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Thermal stability is an important requirement for biotechnological 90
applications of enzymésThere are different ways to modulate 65 1 7ewWm = T0° WT) + my; [Pho]
protein stability, including site-directed mutagenesis and the addition R=0.99 P ®
of cosolutes to the medfaThe effect of different cations and anions 80 e )
in protein stability was first empirically described a long time ago 75 ] e
in the Hofmeister seriesand it has been the object of intense ! e
research since theérProtein-cosolute interactions and changes in g 70 QO SR O
the solvent-excluded volume have been identified as key players, g 65 |
but, in general, the effect of cosolute ions in protein stability cannot © | :
be predicted yet. The influence of charged residues in the thermal = 60 - § !
stability of proteins has been demonstrdtédt, again, no definitive 55 §,
model is available. To gain insight into the molecular mechanism ) £
of anion-induced thermal stability, we have studied the effect of 50 '
phosphate concentration on the thermal stability of the IGg binding 45 ] P R e
domain of protein L fronPeptostreptococcus magn(Rrot L) and Temperature /°C
on a series of surface mutants in which different lysine residues 40 T T T
0 200 400 600

had been replaced by noncharged residugsermal unfolding has
been monitored by far UV circular dichroism (CD) at increasing
concentrations of sodium phosphate at pH 6.0. Figure 1. Main plot: dependence df, with the ionic strength of sodium

Figure 1 shows that increasing phosphate concentrations causeghosphate ®) and sodium chloride) for wild type protein L. Circles
a linear increase at the midpoint in the thermal denaturation of wild Eigﬁsﬁtnﬁfsg?r;gigﬁ E? ]Lgfzgagnpdr;?e?nd\?;iis“?;;g;gfﬁr%ngsr \t/(\)/'lEhF?rtE)te B
type (WT) Prot L (I'm(WT)), going from 70.#C at 20 mM t_o 84.0 L at incr-easing.] concentrations (200, 400, 600, and 1000 mM) of sodium
°C at 1000 mM sodium phosphate. The slop&/{) provides a phosphate.
measure of the dependence of protein thermal stability with
phosphate concentration, whereas the intercEg{(\\VT)) corre-
sponds to the melting temperature of the protein in the absence of
cosoluté? In contrast, equivalent amounts of sodium chloride added
to the solution do not result in any protein stabilization (open circles
in Figure 1).

To explore the interaction between charged residues and
phosphate, lysine residues on the protein surface were replaced by
noncharged ones using site-directed mutagenesis; six single mutants
and one double mutant were studied (K7Q, K23Q, K23A, K28Q,
K54Q, K61Q, K41Q/K42Q). A hydrophobic core double mutant
(I6L/L58V) was included as a control. All mutants and the wild
type protein show very similar CD spectra, indicating that protein
structures are conserved. Figure 2 shows that changes in melting
temperature induced by sodium phosphate are linear for all mutant
proteins but with different slopes. We found anmyr value of
14.3°C-M~%, whereas mutant proteins range in values between 11.4
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(Mksag) and 19.8°C-M 1 (mka1okazq). CharacteristicT, values
for each mutantT,(i)) were obtained from the ordinate intercepts,
showing a significant correlation with the solvent accessible area
of the mutated lysine (Figure S1), in full agreement with previously
published results about the effects of ionizable residue mutations
on staphylococcal nuclease stabifity.

Figure 3 shows a plot of the valuesrof (parameter that accounts
for the change oit(i) induced by phosphate) verstig’(i) (mutant
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Figure 2. Phosphate-induced stabilization of Prot L mutants: K54§ (
K28Q @), WT (2), K23Q ©), K61Q (), K7Q (x), K23A (@), K41Q/
K42Q @). Inset: extrapolations of the lines up to the saturating phosphate
concentration (¥ = 1.61 M). The shadowed area reflects the standard
deviation of the saturation concentration.

i thermal stability in the absence of phosphate) for each of the
mutants. The two parameters show a remarkable linear correlation
with R=0.97. Dashed lines locate the position of the wild type in
the plot. T, (i) is an intrinsic property of each protein and a reporter
of the molecular stability in the absence of cosolute. The observed

10.1021/ja051352e CCC: $30.25 © 2005 American Chemical Society
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22 g entropy due to mobility restrictions in the side chalhsThe
: correlation between surface accessibility angl(i) (Figure S1)

K41Q/K42Q ) :
20 + suggests that solvation contributes to the observed effects. The better

K7Q correlation obtained when accessibility is calculated using an
18 K298 ensemble of NMR structures instead of a crystal structure also
suggests a possible role for side chain flexibility.

§ 16 Wild type proteins, shaped and selected by evolution, are

e ofeLLs8Y expected to show a quasi optimal distribution of charged residues.

\E" 14 - This assumption provides an explanation for the observation that
most surface mutations lead to a decreasgfnThe surface charge

12 - K540 ® network, once perturbed by the mutation, would hold a reduced

. mi=Tm%) M +C number of accessible conformations for the remaining charged

residues (both positive and negative). Phosphate interactions with
H charged side chains (directly or through the solvating water) might
8 T T T T T = T increase the conformational entropy of the folded state by partially
60 62 64 66 68 70 72 guenching the mutual electrostatic repulsion between like charges,
Tm® () /°C by offering alternative configurations of the surface electrostatic
Figure 3. Correlation betweefin® andm (the slopes obtained in Figure  interaction network or by affecting the inner solvation layer. A
2) for protein L mutants. The dashed line marks the values observed for saturating phosphate concentration would equalize the contribution
wild type protein L. The open circle corresponds to the hydrophobic core of different surface networks, explaining the common melting
double mutation 16L/L58V. : .
temperature for all mutants with the same hydrophobic core and
providing an explanation for the observed dependency between
T.0(i) andm.

We have used site-directed mutagenesis of surface residues to
demonstrate the relationship between the intrinsic thermal stability
of the different mutants and their sensitivity to phosphate-induced
1Ihermostabilization. This suggests that both parameters are mecha-
nistically related. Our results offer an easy tool to experimentalists
to characterize protein surfaces and highlight the role of ionic
cosolutes in the modulation of protein thermal stability. The clear
difference between the effect of phosphate and chloride ions
demonstrates that the observed stabilization is not simply a result
of changes in ionic strength. Preliminary results from our group
show that thermal stabilization by different anions follows the
Hofmeister series. We are actively pursuing this line of research.

R=0.97

linear dependency shows that phosphate-induced stabilization is
sensitive to perturbations on the surface of the protein aaffiésted

by the same principles that account for the contribution of charged
residues to thermal stability.

Taking as a reference WT Prot L, surface mutations of charged
residues that decrease the stability of the protein in the absence o
phosphate will always enhance the stabilizing effect produced by
phosphate (upper-left sector in Figure 3). On the other hand, an
increase in the stability of the protein upon mutation reduces the
stabilizing effect of the cosolute (bottom-right sector in Figure 3).

The linear dependency ofy with T,%(i) establishes that the
different plots ofT(i) versus phosphate should cross at a phosphate
concentration given by the reciprocal of the slope of the linear
correlation of Figure 31 = 1.61 M). This value falls outside

the temperature range of the spectropolarimeter, but extrapolations Acknowledgment. We thank Dr. Karin Kloiber and Dr. Robert
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mutations that preserve the net charge since it applies as well to
the double mutant K41Q/K42Q and to WT (see Figure 3). It is  Supporting Information Available: Materials and methods and
also followed by different mutations at the same position (K23A plots of the correlation betweéh’(i) and solvent-exposed area. This
and K23Q), which indirectly corresponds to a charge-conserving material is available free of charge via the Internet at http:/pubs.acs.org.
mutation from glutamine to alanine at the protein surface. Thus,
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