averaging timé bs per point, i a 1 mmquartz trifugation Facility at the University of Connecticut was used
cuvette, over the range of 195 to 260 nm. Thermal unfolding for data analysis. _ _
and urea denaturation experiments were carried out in a 1 NMR SpectroscopyAll NMR experiments were carried
cm quartz cuvette by monitoring the signal at 222 nm. The out on a Varian Instruments Inova 500 Mhz nuclear magnetic
concentration of urea solutions was measured by measuring©S0nance spectrometer atCZE_SamEIes of 1 r(r)ﬂ\/l proteins
the refractive index. The concentration of urea was increased©’ 1D NMR were prepared in 10% X, 90% 10 mM
from 0 to 10 M in~0.25 M steps. Wavelength scans and sodium acetate, and 150 mM sodium chloride at pHBN-
urea denaturation experiments were performed af@5  labeled HP36 andN-labeled N68AK70M for H1/H2

Thermal unfolding experiments were performed from 2 to €Xchanged experiments were dissolved in 10 mM sodium
98 °C with a 2 °C interval. For the thermal unfolding acetate and 150 mM sodium chloride buffer, adjusted to pH

experimentm 3 M urea, the protein samples were dissolved 5:0, and th_en frozen and lyophilized. T_he dry samples were
in 10 mM sodium acetate, 150 mM sodium chloride, and 3 dissolved in’H,O and then transferred into the NMR tube.
M urea at pH 5.0. All the denaturation data were analyzed The H/H exchange experimental procedures and data
by nonlinear least squares curve fitting using SigmaPlot, asanalysis were performed as describ&0)(
described 48—50).

Structural DeterminationBoth the HP36 K70M and HP36 RESULTS
N68AK70M mutants were lyophilized and dissolved in 10  Characterization of HP36 N68A and HP36 K70arly
mM sodium acetate (pH 5.0) and 150 mM NaCl. The final Cys scanning studies of the entire villin headpiece domain
protein concentrations of K70M and N68AK70M were showed that a K70C mutation lead to an increase in
around 1 mM and 50Q«M, respectively. Crystals were thermostability $3). In that study, thermostability was
obtained by incubating the sample at@. Diffraction data measured using CD detected thermal melts. The wavelength
were collected on beamline X26C at the National Synchro- used, 222 nm, is dominated by thehelices. The vast
tron Light Source (NSLS) at Brookhaven National Labora- majority of the helical structure in the villin headpiece is
tory. Data were indexed, integrated, and scaled using HKL. located in the HP36 region, thus we reasoned that this study
The structures of the both mutants were solved by molecularwas probing the thermal stability of the C-terminal helical
replacement with MOLREP using 1YRF (HP35-N68IaY subdomain. Inspired by this observation, we sought to test
as a search model. Parameters are given in Table 2. Allwhether the mutation of K70 would indeed stabilize the
structural Figures were generated using PyMOL, version isolated C-terminal subdomain. We have recently analyzed

0.97 6. the contribution of the six positively charged residues to the
Analytical Ultracentrifugation.Analytical ultracentrifu- stability to the helical subdomain of the headpiece (i.e.,
gation of HP36 N68AK70M mutant was performed with a HP36). We replaced each charged residue by Met, reasoning
Beckman Optima XL-A analytical ultracentrifuge at 26 that this is a more conservative mutation compared to a Lys

using rotor speeds of 38,000 rpm (24 h) and 48,000 rpm to Cys or an Arg to Cys mutation because it preserves the
(24 h). Molecular masses were determined at initial concen- hydrophobic portion of the side chain. We observed that
trations of 30, 60, 10M in 10 mM sodium acetate and mutation of three of the Lysines, K48, K65, and K70 led to
150 mM sodium chloride buffer (pH 5.0). Six channel, 12 an increase in thermal stability of HP36. The HP36 K70M
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A

Ficure 3: (A) Ribbon diagram of the crystal structure of HP36 K70M (yellow) and (B) HP36 N68AK70M (green). The side chains of
residue 68 and 70 are shown in ball-and-stick representation. (C) Comparison of the X-ray structures of HP36 K70M (yellow) and HP36
N68AK70M (green) shown in ribbon diagram representation and (D) all bonds representation. (E) Comparison of the X-ray structure of
HP35 N68H (1YRF, cyan) and X-ray structures of HP36 K70M (yellow) and HP36 N68AK70M (green) shown in ribbon diagram
representation and (F) all bonds representation. The Figures were created using PyMOL, versib) 0198 (X-ray strycture of HP35

shows two orientations for the Phe76 and Trp64 side chains. Both are shown in the all bonds representation in panel F.

mutant was the most stabilizing among those mutations, and(pdb code 1YRF) 22) mutant previously studied by the
led to an increase iy, of 9.8 °C. The effect of the other  Eaton group. The rmsd for the two structures calculated for
two mutants, K48M and K65M, were smaller, leading to residues Leud2 to Leu75 of HP36 K70M with Leud?2 to
increases inT, of 5 and 4.2°C, respectively. The K70M  Leu75 of HP35 N68H is 0.32 A for the backbone. The all
mutant also had the largest effect &tG° of unfolding, atom rmsd, excluding the mutated site, is 0.91 A. The K70
increasing it by 1.19 kcal mot (Table 1, Figure 2). Inthe  and M70 side chains in the two proteins adopt the same side
absence of high-resolution structural data on the HP36 K70M chain conformation with &; value of 124. The fact that
mutant, it is not clear what is responsible for the increase in the structures are identical strongly supports our conjecture
stability. Consequently, we solved the structure of the mutant that the K70M mutant exerts its effect by eliminating
by X-ray crystallography at 1.41 A resolution (Table 2, unfavorable electrostatic interactions rather than by altering
Figure 3). The structure is identical to that of the HP35 N68H core packing.
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In this study, we also examined an additional substitution
that did not include a charged residue: Asn-68to Ala. The 101A -
choice was again based on the early Cys scanning study of o
the intact headpiece58). Those studies reported that - 08 .
replacement of Asn-68 by Cys increased Theof domain, 3 o WT . o
but no detailed analysis was reported. Asn-68 is a surfaceg 0. ©  NBBAK7OM . 2
residue located in the C-terminal helix of HP36 (Figure 1). 2 o o
Asn has a relatively low helix propensity; thus, we reasoned £ 0.4 - . 2
that its replacement by a residue with a high helical & o o
propensity could stabilize the domais4( 55). Y 02! o Ooo

At 25 °C, the far-UV CD spectrum indicates that the N68A o F
mutant has significani.-helix content, and the shape and 0.0 | @W
intensity of the spectrum are very similar to that of HP36

(data not shown). In the 1D NMR spectrum, characteristic 0 2 40 60 80 100 120
resonances appeared-ad.1 ppm (Val-50) and at 5.6 ppm

(Phe-47) and were ring-current shifted. These resonances Temperature("C)

show that the N68A mutant folds to the same native state as

that of the wild type. The stability of the mutant was probed 1018 %
using both thermal unfolding experiments and urea dena- & &
turation experiments monitored by CD. The HP36 N68A g 0.8 1 S L
mutant is more thermostable than wild type HP36 witha 2 e WT & o

of 76.1°C (Table 1). The HP36 N68A mutant does not ‘& 96 O NeBAKTOM S o
exhibit a complete urea unfolding curve, and the unfolded 2 . O
baseline is not reached, even at the highest urea concentratio% 0.4 1 o« 0

(Figure 2). The estimated stability of the mutant from directly & ..' 2

fitting the curve was 3.95 kcal mol. However, this value * 02 ...' &

is not the most reliable because the complete transition cannot @ deﬁ:

be observed. Alternatively, the stability can be estimated from 0.0 -

the midpoint concentratiorCy, which can be accurately . . ; : : .
determined even from an incomplete unfolding curve, 0 20 40 60 80 100 120
whereas thenvalue often cannot. However, the stability can Temperature(°C)

still be estimated using the measuKgg value and the wild FIGURE 4° Thermal unfolding of HP nd N6SAK7OM
type m-value (0.52+ 0.01 kcal mof* M™%). Using this (A(;Uwith oM ﬁre;aLrJ]d cEE?) v%/]ilnos M ?J?:;.aAI(Ij exf)gerime%ts (v)v)ére
method gives 4.16 0.08 kcal mot* for the stability of the  conducted in 10 mM sodium acetate buffer at pH 5.0. Data are
HP36 N68A mutant (Table 1). plotted as fraction unfolded.

N68AK70M a Thermal Hyperstable Double Mutafhe
analysis of the single mutants demonstrates that N68A andandCu for the double mutant calculated by directly fitting
K70M significantly stabilize the domain. Examination of the the curve or by analysis of the derivativ®G® of unfolding
structure of the domain suggests that these two mutationsfor the double mutant is 1-71.8 kcal mof* larger than the
could be simultaneously accommodated by the protein. value for the wild type. Guanidine hydrochloride induced
Consequently, we prepared the N68BAK70M double mutant. unfolding is not a viable option for measuring the stability
At 25 °C, the far-UV CD spectrum and 1D NMR spectrum because electrostatic interactions make a significant contribu-
indicate that the double mutant adopts the same fold as thation to the domain stability, and preliminary studies have
of the wild type (data not shown). We solved the crystal shown that guanidine hydrochloride and urea denaturation
structure of the double mutant to 1.79 A resolution (Table 2 give different estimates oAG®.
and Figure 3). The structure is identical to those of the HP36 ~ We next undertook amide A exchange studies to probe
K70M and HP35 N68H mutants, and the rmsd for residues the slow time scale dynamics of the double mutant and to
42—75 is 0.13 A relative to HP36 K70M. The all atom rmsd, compare it to the wild type. Amide PH# exchange
excluding the mutated residues, is 0.25 A. experiments were performed for WT HP36 and HP36

The results of thermal unfolding with the double mutant N68AK70M at pD 5.0 and 28C under native conditions.
are impressive. The protein does not completely thermally For WT HP36, 21 amidéH-°N cross-peaks were detected
unfold, and the melting profile does not show a post- in the first HSQC spectrum, which was taken 27 min after
transition (Figure 4A). Thd, for the wild type is 73.CC, the dry protein was mixed witPH,O. Only two amideH-
whereas thdl,, estimated for the double mutant is at least 1°N cross-peaks (Val 50 and Leu 61) were detected after 6
90.6°C (Table 1). We also compared the thermal stability h. While for HP36 N68AK70M, 23 amidéH-1°N cross-
of the wild type and N68BAK70Mn 3 M urea (Figure 4B). peaks were detected in the first HSQC spectrum, and 7 amide
Under these conditions, thg, of WT HP36 is 54.8°C, IH-15N cross-peaks (Phe 58, Ala 59, Leu 61, Lys 65, Asn
while it is 73.9°C for the N6BAK70M mutant, an increase 66, M70, and K71) were detected even after 17 h. A
of 19.1 °C (Table 1). Urea denaturation studies were histogram of the apparent free energies of the opening
attempted, but th€y of the mutant is close to 10 M urea, reaction calculated from the observed exchange rates for wild
making it difficult to accurately measure stability (Figure type and the N68BAK70M mutant is shown in Figure 5. The
2). We estimated the stability by using the wild typevalue pattern of exchange is very similar for the two proteins,
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Ficure 5: Histogram of the apparent free energy change for the opening reattjg, at 25°C vs residue number for WT HP36 (black
bars) and N68BAK70M (gray bars). Samples were prepared in 10 mM sodium acetate buffer at pD 5.0@nHr28r bars are shown. The
three residues with the largest protection factor are labeled (#) for HP36 and (*) for HP36 N68AK70M.
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Ficure 6: Sedimentation equilibrium studies of N68BAK70M. The sample containedMBI68AK70M in 10 mM sodium acetate buffer

solution at pH 5.0 and 25C. The rotor speed was 48,000 rpm. The observed molecular mass was 4278, determined from a single-species
fit; the expected mass is 4149.9.

arguing that the mutations have not significantly altered the proteins. Using the three most protected residues in wild type
slow dynamics of the domain. In principle, the free energy HP36,AG° is 3.73 kcal mot?, whereas the value calculated
of unfolding of a protein can be accurately determined by for the double mutant is 4.44 kcal mé) an increase of 0.7
amide exchange, provided that exchange occurs in the EX2kcal mol 2. For the reasons outlined above, we believe the
limit. The analysis requires a known subset of residues that AG® value determined by the urea denaturation experiment
exchange by global unfolding and do not experience local more accurately reflects the increase in stability caused by
unfolding or, conversely, so-called super protection due to the double mutations.

structure in the unfolded state. A priori, it is not always clear ~ The Hyperstable Mutant Is MonomertdP36 N68AK70M
which residues exchange strictly by global unfolding, and is much more stable than WT HP36; however, it is necessary
furthermore, stabilization of a domain can increase the to check whether this hyperstable mutant is monomeric or
fraction of residues that exchange by subglobal unfolding not because self-association can lead to an apparent increase
events. For these reasons, we believe that the amitté H/ in stability. Analytical ultracentrifugation experiments show
exchange studies are best viewed as probes of slow dynamicghat HP36 N68AK70M is monomeric. Figure 6 shows
Nevertheless, it is interesting to compare the estima@atl representative sedimentation equilibrium data for HP36
of unfolding determined by HBH exchange for the two  N68AK70M. The data were fit well by an ideal single-species
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model with a molecular weight within 5% of the monomer

Biochemistry, Vol. 46, No. 25, 2007503

carboxylate E39 uncompenstated by a salt bridge partner and

molecular weight. The average experimental molecular massis thus expected to destabilize the N-terminal subdomain.

determined from multiple experiments with HP36 N68AK70M
is 4285, and the expected mass is 4149.9.

DISCUSSION

Using two simple surface mutations, we have developed
a monomeric hyperstable variant of HP36, whose structure
is identical to that of the wild type. The mutations were
designed to eliminate unfavorable electrostatic interactions
(HP36 K70M) and to increase helical propensity (HP36
N68A). The increase in stability for the N68A mutant is
very close to that expected on the basis of helical
propensity. Our high-resolution structure of HP36 K70M
is consistent with stabilization by modification of surface
electrostatics rather than core repacking. The high-resolution

Sequence analysis is often used to choose potential sites for
mutation in protein engineering studies and can be used to
design stabilizing substitutions in favorable caség3).(
However, analysis of aligned sequences of HP36 would fail
to predict that K70 is a viable site for mutation because it is
rigorously conserved in all HP36 sequencd®)( The
conservation arises because of the need to form the E39 K70
salt bridge and not because K70 is needed to directly stabilize
the HP36 fold. It is interesting to note that virtually all
characterized miniature proteins are domains or subdomains
of large sequences; thus, if the goal of a protein engineering
exercise is to stabilize the protein, then sequence alignments
may not provide a useful guide because residues may be
conserved for functional reasons in the intact protein, even
if they make a unfavorable contribution to the stability of

structure of the double mutant shows that there is no changey,o smaller domain. K70 in HP36 provides a striking example

in the hydrophobic core and, again, is consistent with the
design strategy that targeted surface interactions. It is
interesting to compare these results to experiments
designed to improve protein stability by altering inter-

actions in the core. In these cases, multiple mutations are,

often required to achieve increases in stability comparable
to what is observed here, suggesting that targeting
surface residues may be a particularly efficient strategy for
stabilizing proteins §). It is also noteworthy that the
significant increase i, is associated with a relatively
more modest increase iIRG°®. This is, in fact, expected for
small proteins. Rees and Robertsbf)(analyzed a data base
of larger proteins and derived a simple relationship
betweemAAG® andAT,, showing that AG°/dT,, scales with

the number of residue$y. Thus the same increase AG°

will lead to a large increase iy, for small proteins and a
small increase ifiy, for large proteins. AG°/dT, is predicted

to be N*0.0023 kcal mot! K1 at the T, of the wild type
(346 K). Thus a 19increase inl, is predicted to be linked

to a 1.6 kcal mol' increase inAG®°, which is in good
agreement with the value estimated from an analysis of the

of this.
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