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ABSTRACT. Engineering proteins to withstand a broad range of conditions continues to be a coveted
objective, holding the potential to advance biomedicine, industry, and our understanding of disease. One
way of achieving this goal lies in elucidating the underlying interactions that define protein stability. It
has been shown that the hydrophobic effect, hydrogen bonding, and packing interactions between residues
in the protein interior are dominant factors that define protein stability. The role of surface residues in
protein stability has received much less attention. It has been believed that surface residues are not important
for protein stability particularly because their interactions with the solvent should be similar in the native
and unfolded states. In the case of surface charged residues, it was sometimes argued that solvent exposure
meant that the high dielectric of the solvent will further decrease the strength of the tlchegge
interactions. In this paper, we challenge the notion that the surface charged residues are not important for
protein stability. We computationally redesigned sequences of five different proteins to optimize the surface
charge-charge interactions. All redesigned proteins exhibited a significant increase in stability relative

to their parent proteins, as experimentally determined by circular dichroism spectroscopy and differential
scanning calorimetry. These results suggest that surface ehangege interactions are important for
protein stability and that rational optimization of chargdarge interactions on the protein surface can

be a viable strategy for enhancing protein stability.

The progress in understanding forces responsible for Coinciding with these findings has been the development of
protein stability has been enormous, largely through the different approaches that optimize these interactions. These
combination of experimental and theoretical approaches. Theapproaches have made strides despite the computational
packing of the hydrophobic core, disulfide and salt bridges, complexity of the problem and limited knowledge of the
hydrogen bonding, and intrinsic secondary structure propen-dynamic balance between structure and stability, but they
sities have been shown to stabilize protein structlired]. have also encountered limitatior).(Rational protein design

A ) _ has been dominated by algorithms that optimize interactions
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UBQ LQIFAKTLTGKTITLEVESSDTIDNVKSKIQDKEGI PPDQOKLI FAGKQLEDGKTLSDYNIQKESTLHLVLKLKGG
UBQ-6 LQIFAETLTGKTITLEVESSDTIDNVKSKIQDKEGI PPDQQKLIFAGKQLEDGKTLSDYNIQKESTLHLVLKLKGG
UBQ-T2 LQIFAKTLTGKTITLEVESSDTIDNVKSKIQDKEGI PPDQOKLIFAGKQLEDGKTLSDYNIQKESTLHLVLELKGG
UBQ-6/72 LQIFAETLTGKTITLEVESSDTIDNVKSKIQDKEGI PPDQOKLI FAGKQLEDGKTLSDYNIQKESTLHLVLELKGG
UBQ-GA#1 LOIFAKTLTGKT ITLEVESSDTIDEVESKIQDKEGI PPDEQKLI FAGKELEDGKTLSDYNIQKESTLOLVLELKGG

UBQ-GA#2 LOIFAKTLTGKTITLEVESSDTIDNVESKIQDKEGI PFDOOKLI FAGKQLEDGKTLSDYNIQEESTLELVLELKGG
UBQ-GA#3 LOIFAKTLTGKTITLEVESSDTIDKVESKIQDKEGI PPDEQKLIFAGKELEDGKTLSDYNIQEESTLELVLELKGG

ADAZh DQVLEIVPSNEEQTKNLLQLEAQEHLQLDFWKSPTTPGETAHVRVPFVNVQAVKVFLESQGIAYSIMIEDVQ
ADA2h-GA#]  DEVLEIVPSNEEQIKNLLQLEAQEHLQLDFWKSPTTPGETAEVRVPFVNVOAVKVFLESQGIAYKIKIEEVD
ADA2h-GA#?  DQVLEIVPSNEEQIKNLLELEAKEHLOLDFWESPTTPGKTAHVRVPFVNVOAVKVFLESKGIAYKIMIKDVQ

Tealll RLDAPSQIEVEDVTDTTALITHFEPLAEIDGIELTYGIKDVPGDRTTIDLTEDENQY SIGNLEPDTEYEVSLI SRRGDMSSNPAKETFTTGL
TinlT-GA#1 RLDAPSEIEVEDVIDTTAEITWFKPLAEIDGIELTYGIKDVPGDRTTIELTEDENQY SIGNLKFDTEYEVSLISRRGDMS SNPAKETFETGA

ACPh AEGNTLISVDYEIFGKVQGVFFRKHTQAEGKKLGLVGWVQNTDRGTVRGOLOGP I SKVRHMOEWLETRGS PKSHIDKANFNNEKVILKLDY SDFQIVK
ACPh-GA#l  AEGNTLISVDYEIFGKVQOGVFFREHTQAEGKKLGLVGWVONTDRGTVQGOLOGPISKVRHMOEWLETRGSPKSHIDKANFNEEKVILKLDY SDFKIVK
UlA AVPETRPNHTIYINNLNEKIKKDELKKSLYAIFSQFGQILDILVSRSLKMRGQAFVIFKEVSSATNALRSMOGFPFYDKPMRIQYAKTDSDIL. F
UlA-GA#L AVPETRPNHTIYIENLNEKIKKDELKKSLYAIFSQFGEILDILVSRSLEMRGOAFVIFKEVSSATEALRSMOGFPFYDEKPMRIEYAKTDSDIIAKMKGTF

Ficure 1: Structures and sequences of proteins. (A) Cartoon representation of the three-dimensional structures (PDB entry laye for ADA2h,
PDB entry 1ubg for UBQ, PDB entry 1ten for Tnflll, PDB entry 1urn for U1A, and PDB entry 2acy for ACPh). The sites of substitutions

are shown in CPK representation and color-coded to show basic (red) or acidic (blue) residues in the wild-type sequence. (B) Sequence
alignment of the wild-type and designed proteins. The sites of substitutions are shown with bold red characters and are underlined.

stability. In the case of surface charged residues, as it wasnot studied in this laboratory before: ubiquitin (UB&Qhe
sometimes argued, solvent exposure also means that the highactivation domain of human procarboxypeptidase A2
dielectric of the solvent will decrease the strength of the (ADAZ2h), the fibronectin type Il domain of human tenascin
charge-charge interactions and thus lead to a further (Tnflll), human acylphosphatase (ACPh), and the N-terminal
decrease in the contribution of these residues to protein RNA-binding domain of human U1A protein (U1A). These
stability (5). This notion was questioned several years ago proteins differ in size (there are 72, 76, 92, 98, and 100 amino
when several groups demonstrated experimentally the im-acid residues in the sequences of ADA2h, UBQ, Tnflll,
portance of surface chargeharge interactions for protein ~ ACPh, and U1A, respectively) and in tertiary fold topology
stability (13—22). Furthermore, it became apparent that (Figure 1A).
various computational models are capable of predicting the
effects of single-site substitutions in the charged residuesMATERIALS AND METHODS
on the stability of several proteing3, 15, 16, 20, 22—25).
These observations led to the proposal that optimization of
the surface chargecharge interactions can be a viable
strategy for enhancing protein stabilit®g).

Here we provide an experimental test of whether compu- 1 Abbreviations: UBQ, ubiquitin; ADAZh, activation domain of
tational optimization of chargecharge interactions on the Euman procarb_o>.<ypept|dase A2; Tnflll, fibronectin type [l domain of

. . . .. uman tenascin; ACPh, human acylphosphatase; U1A, N-terminal

protein surface can lead to an increase in the overall stability. RNA-binding domain of human U1A protein; CD, circular dichroism
For this we chose five different proteins, four of which were spectroscopy; GA, genetic algorithm.

Proteins: Cloning, Expression, Purification, and Char-
acterization.Each gene was synthetically constructed using
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a stepwise polymerase chain reaction (PCR) and cloned intointeractions in the unfolded state. This assumption is not

the pGia expression vector under the control of the T7
promoter R7). Proteins had N-terminal six-His tags that

could be removed either by CNBr treatment (ubiquitin and
APCh) or by treatment with TEV protease (ADA2h and

TNflIl). Proteins were expressed and purified using a
standard protocol28). The concentrations of the proteins

were determined spectrophotometrically using the following
extinction coefficients: EXI" = 1280 for ubiquitin,

1M,280nm
Eivrosonm = 69 710 for ADA2h, Ejibeonm = 9530 for

Tnflll, Eifysgonm= 5120 for ULA, andEsy seonm = 13 940
for ACPh. Final protein preparations were characterized using

always valid for quantitative analysi81—35), but theoretical
calculations suggest that the chargdarge interactions in
the unfolded state are usually relatively weal, (36, 37)
and thus should not dramatically affect the more qualitative
analysis presented here.

RESULTS AND DISCUSSION

The energies of chargeharge interactions were calcu-
lated using several computational models, all of which led
to similar results (see Materials and Methods). For the search
of the sequences with optimized chargdarge interactions,

MALDI-TOF (Voyager DE-PRO, Perseptive Biosystems). We used the genetic algorithm (GA)8). In our implementa-
In all cases, a single major peak was observed with a masdion of this algorithm, each set of charge distributions is

within 2—5 Da of that expected on the basis of the amino considered to be a chromosome. These chromosomes are
acid sequence of the parental and designed proteins (se&llowed to undergo mutations (i.e., change of the charged

Table S1 of the Supporting Information). Sedimentation State of individual residues) or crossover (i.e., exchange parts
equilibrium experiments were performed on a Beckman XLA Of chromosomes). At each step, chromosomes are retained

analytical ultracentrifuge. Absorbance was monitored at 280
nm in long column cells, and samples were allowed to
equilibrate at three different rotor speeds. Analysis of the
analytical ultracentrifugation profiles was done globally as
previously described?(7).

Circular Dichroism (CD) Spectroscoppll CD measure-
ments were carried out on a JASCO J-715 spectropolarim-
eter. Far- and near-UV spectra were acquired in triplicate at
20 °C using quartz 1 and 10 mm thermostated cylindrical

cuvettes, respectively. Protein concentrations were 0.2 mg/

mL for far-UV spectra and -2 mg/mL for near-UV spectra.
Urea-induced unfolding experiments were performed in 5
mM sodium acetate (pH 5.5) by monitoring the changes in
ellipticity at 222 nm as described previousBg|. Analysis

of the data was done according to the linear extrapolation

model using nonlinear regression routines as described

previously @8). For temperature-induced unfolding, the
ellipticity as a function of temperature was monitored at 222
nm for ADA2h and ACPh proteins and at 230 nm for Tnflll
proteins in 1 cm quartz cuvettes. The protein concentration
was 5uM for all samples. Analysis of the data was done
according to a two-state model as described previo@dy (

Differential Scanning Calorimetry (DSCAII DSC experi-
ments were conducted on a VP-DSC instrument (Microcal
Inc., Northhampton, MA) at a scan rate of 90 deg/h. Protein
concentrations were'l mg/mL in 50 mM sodium phosphate
(pH 7.0). Melted samples were cooled and reheated to
analyze reversibility. For all studied proteins, the reversibility
was found to be better than 90%. Analysis of the heat
capacity profiles was done using a two-state model as
described previously20).

Calculation of the Energies of Surface Chargeharge
Interactions. The energies of chargeharge interactions,
AGq-¢, Were calculated as described previou2®, 9) (see
also the Supporting Information). The structures of all

if their energy of chargecharge interactions is better than

a preset cutoff value. Evolutionary pressure is kept in a form
of energy penalty for each mutation introduced into a
chromosome. For each protein, the relative accessibility of
all residues to the solvent was calculated and those with side-
chain accessibility higher than 50% were considered for
optimization, except for the residues with side chains forming
multiple hydrogen bonds. The GA provided numerous
sequence energies of charggharge interactions that were
more favorable, relative to those of the wild-type sequence
(Figure S1 of the Supporting Information). Thus, the
sequences with the largest increase in energy due to the
fewest number of substitutions were selected. From these
sequences, several were selected for experimental validation.
Sequence alignment of wild-type and designed proteins is
shown in Figure 1B. Figure 2 compares the energies of
charge-charge interactions to emphasize the optimization
strategies (see also Figures S2 and S3 of the Supporting
Information).

Three different variants of ubiquitin (see Figure 1B for
sequences) were tested experimentally. The first ubiquitin
variant includes one charge reversal, one charge neutraliza-
tion, and three new charges in place of previously uncharged
polar positions. The second ubiquitin variant had four
substitutions, all of which were charge reversals, while the
third sequence combined the second sequence with the three
new charges of the first sequence. Two variants ofothe
sandwich protein ADA2h were constructed. One variant had
five substitutions relative to the wild type, of which two were
charge reversals and three introduced new chatharge
interaction sites. The second variant had seven substitutions,
of which three were charge reversals and four were new
charged positions. New charges in both variants of ADA2h
were introduced in place of uncharged polar side chains. One
variant was tested for the gitsheet protein Tfnlll. In this
variant, there were four substitutions relative to the wild-

designed proteins were modeled using the known structurestype protein, of which one residue underwent a charge

of the corresponding wild-type proteins using Modeler reversal and three charged residues were introduced at
version 7.7 B0). To assess the errors in the calculated previously uncharged polar and nonpolar positions. The
energies of chargecharge interactions, 11 different struc- designed variant of the human acylphosphatase, ACPh, had
tures were generated, individual calculations were performedfour substitutions. Again, charges were reversed and new
on each of these 11 structures, and averaged values with theharges introduced. The largest protein that was tested was
mean standard deviations are shown. In all calculations, it ULA, in which all four substitutions introduced charged
was assumed that there were no residual chacbarge residues at previously uncharged polar positions in the
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urea-induced unfolding monitored by following the changes
in ellipticity at 222 nm using CD. Analysis of the unfolding
profile for the reference protein givesAds of 9.6 kJ/mol at

25 °C. The stability of all three designed ubiquitin variants
(Figure 3A) is significantly higher than that of the parent
protein, with UBQ-GA#2 and UBQ-GA#3 variants being

o LB 18.6 and 17.4 kJ/mol more stable, respectively. Such a

dramatic increase in stability due to the substitutions at the

“1 surface positions is rather impressive, keeping in mind that

the contributions of other interactions that were affected by

=~ £F"REFICETIifOaFEgEcCECER S the substitutions were not taken into account in the calcula-

E c tions. The increase in stability is much greater than the
= 0 increase in stability upon removal of just one or two

SN unfavorable interactions such as, for example, K6E, K72E,
3_8 or K6E/K72E variants (Figure 3A), which lead to increases

S AR B 38°7335503333537C05305 85%; in the Gibbs free energy of unfoldindA\@G) of 3.3, 1.7,

s and 5.2 kJ/mol, respectively (Figure 3F).
U1A Temperature-induced unfolding of U1A at neutral
pH is irreversible, and therefore, the stabilities of the wild-

] type and designed U1A proteins were assessed by urea-
2 induced unfolding, monitored by far-UV CD (222 nm)
N R R R IR R IR A A K (Figure 3B). Analysis of the unfolding profile of the wild-
E type U1lA protein gives aAG of 25.1 kJ/mol, a value
0l comparable with previous estimates from GdmHCI-induced
unfolding 39). The designed U1A variant unfolds at a higher
41 urea concentration, which translates into a 4.1 kJ/mol increase
YRR zengradeopoesgEay 152295 in the thermodynamic stability of the designed U1A (Figure

4 B H e e e MM NN MMM | FEELugegsLA BER S el
= Lo =T o b = L= =

. . . 3F).
Ficure 2: Comparison of the energies of chargdharge interac- . .
tions in the wild-type and designed sequences: (A) UBQ, (8) ADAZ From the comparison of the far-UV CD melting

ADAZ2h, (C) Tnfill, (D) ACPh, and (E) U1A. Each bar corresponds  profiles for the wild type and two variants of ADA2h, it is
to the total energy of chargeeharge interactions of that residue  clear that the redesigned ADA2h proteins have an increased
s e A S et o e o are B (Figure 3C).For the wid type. U was G6.9C.
are for t%/g C?A-desighed variants.gError baFr)s are calculated asThe redesigned ADAZh-GA#1 produqed an |ngreas§,ﬂr'1
described in Materials and Methods. of ~3 °C (69.8°C). A more dramatic increase in stability
was observed for the ADA2h-GA#2 protein, which had a
sequence. Once this had been done, the unfavorable interacty, of 76.7 °C, nearly 10°C greater than that of the wild
tions existing in the wild-type structure remained unper- type. These changes ify, translate into increases in the
turbed. Therefore, the overall changes in the chadjearge thermodynamic stability of the designed variants of 4.1 and
interactions arise solely from the addition of newly added 10.7 kJ/mol at 25C, respectively (Figure 3F).
charged residues (Figure 2). ACPh Stabilities of the ACPh proteins were determined
Structural properties of each parental and engineeredusing thermal denaturation monitored by DSC (Figure 3D)
protein were characterized by circular dichroism spectros- or far-UV CD (not shown). Thermodynamic parameters
copy. Both far- and near-UV CD spectra of parental and derived from the analysis of the profiles for the wild-type
engineered proteins were similar, illustrating that the sub- ACPh are in excellent agreement with the previously reported
stitutions did not have a significant effect on the protein values #0). Comparison of the wild type and designed
structure (see Figure S4 of the Supporting Information). variant shows that the ACPh variant is 5@ more stable
Analytical ultracentrifugation experiments were carried out which translates it a 7 kJ/mol greater thermodynamic
to eliminate the possibility that changes in oligomerization stability at 25°C (Figure 3F).
state are responsible for the observed changes in stability. Tfnlll. The stability of the parental and variant Tfnlll
Analysis revealed that all proteins remain monomeric under proteins was measured using temperature-induced unfolding
experimental conditions (see Figure S5 of the Supporting monitored by DSC (Figure 3E) or far-UV CD (not shown).
Information). Therefore, the observed differences in ther- Analysis of the DSC and CD experiments gives similar
modynamic parameters cannot be attributed to changes intransition temperatures of unfolding; that for the wild type
the structure or in the oligomerization state of the engineered (56.4°C) is identical to those previously reportetll). The
proteins. redesigned variant, Tfnlll-GA#1, hasTa of 66 °C, a nearly
Thermodynamic stabilities of the parent and designed 10 °C increase in stability compared to that of the parental
proteins were compared using temperature- or denaturant{rotein, which corresponds to an increase in the thermody-
induced unfolding using differential scanning calorimetry namic stability of the designed protein of 5.4 kJ/mol at 25
and/or circular dichroism spectroscopy. The following results °C (Figure 3F).
were obtained (Figure 3). We have thus redesigned the surface chagjarge
UBQ. Temperature-induced unfolding of ubiquitin at pH interactions in five different proteins ranging in size from
>5isirreversible, and therefore, stability was measured using72 to 100 amino acid residues and having vastly different
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Ficure 3: Comparison of stabilities of the wild type and designed variants of studied proteins. Symbols are for the experimental measured
parameters, and solid lines show the results of a fit to a two-state model. (A) Urea-induced unfolding of UBQ variants as monitored by
changes in ellipticity at 222 nm:@) UBQ, (2) UBQ-6, (v) UBQ-72, (0) UBQ-6/72, (red squares) UBQ-GA#1, (green triangles) UBQ-
GA#2, and (blue inverted triangles) UBQ-GA#3. (B) Urea-induced unfolding of U1A variants as monitored by changes in ellipticity at 222
nm: (@) U1A and (red squarees) ULA-GA#1. (C) Temperature-induced unfolding of ADA2h variants as monitored by changes in ellipticity
at 222 nm: @) ADA2h, (red squares) ADA2h-GA#1, and (green triangles) ADA2h-GA#2. (D) Temperature-induced unfolding of ACPh
variants as monitored by DSC®) ACPh and (red squares) ACPh-GA#1. (E) Temperature-induced unfolding of Tnflll variants as monitored
by DSC: @) Tnflll and (red squares) Tnflll-GA#1. (F) Comparison of stabilities of the wild type and designed variants of studied proteins.
AATy, and AAG (25 °C) are the experimentally determined changes in transition temperature and Gibbs energy, respectiveby, and
is the energy change of chargeharge interactions relative to the wild-type protein (nd, not determined).
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secondary structures and three-dimensional topologies. In allabout the thermodynamics. The energetic consequences of
cases, an increase in stability was observed. Successfuthe interactions between charges and protein dipoles are still
stabilization of ubiquitin, ADA2h, Tfnlll, ACPh, and ULA  unclear, as is the role of conformational flexibility in both
described here and engineering of the CspB protein reportednative and unfolded states, how ions influence the strength
previously @9) suggest that optimization of surface charges of both short-range and long-range chargbarge interac-

is a simple and consistently reliable approach to increasingtions, and what the role of interactions of surface charges
protein stability. As exemplified by these redesigned proteins, with the solvent water is42—45). Incorporation of all these
the approach has an inherent plasticity. It can be applied toeffects into a single computational algorithm will undoubt-
a wide range of proteins that have various folds, topologies, edly have broad applications for the rational design of
and secondary structures. In addition, charge redistributionthermostable proteins.

can be accomplished through multiple strategies. Basic

charges may be changed to acidic charges, and vice versd CKNOWLEDGMENT

as W't.h ubiquitin. In ad_dltlon, the mtrodl_Jctlon c_)f_ new charge'_s We thank Dr. Kathleen Hall for providing the U1A gene.
is a viable method of increasing protein stability, whether it

is in conjunction with _charge reversals as with ADA2h, gUPPORTING INFORMATION AVAILABLE
Tfnlll, and ACPh or independently as with U1A. The
optimization of charges in ubiquitin and ADA2h also Results of circular dichroism and analytical ultracentrifu-
accentuates that there are multiple arrangements of chargesgation experiments, details of calculations of chargearge
which may be employed to increase a protein’s stability. This interactions using different computational models, and a
flexibility may prove to be invaluable, allowing for the description of the optimization algorithm. This material is
conservation of special properties such as residues arounchvailable free of charge via the Internet at http://pubs.acs.org.
the active site when enzymes are redesigned.
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