10326 Biochemistry2001,40, 10326-10333

Stabilization of a Fibronectin Type [Il Domain by the Removal of Unfavorable
Electrostatic Interactions on the Protein Surface

Akiko Koide, Michael R. Jordan, Scott R. Horner, Vincent Batori, and Shohei Koide*

Department of Biochemistry and Biophysics, Lémsity of Rochester Medical Center, 601 EImwoagtrue,
Rochester, New York 14642

Receied May 4, 2001; Resed Manuscript Receed June 25, 2001

ABSTRACT: It is generally considered that electrostatic interactions on the protein surface, such as ion
pairs, contribute little to protein stability, although they may play important roles in conformational
specificity. We found that the tenth fibronectin type 1ll domain of human fibronectin (FNfn10) is more
stable at acidic pH than neutral pH, with an apparent midpoint of transition near pH 4. Determination of
pKa's for all the side chain carboxyl groups of Asp and Glu residues revealed that Asp 23 and Glu 9 have
an upshifted fa These residues and Asp 7 form a negatively charged patch on the surface of FNfn10,
with Asp 7 centrally located between Asp 23 and Glu 9, suggesting repulsive electrostatic interactions
among these residues at neutral pH. Mutant proteins, D7N and D7K, in which Asp 7 was replaced with
Asn and Lys, respectively, exhibited a modest but significant increase in stability at neutral pH, compared
to the wild type, and they no longer showed pH dependence of stability. Kkie gf Asp 23 and Glu 9

in these mutant proteins shifted closer to their respective unperturbed values, indicating that the unfavorable
electrostatic interactions have been reduced in the mutant proteins. Interestingly, the wild-type and mutant
proteins were all stabilized to a similar degree by the additioh M sodium chloride at both neutral

and acidic pH, suggesting that the repulsive interactions between the carboxyl groups cannot be effectively
shielded ly 1 M sodium chloride. These results indicate that repulsive interactions between like charges
on the protein surface can destabilize a protein, and protein stability can be significantly improved by
relieving these interactions.

Increasing the conformational stability of a protein by it is possible to improve protein stability by optimizing
mutation is a major interest in protein design and biotech- surface electrostatic interactiori)-13). In this article, we
nology. The three-dimensional structures of proteins are present another example of improving protein stability by
stabilized by a combination of different types of forces. The modifying surface electrostatic interactions.
hydrophobic effect, van der Waals interactions, and hydrogen Fibronectin type Ill domain (FN3)is a small 3-sheet
bonds are known to contribute to stabilize the folded state domain that is ubiquitously found in animal proteirist(
of proteins (—3). These stabilizing forces primarily originate  15). The tenth FN3 from human fibronectin (FNfn10) is
from residues that are well packed in a protein, such as thoseinvolved in the interaction between fibronectin and its cell-
that constitute the hydrophobic core. Because a change insurface receptors, integrintg), and it has been extensively
the protein core would induce a rearrangement of adjacentstudied as a prototype of FN3. Its three-dimensional structure
moieties, it is difficult to improve protein stability by has been determinedl?, 18, and its conformational
increasing these forces without massive computatddrign dynamics have been characterized in detdl).(Further, its
pairs between charged groups are commonly found on thestability and folding kinetics have been studie2D{22).
protein surfaceX), and an ion pair could be introduced to a These studies demonstrated that FNfn10 is an excellent
protein with small structural perturbations. However, a system to investigate the relationships between structure,
number of studies have demonstrated that the introductiondynamics, and stability.
of an attractive electrostatic interaction, such as an ion pair, We have developed a protein engineering system using
on the protein surface has small effects on stabifty7]. A FNfn10 as a scaffold23). In this system, surface loops of
large desolvation penalty and the loss of conformational FNfn10 are diversified to generate combinatorial libraries,
entropy of amino acid side chains oppose the favorable and FNfn10 mutants with novel functions, termed “mono-
electrostatic contributior8( 9). Recent studies demonstrated bodies”, are selected using the phage-display technology. The
that repulsive electrostatic interactions on the protein surface,excellent physical characteristics of FNfn10 allow us to
in contrast, may significantly destabilize a protein, and that introduce many mutations in these loops without disrupting

its global fold. During the characterization of these mono-
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bodies, we found that these proteins, as well as wild-type citrate buffer at various pHs containing 100 mM sodium
FNfn10, are significantly more stable at low pH than at chloride. Guanidine hydrochloride (GuHCI)-induced unfold-
neutral pH 23). These observations indicate that changes ing experiments were performed as described previo@sly (
in the ionization state of some moieties in FNfn10 modulate 24). GUHCI concentration was determined using an Abbe
the conformational stability of the protein, and suggest that refractometer (Spectronic Instruments) as descril2&). (
it might be possible to enhance the conformational stability Data were analyzed according to the two-state model as
of FNfn10 at neutral pH by adjusting electrostatic properties described 23, 26.
of the protein. Improving the conformational stability of Thermal Denaturation MeasuremenBroteins were dis-
FNfn10 will also have practical importance, because of our solved to a final concentration of @Vl in 20 mM sodium
interest in using FNfn10 as a scaffold in biotechnology phosphate buffer (pH 7.0) containing 0.t D M sodium
applications. chloride or in 20 mM glycine hydrochloride buffer (pH 2.4)

In this study, we performed more detailed characterization containing 0.1 01 M sodium chloride. Additionally, 6.3 M
of the pH dependence of FNfn10 stability, identified urea was included in all solutions to ensure reversibility of
unfavorable interactions between side chain carboxyl groups,the thermal denaturation reaction. In the absence of urea,
and improved the conformational stability of FNfn10 by point We found that denatured FNfn10 adheres to the quartz
mutations on the surface. Our results demonstrate that thesurface, and that the thermal denaturation reaction was
surface electrostatic interactions contribute significantly to irreversible. Circular dichroism measurements were per-
protein stability, and it is possible to enhance protein stability formed using a model 202 spectrometer equipped with a

by rationally modulating these interactions. Peltier temperature controller (Aviv Instruments). A cuvette
with a 0.5 cm path length was used. The ellipticity at 227
EXPERIMENTAL PROCEDURES nm was recorded as the sample temperature was raised at a

) ) o . . rate of approximately 2C/min. Because of the decomposi-
Protein Expression and Purificatiofihe wild-type protein  tjon of urea at high temperature, the pH of protein solutions

used for thg NMR stud_les 'contalneq res'dljle‘594 of tended to shift upward during an experiment. We measured
FNfn10 [residue numbering is according to Figure 2(a) of the pH of the protein solution before and after each thermal
Koide et al. €3)], and an additional two residues (Met-GIn) - genaturation measurement to ensure that a shift of no more
at the N-terminus (these two residues are number2dnd  than 0.2 pH unit occurred in each measurement. At pH 2.4,
—1, respectively). The gene coding for the protein was o sections of a thermal denaturation curve<86 and

inserted in pET3a (Novagen, WIEscherichia coliBL21- 60—95 °C) were acquired from separate samples, to avoid a

(DES3) transformed with the expression vector was grown in |arge pH shift. The thermal denaturation data were fit with
the M9 minimal media supplemented witC-glucose and  the standard two-state mode5j:

15N-ammonium chloride (Cambridge Isotopes) as the sole
carbon and nitrogen sources, respectively. Protein expressio\G(T) = AH, (1 — T/T,,) —
was induced as described previoushg)( After harvesting _
the cells by centrifuge, the cells were lysed as descripad ( AGH(Tn =D+ Tin (TTr)]
After centrifugation, supernatant was dialyzed against 10 MM \yhare AG(T) is the Gibbs free energy of unfolding at
sodium acetate buffer (pH 5.0), the protein solution was temperaturd, AHn, is the enthalpy change upon unfolding
applied to an SP-Sepharose FastFlow column (Amershamy; ne midpoint of the transitiorT,, and AC, is the heat
Pharmacia Biotech), and FN3 was eluted with a gradient of capacity change upon unfolding. The valueAdE, was fixed
sodium chloride. The protein was concentrated using an 4t 1 74 kcal moit K-1, according to the approximation of
Amicon concentrator using a YM-3 membrane (Millipore). \yers et al. 7). Most of the data sets taken in the presence
The wild-type protein used for the stability measurements of 1 M NaCl did not have a sufficient baseline for the
contained an N-terminal his-tag (MGSSHHHHHHSS- ynfolded state, and thus we assumed the slope of the unfolded
GLVPRGSH) and residues2 to 94 of FNfn10. The gene  baseline in the presencé bM NaCl to be identical to that
for FN3 described above was inserted in pET15b (Novagen). determined in the presence of 0.1 M NaCl.
The protein was expressed and purified as descriBay ( NMR SpectroscoppNMR experiments were performed at
The wild-type protein used for measurements of the pH 30°C on an INOVA 600 spectrometer (Varian Instruments).
dependence shown in Figure 1 contained Arg 6 to Thr The C(CO)NH experiment2@) and the CBCACOHA
mutation, which had originally been introduced to remove a experiment 29) were collected on &°C *N-labeled wild-
secondary thrombin cleavage sig3). Because Asp 7, which  type FNfn10 sample (1 mM) dissolved in 50 mM sodium
is adjacent to Arg 6, was found to be critical in the pH acetate buffer (pH 4.6) containing 5% (v/v) deuterium oxide,
dependence of FN3 stability as detailed under Results,ysing a Varian 5 mm triple resonance probe with pulsed field
subsequent studies were performed using the wild-type, Arg gradient. The carboxyfC resonances were assigned based
6, background. The genes for the D7N and D7K mutants on the backbonéH, 13C, and!®N resonance assignments of
were constructed using standard polymerase chain reactionsENfn10 (S. Koide, unpublished data, and 36J. pH titration
and inserted in pET15b. These proteins were prepared inof carboxyl resonances was performed on a 0.3 mM FNfn10
the same manner as for the wild-type protéig.,'N-labeled  sample dissolved in 10 mM sodium citrate containing 100
proteins for K. measurements were prepared as describedmM sodium chloride and 5% (v/v) deuterium oxide. An 8
above, and the his-tag moiety was not removed from thesemm triple resonance, pulsed field gradient probe (Nanolac
proteins. Corp.) was used for pH titration. Two-dimensional H(C)-
Chemical Denaturation MeasurementBroteins were  CO spectra were collected using the CBCACOHA pulse
dissolved to a final concentration ofi®/ in 10 mM sodium sequence as described previousBl)( Sample pH was
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changed by adding small aliquots of hydrochloric acid, and A

pH was measured before and after taking NMR diédal>N-
HSQC spectra were taken as described previodgy NMR 2 5
data were processed using the NMRPipe packagg and g =4
analyzed using the NMRView softwar84). £5
NMR titration curves of the carboxyfC resonances were 823
fit to the HendersorHasselbalch equation to determine 33
pKJ's: g 82
= 1
O(PH) = (Facia T Opasd O PI)/(1 + 10P P
whered is the measured chemical shift,ciqis the chemical GuHCI (M)
shift associated with the protonated staigseis the chemical B ~ [0 s ' ' '
shift associated with the deprotonated state, agdipthe T 301 o —
pKa value for the residue. Data were also fit to an equation 5
with two ionizable groups: < 251 o -
Q
I
S(PH) = (Oppyp + 05y 1OPH PR 4 5 102PH PRa-PRad) g 20 o .
1+ lo(DH—PKaJ) + 10(2PH—PKa1—DKaz)) % 5k |
e o)
<
wheredanz, 0an, andoda are the chemical shifts associated ! ! ! ?
with the fully protonated, singularly protonated, and depro- 8 4 H 5 6
tonated states, respectively, anlapand Ky, are Kj's Ip . I
associated with the two ionization steps. Data fitting was c 211 o =
performed using the nonlinear least-squares regression _ o0l |
method in the program Igor Pro (WaveMetrics, OR) on a T o ©
Macintosh computer. T 19 .
£
RESULTS 5 ° 5 i
pH Dependence of FNfn10 Stability our previous study, g 17 7]
we found that FNfn10 is more stable at acidic pH than at 1.6 .
neutral pH 23). In this study we further characterized the é ‘" g (g

pH dependence of its stability. Because of its high stability,
FNfn10 could not be fully denatured in urea at® Thus,

we used GuHCl-induced chemical denaturation (Figure 1). F'6URE 1: (A) Guanidine hydrochloride (GuHCI)-induced dena-
. . . turation of FNfn10 monitored by Trp fluorescence. The fluorescence
The denaturation reaction was fully reversible under all gmission intensity at 355 nm is shown as a function of GUHCI

conditions tested. To minimize errors caused by extrapola- concentration. The lines show the best fits of the data to the two-

tion, the free energy of unfolding @ M GuHCI was used state transition model. (B) Stability of FN3 4 M GuHCI plotted

for comparison (Figure 1). The stability increased as the pH @s @ function of pH. (C) pH dependence of thevalue.

was lowered, with apparent plateaus at both ends of the pH _ _

range. The pH dependence curve has an apparent transitiofarboxylates in FNfn10 using heteronuclear NMR spectros-

midpoint near pH 4. In addition, we noted a gradual increase SOPY _to identify stabilizing and destabilizing interactions

in them value, the dependence of the unfolding free energy involving carboxyl groups.

on denaturant concentration. Pace et al. reported a similar First, we assigned th&’C resonance for the carboxyl

pH dependence of tha value for barnase3g). These results ~ carbon of each Asp and Glu residue in FNfn10 (Figure 2).

indicate that FNfn10 contains interactions that stabilize the Next we performed pH titration of th&C resonances for

protein at low pH, or those that destabilize it at neutral pH. these groups (Figure 3). Titration curves for Asp 3, 67, and

The results also suggest that by identifying and altering the 80 and for Glu 38 and 47 could be fit well with the

interactions that give rise to the pH dependence, one mayHendersor-Hasselbalch equation with a singlépThe Ka

be able to improve the stability of FNfn10 at neutral pH to Vvalues for these residues (Table 1) are either close to or

a degree similar to that found at low pH. slightly lower than their respective unperturbed values{3.8
Determination of pKs of the Side Chain Carboxyl Groups 4.1 for Asp, and 4.14.6 for Glu @6)], indicating that these

in Wild-Type FNfn10 The pH dependence of FNfn10 carboxyl groups are involved in neutral or slightly favorable

stability suggests that amino acids withiKpnear 4 are electrostatic interactions in the folded state.

involved in the observed transition. The carboxyl groups of  The titration curves for Asp 7 and 23 and for Glu 9 were

Asp and Glu generally have &pin this range %). It is fit better with the HendersornHasselbalch equation with two

well-known that if a carboxyl group has unfavorable (i.e., pK, values, and one of the twoKp values for each was

destabilizing) interactions in the folded state, it& 5 shifted shifted higher than the respective unperturbed values (Figure

to a higher value from its unperturbed val@. (f a carboxyl 3B). The titration curves with two apparenKpvalues of

group has favorable interactions in the folded state, it has athese carboxyl groups may be due to the influence of an

lower K, Thus, we determined theKp values of all ionizable group in the vicinity. In the three-dimensional

pH
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[
structure of FNfn1017), Asp 7 and 23, and Glu 9 form a E
patch on the surface (Figure 4), with Asp 7 centrally located 2
in the patch. Thus, it is reasonable to expect that these © 178
residues influence each other’s ionization profile. To identify
which of the three residues has a highly upshifté&d, pve
then collected the H(C)CO spectrum of the protein in 99% 176

D,O buffer at pH* 5.0 (direct pH meter reading). Asp 23
and Glu 9 showed larger deuterium isotope shifts (0.33 and

0.32 ppm, respectively) than Asp 7 (0.18 ppm). These rESU|tSFIGURE 3: pH-dependent shifts of th8C chemical shifts of the

show that Asp 23 and Glu 9 are protonated to a greater carboxyl carbons of Asp and Glu residues in FNfn10. Panel A
degree than Asp 7. Thus, we concluded that Asp 23 and Glushows data for Asp 3, 67, and 80, and for Glu 38 and 47. The lines
9 have highly upshifted o,’s, due to the strong influence are the bestfits of the data to the Hendersbiasselbalch equation
of Asp 7. with one ionizable group31). Panel B shows data for Asp 7 and

M . | AnalvsisTh ial . f Asp 7 and 23 and for Glu 9. The continuous lines show the best fits to the
utational Ana yS_'S e spatial proximity o SP _an Hendersor-Hasselbalch equation with two ionizable groups, while
23, and Glu 9 explains the unfavorable electrostatic interac- the dashed lines show the best fits to the equation with a single
tions in FNfn10 identified in this study. At low pH where ionizable group.

these residues are protonated and neutral, the repulsive

interactions are expected to be mostly relieved. Thus, it Table 1: [Ka Values for Asp and Glu Residues in FN3

should be possible to improve the stability of FNfn10 at protein
neutral pH, by removing the electrostatic repulsion between residue wild-type D7N D7K
these three residues. Because Asp 7 is centrally located
; : E9 3.84,5.40 4.98 4.53

among the three residues, we decided to mutate Asp 7. We E38 379 387 386
prepared two mutants, D7N and D7K. The former neutralizes E47 3.94 3.99 3.99
the negative charge with a residue of virtually identical size. D3 3.66 3.72 3.74
The latter places a positive charge at residue 7 and increases ~ P7 3.54, 5-5§ - -
the size of the side chain. Bég 2:?3’ 52 3f187 34?124

The!H,'>N-HSQC spectra of the two mutant proteins were D80 3.40 3.49 3.48

nearly identical t_o that_ of the wild-type protein, indicating a2The standard deviations in th&pvalues are less than 0.05 pH
that these mutations did not cause large structural perturba-ynit for those fit with a single ka and less than 0.15 pH unit for those

tions (data not shown). The degrees of stability of the mutant with two pK.’s. ® Data for E9, D7, and D23 were fit with a transition
proteins were then characterized using thermal and chemicalurve with two (K, values.

denaturation measurements. Thermal denaturation measure-

ments were performed initially with 100 mM sodium be significantly more stable than the wild type at neutral pH
chloride, and 6.3 M urea was included to ensure reversible (Figure 5 and Table 2). Furthermore, these mutations almost
denaturation and to decrease the temperature of the thermagliminated the pH dependence of the conformational stability
transition. All the proteins were predominantly folded in 6.3 of FNfn10. These results confirmed that destabilizing
M urea at room temperature. All the proteins underwent a interactions involving Asp 7 in wild-type FNfn10 at neutral
cooperative transition, and the two mutants were found to pH are the primary cause of the pH dependence.
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(A)

strand: G F C D E B A
sheet 2 sheet 1
Ficure 4: (A) Amino acid sequence of FNfn10 shown according to its topoldd). (Asp and Glu residues are highlighted with gray

circles. The thin lines and arrows connecting circles indicate backbone hydrogen bonds. (B) CPK model of FN3 showing the locations of
Asp 7 and 23 and Glu 9.

We then investigated the effect of increased sodium
chloride concentration on the conformational stability of the
wild-type and the two mutant proteins. All proteins were
more stablern 1 M sodium chloride than in 0.1 M sodium
chloride (Figure 5). The increase of the sodium chloride
concentration elevated th&, of the mutant proteins by
approximately 10°C at both acidic and neutral pH (Table
2). Remarkably, the wild-type protein was also equally
stabilized at both pHs, although it contains unfavorable
interactions among the carboxyl groups at neutral pH but
not at acidic pH.

Chemical denaturation of FNfn10 proteins was monitored
using fluorescence emission from the single Trp residue of
FNfn10 (Figure 6). The free energies of unfolding at pH 6.0
and 4 M GuHCI were determined to be 1.£Q.3), 1.7
(£0.2), and 1.440.1) kcal/mol for the wild type, D7N, and
D7K, respectively, indicating that the two mutations also
increased the conformational stability against chemical
denaturation.

Determination of the pKs of the Side Chain Carboxyl
Groups in the Mutant ProteindVe then investigated the
ionization properties of carboxyl groups in the two mutant
proteins. The 2D H(C)CO spectra of the mutant proteins at
the high and low ends of the pH titration (pH7 and~1.5,
respectively) were nearly identical to the respective spectra
of the wild type, except for the loss of the cross-peaks for
Asp 7 (data not shown). This similarity allowed us to
unambiguously assign resonances of the mutants, based on Temperature (°C)
the assignments for wild-type FNfn10. The pH ftitration Fgure 5: Thermal denaturation of the wild-type and mutant
experiments revealed that, except for Glu 9 and Asp 23, the FNfn10 proteins at pH 7.0 and 2.4 in the presence of 6.3 M urea
behaviors of Asp and Glu carboxyl groups are very close to and 0.1 or 1.0 M NaCl. The change in the circular dichroism signal

i i id- i i at 227 nm is plotted as a function of temperature. The filled circles
X‘eg Cc[))unlgergr?crjtscl‘n g;‘%vyllgjbgpf)p:gg?g;t(i?gﬁéf ?r?:ltswo show the data in the presenceloM NacCl, and the open circles

o T ) T ' . . are the data in the presence of 0.1 M NaCl. The left column shows

mutations have marginal effects on the electrostatic environ- gata taken at pH 2'_04 and the right column at pH 7.0. The identity

ments for these carboxylates. In contrast, the titration curvesof proteins is indicated in the panels.
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Table 2: Midpoint of Thermal Denaturation (RC) of Wild-Type woET T T lete BT LN
and Mutant FN3 in the Presence of 6.3 M Urea ¢ 1831 o
L ] _ .
pH 2.4 pH 7.0 17 8 .
182 - m
protein  0.1MNaCl 1MNaCl 0.1MNaCl 1M NaCl s L .0 4 .’
wild type 72 82 62 70 S 181 o & .
D7N 68 82 69 80 mh s , .8
D7K 69 1 70 78 X4 A D3 1O+ g o0 ® E Eo
aThe error in the midpoints for the 0.1 M NaCl data4®.5 °C. 180 B4 ’ L ! ! — ! } } | é. —
Because most of thl M NaCl data did not have a sufficient baseline , od ol '8r oo 7
for the denatured state, we estimate the error in the midpoints for these . o et * ¢
data to bet2 °C. B oe, 1 182 N 4
L
.
178 |- -
1.0F T E ° 181 | . 4
+
§ rr oo 1 180 y
£ L 4
0.8 w e} :O
§ -ho'+ d| I B.|D23 <9+ ° ! | I F.IESB
g 'g 180 __‘ T T 1 o de 01| 184 _2|' 1 1 |. e W 3
“_90.6 - 6 o L0
5 Qel * 4 ®r g 1
§ i ’ +
£0.4- L 4
g sl s | 182 2
N O D7K
181 -
0.2 o DN . wrt .0 - +°
® Wild-Type . .
£° c.oe7 | 180 L 4° G. E47 ]
176 :g+c’+ ] I 1 ! = le.] I 1 I I
0.0 ! = LT 2 3 4 5 6
7 180 |- « . pH
Guanidine HCI (M) s
Ficure 6: GuHCl-induced denaturation of FNfn10 mutants moni- R ° .
tored with fluorescence. Fluorescence data (similar to Figure 1A) i
were converted to the fraction of unfolded protein according to the .| o i
two-state transition modellQ), and plotted as a function of :
[GuHCI]. °
177 -..,c?+ | L D‘IDBO
for E9 and D23 show significant changes upon mutation TR

(Figure 7, panels B and E). Th&pof D23 was lowered by A i N
. GURE 7: pH titration of the carboxy}3C resonance of Asp and
more than 1.6 and 1.4 pH units in the D7N and D7K mutants, Gy residues in D7N (open circles) and D7K (closed circles)

respectively. These results clearly show that the repulsive FNfn10. Data for the wild-type (crosses) are also shown for
interaction between D7 and D23 contributes to the increasecomparison. Residue names are denoted in the individual panels.
in pK, of Asp 23 in the wild-type protein, and that it was
eliminated by the neutralization of the negative charge at calculations may have large errors due to the flexibility of
residue 7. The I, of Glu 9 was reduced by 0.4 pH unit by amino acid side chains on the surface, and the uncertainty
the D7N mutation, while it was decreased by 0.8 pH unit in in the dielectric constant on the protein surface and in the
the D7K mutant. The greater reduction of Glu R,y the protein interior. For example, in the NMR structure of
D7K mutation suggests that there may be a favorable FNfn10 (17), the root-mean-squared deviations among 16
interaction between Lys 7 and Glu 9 in this mutant protein. model structures for the Gatom of Glu residues are 12

2.4 A, and those for Lys Natoms are 1.53.1 A. Such
DISCUSSION uncertainties in atom position can potentially cause large
differences in calculation results. On the other hand, our
strategy requires the NMR assignments for carboxyl residues,
and NMR measurements over a wide pH range. Although
recent advances in NMR spectroscopy have made it straight-
forward to obtain resonance assignments for a small protein,

We have identified unfavorable electrostatic interactions
in FNfn10, and improved its conformational stability by
mutations on the protein surface. Our results demonstrate
that repulsive interactions between like charges on the protein
surface significantly destabilize a protein. Our results are also ; e :
consistent with recent reports by other groupé13), in some proteins may.r?ot be sufficiently soluble over the desired
which protein stability was improved by eliminating unfa- PH range. In addition, knowledge of thekpvalues of
vorable electrostatic interactions on the surface. In theselonizable groups in the denatured state is necessary for
studies, candidates for mutations were identified by electro- accu_r.ately evaluating contributions of individual residues to
static calculations10, 12, 13 or by sequence comparison Stability (8). Kuhiman et al. §6) showed that K.'s of
of homologous proteins with different stabilitl1). Our carboxylates in the dena_ltured state have a considerably larger
strategy using K. determination using NMR has both ange than tho_se_ ob_talned from small model compo_unds.
advantages and disadvantages over the other strategies. Olespite these limitations, our method should be applicable
method directly identifies residues that destabilize a protein. {0 many proteins.

Also it does not depend on the availability of the high-  We showed that the unfavorable interactions involving the
resolution structure of the protein of interest. Electrostatic carboxyl groups of Asp 7, Glu 9, and Asp23 were no longer
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present if these groups were protonated at low pH or if Asp tion, the pH dependence of TNfn3 resembles that of FNfn10
7 was replaced with Asn or Lys. The similarity in the shown in Figure 1. TNfn3 does not contain the carboxylate
measured stability of the mutants and the wild type at low triad at positions corresponding to residues 7, 9, and 23 of
pH (Table 2) suggests that no other factors significantly FNfn10 @2), indicating that the destabilization of TNfn3 at
contribute to the pH dependence of FNfn10 stability and that neutral pH is caused by a different mechanism from that for
the mutations caused minimal structural perturbations. The FNfn10. A visual inspection of the TNfn3 structure revealed
little structural perturbation was expected, since the carboxyl that it has a large number of carboxyl groups, and that Glu
groups of these three residues are at least 50% exposed t834 and Asp 850 (numbering according to 4 forms a

the solvent, based on the solvent-accessible surface areaross-strand pair. It will be interesting to examine whether
calculation on the NMR structurd Q). altering this pair can increase the stability of TNfn3.

The difference in thermal stability of the wild-type protein In conclusion, we have described a strategy to experi-
between acidic and neutral pH persistedl M sodium mentally identify unfavorable electrostatic interactions on the
chloride (Table 2). Likewise, the wild-type protein exhibited protein surface and improve the protein stability by relieving
a large pH dependence in stability # M GuHCI (Figure such interactions. Our results have demonstrated that forming
1). Furthermore, upon the increase in the sodium chloride a repulsive interaction between carboxyl groups significantly
concentration from 0.1 to 1.0 M, th&, of the wild-type destabilizes a protein. This is in contrast to the small
and mutant proteins all increased 10 °C, which is the contributions of forming a solvent-exposed ion pair. Unfa-
same magnitude as the changdjnof the wild type by the vorable electrostatic interactions on the surface seem quite
pH shift. These data indicate that the unfavorable interactionscommon in natural proteins. Therefore, optimization of the
identified in this study were not effectively shielded in 1 M surface electrostatic properties may be a generally applicable
NaCl or in 4 M GuHCI. Because the effect of increased strategy for increasing protein stabilityG—13). In addition,
sodium chloride was uniform, this stabilization effect of repulsive interactions between carboxylates may be exploited
sodium chloride is likely due to the nonspecific salting-out for destabilizing undesirable, alternate conformations in
effect 37). Other groups also reported little shielding effect protein design (“negative design”).
of salts on electrostatic interaction38( 39. Electrostatic
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