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ABSTRACT: Triosephosphate isomerase from Saccharomyces cerevisiae (wt-TIM) is an obligated ho-
modimer. The interface of wt-TIM is formed by 34 residues. In the native dimer, each monomer buries
nearly 2600 A2 of accessible surface area (ASA), and 58.4% of the interface ASA is hydrophobic. We
determined the thermodynamic and functional consequences of increasing the hydrophobic character of
the wt-TIM interface. Mutations were restricted to a cluster of five nonconserved residues located far
from the active site. Two different approaches, in silico design and directed evolution, were employed. In
both methodologies, the obtained proteins were soluble, dimeric, and compact. In silico-designed proteins
are very stable dimers that bind substrate with a wild-type-like Ky,; albeit, they exhibited a very low kcy.
Proteins obtained from directed evolution experiments show wild-type-like catalytic activity, while their
stability is decreased. Hydrophobic replacements at the interface produced a remarkable shift in the
dissociation step. For wt-TIM and for TIMs obtained by directed evolution, dissociation was observed in
the first transition, with Cy,, values ranging from 0.58 to 0.024 M GdnHCl, whereas for TIMs generated
by in silico design, dissociation occurred in the last transition, with Cj/, values ranging form 3.01 to 3.65
M GdnHCL. For the latter mutants, the stabilization of the interface changed the equilibrium transitions
to a novel four-state process with two dimeric intermediates. The change in the intermediate nature suggests
that the relative stabilities of different folding units are similar so that subtle alterations in their stability

produce a total transformation of the folding pathway.

Oligomeric proteins are central to all biochemical func-
tions. In unicellular organisms such as Escherichia coli,
oligomers account for 79% of the SWISS-PROT annotated
proteins (/). The advantages of oligomerization range from
fine regulated catalysis and signaling to increased stability
and cellular economy (2). Two different types of oligomers
can be distinguished: obligate or nonobligate. In obligate
complexes, the protomers are not found in vivo as stable
structures on their own. For these proteins, association is
usually coupled to folding (3, 4).

All wild-type triosephosphate isomerases (TIMs)' studied
thus far are obligate oligomers. TIM is the prototype of the
(Blo)s barrel, one of the most common folds found in
nature (5, 6). TIM activity exhibits classical Michaelis—Menten
kinetics (7, 8). Dimerization is required for catalytic activity
and is also essential for TIM stability (9—12). The three-
dimensional structures of oligomeric TIMs from different
species are quite similar (/13— 15); albeit, different unfolding
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transitions have been reported: (i) two-state processes for
the TIMs from Bacillus stearothermophilus (16) and rabbit
(17), (ii) three-state processes involving monomeric inter-
mediates for Saccharomyces cerevisiae (henceforth called
wt-TIM) (10, 18) and Thermotoga maritima (19), and (iii)
four-state processes for Trypanosoma cruzi (20), Plasmodium
falciparum (21), and Trypanosoma brucei (22). In some of
these cases, the unfolding processes are irreversible. For wt-
TIM in the presence of GdnHCI, the unfolding—refolding
process involves an inactive and expanded monomer with
reduced levels of secondary and tertiary structure (/0).
Thermodynamic studies indicate that 70% of the free energy
difference between the unfolded monomers and the folded
dimer is obtained in the association step (/0). Moreover, the
AVuys values obtained from the pressure-induced unfolding
of the intermediate indicate that the monomer is more
hydrated than completely folded proteins (23). All this
evidence demonstrates that the native fold of wt-TIM is
acquired after dimerization. The coupling between folding
and association must be determined by the properties of the
interface.

The TIM interface is mainly formed by the loops located
at the C termini of the 3 strands, and the interaction between
monomers is intertwined by loop 3 residues. Catalytic
residues K12 and H95 are located in a highly conserved
cluster of the interface. The ASA buried upon dimerization
is vast, covering 2624 10\2, and 58.4% of them are hydro-
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phobic. In addition, four salt bridges and several hydrogen
bonds stabilize the dimer (24).

Hydrophilic contacts stabilize interfaces significantly and
provide binding specificity (25, 26). Conversely, the mag-
nitude of the buried hydrophobic surface area has been
proposed to be directly related to the interaction energy
between proteins (3, 27—29). For obligate oligomers, where
association is coupled to folding, the interface can be
considered a nucleation site. The role of hydrophobic
interactions at obligate interfaces has been addressed in a
few studies. For the Arc repressor, Sauer and co-workers
observed that the replacement of polar interactions with
hydrophobic ones leads to stable homodimers that retain
structure and function (30). Furthermore, for a triple mutant,
a 1250-fold increase in association rate was reported (31).
Recently, in silico design approaches have been used to
increase the affinity by increasing the buried hydrophobic
area (32). In the work presented here, we study the functional
and thermodynamic consequences of replacing hydrophilic
interactions with hydrophobic ones in TIM folding and
association processes. For this purpose, a cluster of interface
residues was modified using two approaches, in silico design
and directed evolution.

MATERIALS AND METHODS

Glycerol-3-phosphate dehydrogenase (GDPH) and Gdn-
HCI were from Boehringer-Mannheim. Restriction enzymes,
high-fidelity Vent DNA polymerase, and T4 DNA ligase
were purchased from BioLabs. Dithiobis(succinimidylpro-
pionate) (DSP) was from Pierce Chemical Co. All other
reagents were purchased from Sigma Chemical Co.

Design and Construction of DesTIMs. For the identifica-
tion of the wt-TIM interface, a pair of residues was
considered part of the interface when the distance to a residue
of the other monomer was less than the sum of their
corresponding van der Waals radii plus 0.5 A (33). 1YPI
(24) was used for structural analysis. A cluster of interface
residues was selected for design according to their conserva-
tion, distance to substrate, and polarity. The residues that
meet these criteria are K17, Y46, D48, Q82, and D85. All
energy calculations were carried out with Rosetta Design,
version 2.0 (34). Clashes were removed using repacking and
minimization routines. Designs were carried out in the fixed
backbone option allowing rigid body displacements between
monomers. Substitutions for hydrophobic amino acids at the
selected positions were made using the extended rotamer
libraries. Interface water molecules were not included.
Results with nonidentical sequences in monomers A and B
were frequently observed; results with the same sequence
in both monomers were selected and analyzed according to
the Rosetta energy score “bk_tot”. The number of contacts
between monomers and electrostatic energy terms were also
used as criteria for selection.

The wt-TIM gene was mutated with recursive PCR to
produce DesTIMs mutants; these genes were cloned into
pET24a (Novagen) using standard molecular techniques, and
the constructs were verified by DNA sequencing. Overex-
pression was carried out in BL21(DE3) pLys cells.

Library and Selection of EvoTIMs. Selection for TIM
activity was carried out in a tpi E. coli strain (VR101) (35),
in which the #pi gene was interrupted with a kanamicyn
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resistance cassette; the VR101 strain was a generous gift of
G. Saab-Rincén (Instituto de Biotecnologia, Universidad
Nacional Auténoma de México, Mexico City, Mexico).

The directed evolution library was constructed by recursive
PCR. Residues K17, Y46, D48, Q82, and D85 were changed
simultaneously by replacing the wild-type codons for N(C/
U)C. One microgram of vector was ligated with the mu-
tagenized gene in a 1:3 ratio. The sequence of two clones
randomly picked showed that the library was mutagenic for
the target residues. Minimal medium (M9) plates, supple-
mented with ampicillin, kanamycin, and 0.2% glucose, were
used for in vivo TIM activity selection. Approximately 10%
of the clones grew in <16 h under selective conditions. Six
of the faster-growing clones were picked out for sequencing.
All of them were mutants; however, some of them did not
contain all the target residues mutated. We suppose that these
wild-type codons resulted from the selection process and they
are not frequent in the library; on the other hand, no extra
mutations were found. Overexpression of EvoTIMs was
carried out directly in VR101 cells under the /ac promoter.

Protein Expression and Purification. Cells were grown in
LB medium at 37 °C and induced with 0.5 mM IPTG at an
OD of 0.4 for 5 h. Purification of TIM mutants was
performed as described by Vazquez-Contreras et al. (36).
Briefly, the purification consisted of ammonium sulfate
precipitation, followed by exclusion and anionic exchange
chromatography steps. Different elution profiles were ob-
served for each mutant in MonoQ chromatography; this
excludes contamination from endogenous TIM in the BL21
expression system. All purified fractions exhibit a single band
via SDS—PAGE. The concentrations of purified TIMs were
measured using the calculated molar absorption coefficient
(€280) (37). The purity of each mutant was verified by the
presence of a single band on the SDS—PAGE gel (data not
shown).

Unfolding Experiments. In unfolding experiments, an
aliquot of a concentrated TIM solution was diluted in 100
mM triethanolamine (pH 7.4) containing 1 mM EDTA, 0.1
mM dithiothreitol (DTT) (buffer A), and different concentra-
tions of GdnHCI. All samples were measured after incubation
for 24 h; this incubation period is sufficient for equilibrium
to be attained as evidenced by the lack of change in the
fluorescence signal and catalytic activity as well as by the
coincidence between the properties of unfolding and refold-
ing samples. TIM mutants were completely unfolded by
incubation for 1 h in 5 M GdnHCI. Denaturation was
reversible as evidenced by the recovery of native spectro-
scopic and catalytic properties after GdnHCI dilution.

Chemical Cross-Linking. Proteins were dialyzed against
20 mM KH,PO, (pH 7.4). DSP was resuspended in DMSO
at a concentration of 10 mg/mL. Protein and cross-linker
were mixed in a 5:1 proportion (w/w). The reaction was
stopped after 1 h by the addition of 100 mM Tris-glycine.
Results were analyzed by SDS—PAGE.

Spectroscopic Measurements. Fluorescence measurements
were made on an ISS (Champaign, IL) PC1 spectrofluorom-
eter. The temperature of the cells was maintained at 25 +
0.1 °C. Fluorescence measurements were carried out with
an excitation wavelength of 280 nm (4 nm bandwidth), and
emission was monitored from 300 to 400 nm (4 nm
bandwidth). The fluorescence spectral center of mass (SCM)
was calculated using the relationship SCM = YAL,/2.1;. The
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circular dichroism of TIM samples was monitored at 222
nm with a JASCO J-715 spectropolarimeter using 0.1 cm
path length cells thermostated at 25 £ 0.1 °C. Reference
samples without protein were subtracted in all spectroscopic
measurements. Thermal unfolding was carried out at scan
rates of 0.25 to 1 °C/min.

Catalytic Activity Measurements. TIM activity was mea-
sured in 1 mL of a mixture that contained 100 mM
triethanolamine, 10 mM EDTA, and 1 mM DTT (pH 7.4)
(buffer B), containing 3.0 mM D-glyceraldehyde 3-phosphate,
10 ug of a-glycerolphosphate dehydrogenase (GDPH), 0.2
mM NADH, and 75 pM TIM (/0). For DesTIMs, 75 nM
enzyme was used. Reaction rates were determined from the
decrease in absorbance at 340 nm as a function of time in a
Beckman DU7500 spectrophotometer with a multicell device
thermostatically maintained at 25 &+ 0.1 °C. To prevent the
effect of denaturants on the activity of GDPH, samples
previously used for IF measurements were diluted in <1 min
(final GdnHCI concentration of 60 mM for EvoTIMs and
325 mM for DesTIMs).

Hydrodynamic Measurements. Size exclusion chromatog-
raphy experiments were performed on a Superdex 75 HR
10/30 gel-filtration column coupled to a Pharmacia (Uppsala,
Sweden) FPLC system. Protein elution was monitored with
a Waters 474 scanning fluorescence detector, using an
excitation wavelength of 280 nm (18 nm bandwidth), with
emission being monitored at 320 nm (18 nm bandwidth).
The incubated enzymes were loaded onto the filtration
column, which had been equilibrated with buffer B and
GdnHCI. The samples were eluted at a flow rate of 0.4 mL/
min. Stokes radii (R,) values were calculated from elution
volumes and a calibration curve (10, 38).

Data Fitting. Changes in catalytic activity and fluorescence
SCM were normalized using

[y — y(x)]

= YO VXL _ 1
« yx=0) — yx"l M

where x” is the denaturant concentration for complete
unfolding. Transition midpoints (C',) and slopes (m' = 1/d')
were obtained by fitting o to sigmoidal Boltzmann equations.
For monophasic transitions, the following equation was used.

1
o= 2
1+ e(x*(,‘ w/d
For biphasic transitions, a sum of Boltzmann functions
was used

(1—-4) A
o= — + — 3)
1 4 e0—cw/d | 4 a—C)/d)

where A, is the value of a for the plateau region defining
the end of the first transition and the beginning of the second
one. Data were fitted iteratively using Origin 7.0 (Microcal).

Molecular Dynamics Simulations. For molecular dynamics
simulations, the suite GROMACS (39) was used. For the
simulations of DesTIMs and EvoTIMs, the K17, Y46, D48,
Q82, and D85 residues were substituted on 1YPI with the
SPDB viewer (40). Then, each dimer was independently
solvated in a dodecahedral box filled with SPC water
molecules and enough counterions to keep the system neutral.
The minimal distance from the protein to the boundary of
the simulation box was 2.0 nm. Overlapping water molecules
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were removed when the distance between a solvent atom
and a protein atom was smaller than the sum of their van
der Waals radii. Energy minimization for the solvent was
performed using the steepest descent algorithm for 100 steps.
Then, a restrained MD simulation of 100 ps was performed
to allow both the protein and the water molecules to relax.
During the restrained MD simulation, the protein atoms were
harmonically restrained to their position in the crystal with
a force constant of 1000 kJ mol~! nm~2. Temperature was
controlled via weak coupling to a bath with a constant
temperature (7, = 300 K; coupling time # = 0.1 ps), and
the pressure was controlled via weak coupling to a bath with
a constant pressure (Py = 1 bar; coupling time #, = 0.5 ps).
The production MD run was carried out for 10 ns with the
same pressure and temperature coupling constants as for the
restrained run. Protein and solvent were coupled to temper-
ature baths separately in the restrained and free MD run.
Energy minimization and simulations were performed using
periodic boundary conditions. In all simulations, the GRO-
MOS96 53a6 force field was used (41); the time step was
2.0 fs, and SHAKE was used for all covalent bonds. The
short-range forces (Lennard-Jones and Coulomb) were cut
off at 1.0 nm. Long-range forces (Coulomb) were cut off at
1.8 nm and updated during generation of the neighbor list
every 20 fs.

For the calculation of accessible surface areas (ASA), 10
snapshots were taken from equilibrated trajectories, and
structures were analyzed using NACCESS (42). AASA was
calculated as follows:

AASA = (ASA + ASA ASA

monomerA monomerB) dimer

RESULTS

The wt-TIM interface involves 34 residues per monomer;
most of them form part of C-terminal loops 1—4 (Table 1).
The accessible area buried upon dimerization is quite large
(2624 A?). To increase the hydrophobic area of the interface,
four criteria were used to select the target residues. Residues
with more than 95% conservation, <15 A from the active
site, and hydrophobic or those making main chain interac-
tions were discarded. From the nine remaining residues, five
were selected because they are clustered in the quaternary
structure (Table 1). This cluster, located opposite the active
site, is composed of residues K17, Y46, D48, Q82, and D85
(Figure 1). Residues K17 and D48 contribute to the interface
with a pair of salt bridges.

Rosetta Designs (DesTIMs). The interface polar cluster
[K17, Y46, D48, Q82, and D85 (Figure 1)] was replaced
with hydrophobic residues using Rosetta Design (34). Rosetta
Design searches for rotamer sequences that fit for a given
backbone. Sequences are sampled with a Monte Carlo
approach and then evaluated with an energy function that
includes van der Waals and electrostatic contributions, an
implicit solvation model, and statistical terms. In silico
designs were selected according to the Rosetta energy
parameter “bk_tot”. From the best sequences that were
obtained, the K17L/Y46F/D48Y/Q82A/D85A (LFYAA) and
K17L/Y46F/D48F/Q82F/D85L (LFFFL) mutants were fur-
ther characterized (see Table 2). LFYAA was designed using
all the hydrophobic amino acids, while LFFFL was designed
using a more reduced amino acid set comprising only the
largest hydrophobic residues (W, F, L, and I). The latter set



Repacking the Interface of TIM

Table 1: wt-TIM Interface Residues

secondary informational distance to
structure residue entropy” identity” substrate®
loop C1 10 Asn 3 100% N No2 4.6
12 Lys™ 2 100% K Nw 3.5
13 Leu 43 53% M N 10.2
14 Asn 13 98% N No2 10.1
15 Gly 38 67% G N 14.8
16 Ser 59 36% T N 18.1
17 Lys*t 78 24% K N2I.1
loop C2 43 Pro 35 71% P N 135
44 Ala? 63 38% A N 15.7
45 Thr 63 29% V N 18.3
46 Tyr 55 45% Y Co117.6
48 Asp 82 22% D N21.0
loop C3 64 Gln 45 49% Q C69.9
65 Asn 56 46% N N 12.6
67 Tyr 81 19% R N 18.9
69 Lys+? 77 18% R N23.7
70 Ala? 78 26% V Ca25.6
71 Ser 66 24% S N 27.1
72 Gly 0 100% G 0O¢2 28.6
73 Ala 8 99% A 0¢2 28.5
74 Phe 34 66% F 0Oe224.5
75 Thr 0 100% T Co25.9
76 Gly 3 99% G 0e220.3
77 Glu 13 97% E Oel 19.2
78 Asn‘ 44 49% 1 No2 16.5
helix 3 79 Ser 13 97% S N20.9
82 Gln 25 75% L Cc228
85 Asp 36 72% M N 24.6
86 Val 24 75% L Cy221.9
loop C4 95 His™ 1 100% H Ne234
97 Glu 1 100% E Oel 5.4
98 Arg*t 3 99% R N9.9
101 Tyr 52 38%1 N 13.1
102 Phe 52 50% F Co213.3

“ Informational entropy is inversely proportional to conservation. Data
were obtained from the multiple alignment found in HSSP (63;
http://www.sander.ebi.ac.uk/hssp). ® Identity percent of the most frequent
amino acid at each position, obtained from the HSSP alignment.
¢ Shortest distance (angstroms) to C2 of dihydroxyacetone phosphate
(PDB entry INEY). ¢ Interaction only with main chain atoms.

was picked to maximize the hydrophobic area at the interface.
These mutants will be henceforth called DesTIMs.
DesTIMs were constructed and overexpressed as soluble
proteins. Both were nativelike as inferred from their CD far-
UV spectra (data not shown) and hydrodynamic radii [R;
(Table 2)]. The dimeric nature of DesTIMs was also
confirmed by chemical cross-linking with DSP (Supporting
Information). The thermal unfolding of DesTIMs and wt-
TIM was then studied by CD spectroscopy. As previously
reported for wt-TIM (43), these enzymes exhibited monopha-
sic and irreversible transitions (Figure 2). CD melts exhibited
wt-like cooperativity. The Ty,pp values of DesTIMs at a scan
rate of 1 °C/min (69.8 and 69.9 °C for LFYAA and LFFFL,
respectively) were higher than that of wt-TIM (65.8 °C)
(Figure 2A). The thermal unfolding of TIM has been shown
to be under kinetic control (43); therefore, unfolding experi-
ments were carried out at lower scan rates (0.5 and 0.25 °C/
min). DesTIMs showed a Tyapp ~4 °C higher than that of
wt-TIM under all conditions that were tested (Figure 2).
The irreversibility of DesTIM thermal unfolding prompted
us to use GdnHCl as an alternative perturbing agent. LFYAA
and LFFFL exhibited similar GdnHCl-induced unfolding
transitions. These transitions were reversible and at equilib-
rium (see Materials and Methods). Three transitions were
clearly evident in DesTIM unfolding (Figure 3A,B). The first
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Tyrd6

Lys12

His95

FIGURE 1: wt-TIM structure. (A) The target cluster is represented
by blue sticks, while the rest of the interface region is colored green.
Active site residues are shown as red sticks. (B) Close-up of one
monomer interface residues (sticks) with the same color scheme
as in panel A. This figure was generated with Pymol (62) using
1YPL

transition, observed by activity measurements, exhibited a
C'ip close to 1.0 M GdnHCI. The fluorescence spectral
center of mass (SCM) remained nativelike up to 2 M
GdnHCI. At higher denaturant concentrations, SCM data
showed two transitions; the last one (C3;;;) was concentra-
tion-dependent (Table 3), indicating that dissociation of a
dimeric intermediate occurs in the latest step (Figure 3A,B).
This was confirmed by the lack of change in fluorescence
anisotropy up to 3 M GdnHCI (data not shown). Analysis
by size exclusion chromatography shows an expansion that
occurs before dissociation. The latter is accompanied by a
decrease in R, from 2.5 to 3.5 M GdnHCl (Figure 3F). The
simplest model that adequately explains SCM, activity, and
hydrodynamic data is a four-state model with two dimeric
intermediates: 2U = D = D* = N, where D* is an inactive
dimeric intermediate with nativelike fluorescence properties
and D is also an inactive dimeric intermediate but with a
red shift in its fluorescence emission (Figure 3A,B). For
DesTIMs, the C,/, values for both activity and fluorescence
changes were higher than those of wt-TIM (Table 3).
DesTIMs exhibit a very low ke close to 1 s™!; K, remained
unchanged (Table 2).

Directed Evolution (EvoTIMs). Directed evolution was
also used to replace the same interface cluster previously
changed by in silico design (K17, Y46, D48, Q82, and D85)
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Table 2: Comparative Properties of TIM Mutants

Km (mM) keat (s71) kead K (M1 s71) AASA? (A2) HB AASA” (A2) R, (A)
wild type® 1.4 6.40 x 103 4.16 x 10° 2624 + 202 1531 + 8 29.0
LFYAA (DesTIM) 1.26 £0.12 1.04 + 0.04 8.25 x 10? 2824 + 206 1711 + 131 31.6
LFFFL (DesTIM) 124021 0.69 + 0.05 5.73 x 102 2871 + 117 1943 + 85 32.0
PLATA (EvoTIM) 2.44 +0.20 416 x 103 + 2.2 x 10? 1.64 x 106 2460 + 194 1546 + 134 28.6
AFAAS (EvoTIM) 1.09 £ 0.07 7.02 x 103 £+ 2.1 x 102 6.44 x 106 2775 + 96 1727 £ 73 not determined

“ Data from ref /1. ¥ Calculated from MD trajectories (see Materials and Methods).
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FIGURE 2: Thermal unfolding of TIM mutants followed by CD.
Wild-type TIM (®), LEFYAA (+++), LFFFL (—), PLATA (---), and
AFAAS (-+°*- ) samples contained 250 ug of TIM per milliliter in
10 mM Tris (pH 7.4). All transitions were irreversible. (A) Scan
rate of 1.0 °C/min. T}, values were 65.8 °C for wt-TIM, 69.8 °C
for LFFYA, 69.9 °C for LFFFL, 46.3 and 58.9 °C for AFAAS,
and 44.5 and 60.2 °C for PLATA. (B) Scan rate of 0.5 °C/min.
Tnapp Vvalues were 62.6 °C for wt-TIM, 68.1 °C for LFFYA, and
66.5 °C for LFFFL. (C) Scan rate of 0.25 °C/min. Ty, values
were 60.6 °C for wt-TIM, 65.2 °C for LFFYA, and 65.1 °C for
LFFFL.

0.0
20 30 40

by changing simultaneously the wild-type codons for N(C/
U)C, which encode some hydrophobic amino acids, namely,
A, V,F, I,L,S, T, and P. A library of 4.3 x 10* clones was
obtained; the size of the library is bigger than all 8° (3.3 x
10%) achievable mutants. The library is not big enough to
contain all the possible mutations with statistical confidence.
Two of the faster-growing clones were selected. The mutant
proteins K17P/Y46A/D48L/Q82T/D85A (PLATA) and K17A/
Y46A/D48F/Q82A/D85S (AFAAS) were purified for further
characterization. These proteins will be termed EvoTIMs.

The k., and K, of EvoTIMs were similar to those obtained
for the wild-type enzyme (Table 2). EvoTIMs unfolding
showed two transitions. The first one is concentration-
dependent and correlates with the single transition detected
by catalytic activity measurements (Figure 3C,D). Elution
profiles of PLATA incubated and eluted at different GdnHCl
concentrations showed a decrease in the R, (Figure 3G).

Therefore, as previously reported for wt-TIM, the folding
intermediate of EvoTIMs is an inactive monomer. The C';,
values for inactivation of EvoTIMs were lower than those
of wt-TIM. However, the C?;, values for fluorescence
changes were slightly higher (Table 3). The thermal unfold-
ing of EvoTIMs was clearly biphasic and showed a remark-
able decrease in Ty (Figure 2A).

DISCUSSION

The folding pattern of DesTIMs is markedly different from
that of wt-TIM (Figure 3), where two transitions with a
monomeric intermediate were observed (/0). Changes in
Tmapp and Cipp for activity and fluorescence SCM changes
indicate that DesTIMs are more stable than wt-TIM (Figures
2 and 3 and Table 3). In this respect, the in silico design
strategy was successful. However, a 10000-fold decrease in
kea was observed (Table 2). It is worth noting that no change
in K,, was observed; the preservation of affinity indicates
that the interactions responsible for ligand recognition are
still in place in DesTIMs. The results obtained from the
characterization of the mutants designed with Rosetta showed
that the addition of a hydrophobic patch results in dimeric
enzymes with high stability and wild-type-like binding
affinities butareduced k... To determine if the stability—activity
effect of this hydrophobic patch is a general characteristic
of this type of interaction, a second approach, i.e., directed
evolution, was used to determine if it was possible to design
alternative hydrophobic substitutions that retain wild-type
K., and ke, values.

The directed evolution approach produced enzymes with
catalytic parameters similar to those obtained for the wild-
type TIM (Table 2). Indeed, AFAAS was a bit more efficient
than wt-TIM. The unfolding patterns of EvoTIMs and wt-
TIM are similar, and these enzymes exhibited two transitions
with a monomeric intermediate (Figure 3C—E). When
compared with that of wt-TIM, association exhibited a
smaller Cj, value (Table 3). The PLATA hydrodynamic
profile showed a minimum at 0.3 M GdnHCI, near the C,;,
of the first transition. At 0.6 M GdnHCI, where the
monomeric intermediate prevails, the R, returns to the native
value, suggesting a denaturant-induced monomer expansion
(Figure 3G). These data indicate that in EvoTIMs monomer
association was destabilized without altering the general
characteristics of the folding pattern and retaining K, and
kear Values.

Catalytic Properties. DesTIMs and EvoTIMs show sig-
nificant differences regarding catalysis. The binding abilities
of all TIM mutants studied in this work remained in the order
of magnitude observed for the wild-type enzyme (Table 2).
EvoTIMs preserved full catalytic activity; in contrast, the
reduced k., of DesTIMs indicates a perturbation in the fine
geometry and dynamics of the catalytic site. To understand
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FIGURE 3: GdnHCl-induced unfolding profiles of TIM mutants. Samples were unfolded for 24 h. Thereafter, catalytic activity and spectroscopic
and hydrodynamic properties were determined. DesTIM data are shown in panels A, B, and F and EvoTIM data in panels C, D, and G. (A)
Catalytic activity [30 (H) and 300 ug/mL (O)] and intrinsic fluorescence [30 (A) and 300 ug/mL (A)] for LFYAA. (B) Catalytic activity
[20 (M) and 200 ug/mL (O)] and intrinsic fluorescence [20 (Aa) and 20 ug/mL (A)] for LFFFL. (C) Catalytic activity [50 (M) and 500
ug/mL (O)] and intrinsic fluorescence [50 (A) and 500 ug/mL (A)] for PLATA. (D) Catalytic activity [15 (M) and 150 ug/mL (O)] and
intrinsic fluorescence [15 (A) and 150 ug/mL (A)] for AFAAS. (E) Catalytic activity [20 (H) and 0.2 ug/mL (®)] and intrinsic fluorescence
[20 (a) and 200 ug/mL (A)] for wt-TIM. (F) Size exclusion chromatography profiles for LFYAA (200 ug/mL). R, values were 31.6, 34.8,
33.8, and 41.6 A for 0, 2.5, 3.5, and 5 M GdnHCI, respectively. (G) Size exclusion chromatography proﬁles for PLATA (200 ug/mL). R
values were 31.6, 34.8, 33.8, and 41.6 A for 0, 2.5, 3.5, and 5 M GdnHCI, respectively. Solid lines in panels A—E show fits to the

Boltzmann equation (see Materials and Methods).

why DesTIMs are inactive, MD simulations were used to
calculate several geometric parameters on EvoTIM and
DesTIM models. Global parameters such as total ASA,
gyration radius, and secondary structure were indiscernible
between wild-type and mutant TIMs (Supporting Informa-

tion). However, some local parameters behave distinctly; one
of them is the dihedral angle formed by the Ca atoms of
four active site residues (K12, H95, E165, and S211). The
values obtained for the highly active TIMs (18.3 & 3.2° for
wt-TIM, 19.7 £ 2.1° for PLATA, and 19.7 4+ 5.3° for
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Table 3: Protein Concentration Dependence for GdnHCl-Induced Unfolding of TIM Mutants

Clin” M) m'® (@ M™) C2n (M) m* (M) C31p° (M) m* (a M)
wt-TIM* 0.2 ug/mL 0.32 £ 0.004¢ 14.49 + 0.867 1.19 4 0.02 4554023
20 ug/mL 0.51 £ 0.004¢ 18.52 + 1.27¢ 1.19 4 0.02 4554023
200 ug/mL 0.58 =+ 0.003¢ 33.33 4+ 3.3¢ 1.19 4+ 0.02 4554023
LFYAA (DesTIM) 30 ug/mL 0.97 £+ 0.01 7.14 4+ 0.61 1.89 4 0.03 7.16 & 1.43 3.16 £0.05 2.79 £ 0.37
300 ug/mL 0.97 £ 0.01 7.14 £ 0.61 1.89 £ 0.03 7.16 &+ 1.43 3.65 +0.04 4.8140.72
LFFFL (DesTIM) 20 ug/mL 1.11 £0.02 4.8340.37 1.95 4+ 0.03 6.67 4+ 1.47 3.01 £0.03 2.38+0.14
200 ug/mL 1.11 +£0.02 4.8340.37 1.95 4+ 0.03 6.67 4+ 1.47 3.440.03 333403
PLATA (EvoTIM) 50 ug/mL 0.024 4 0.005¢ 7.15 4 0.34¢ 1.37 4+ 0.06 3.32+044
500 ug/mL 0.25 £+ 0.014 10.42 + 1.01¢ 1.37 £ 0.06 3324044
AFAAS (EvoTIM) 15 ug/mL 0.15£0.01¢ 7.69 = 0.95¢ 1.55 +0.06 2.96 & 0.44
150 pg/mL 0.32 % 0.005¢ 14.08 # 0.79¢ 1.55 £ 0.06 2.96 +0.44

“ Data from ref 11. ” Calculated from activity data (eq 2). © Calculated from intrinsic fluorescence data (eq 3). ¢ Calculated from activity and intrinsic

fluorescence data.

AFAAS) were different from those obtained for DesTIMs
(30.7 £ 2.7° for LFYAA and 25.8 4+ 4.0° for LFFFL). Since
very small perturbations at the active site can have important
consequences in catalysis, as shown by the 1000-fold
decrease in k. in the E165D TIM mutant (44), we
hypothesize that local rearrangements of the active site are
responsible for the decrease in k. observed in DesTIMs.
The origin of these geometric perturbations must be traced
to the interface. To measure the relative orientation of the
two interfacial loop 3 types, another dihedral was de-
fined. This dihedral used S71 and S79 from both subunits.
As observed for the active site dihedral, the interfacial
dihedral values observed in wt-TIM (174.0 £ 5.9°) were
very similar to those of EvoTIMs (179.3 & 9.8° for PLATA
and 177.3 4+ 12.2° for AFAAS) and different from those of
DesTIMs (152.6 + 14.3° for LFYAA and 157.6 + 10.8°
for LFFFL). Although MD simulations showed only subtle
differences between EvoTIMs and DesTIMs, we proposed
that small structural alterations in the cluster formed by
residues 17, 46, 48, 82, and 85 are transmitted to loop 3 and
the catalytic site. Long-range effects between the interface
and the active site have been previously reported (45). For
thermophilic proteins, low activity values at room temper-
ature have been related to a decreased flexibility, which is a
large AH* and a small AS* (46). However, we did not
observe any sign of a reduced local flexibility in DesTIMs
(see the Supporting Information).

Unfolding Patterns. The thermal melt of EvoTIMs exhib-
ited Thnapp values lower than those of DesTIMs (Figure 2A).
For both the wild type and DesTIMs, a single transition was
detected in temperature melts; for example, dimer unfolding,
dissociation, and monomer unfolding take place in a single
cooperative transition. As previously observed for wt-TIM
(43), the shift in T;, with different heating rates indicates
that unfolding of DesTIMs is kinetically controlled. Never-
theless, at all the scan rates tested in thermal unfolding
experiments, Ty, values of DesTIMs were higher than those
of wt-TIM.

EvoTIM proteins are less stable than wt-TIM, while
DesTIMs were more stable. However, both types of mutants
exhibited an increase in the estimated buried hydrophobic
area when compared with wt-TIM (HB AAASA = 196—411
Az). Hence, in the TIM interface, we did not observe a direct
relation between stability and buried hydrophobic surface
area.

A wide variety of equilibrium folding pathways have been
reported for TIM (10, 16—21, 43). In this work, we have

observed two different kinds of transitions; for EvoTIMs,
the “wild-type” three-state process with a monomeric
intermediate was evident, whereas DesTIMs exhibited a
novel four-state process with two dimeric intermediates. The
unfolding of EvoTIMs was similar to that observed in wt-
TIM; however, in these mutants, the decreased dimer stability
makes more evident the three-state character of the folding
process. It is noteworthy that for wt-TIM size exclusion
chromatography showed an expanded monomer whereas for
PLATA a compact monomer that gradually expands was
observed. Dissociation of PLATA takes place at low GdnHCl
concentrations before substantial monomer expansion is
evident. Therefore, the detection of a compact monomeric
intermediate in PLATA is a consequence of the decrease in
C, for dissociation.

Stabilization of the DesTIM interface was expected to
result in either the same three-state equilibrium process of
wt-TIM, but shifted to higher denaturant concentrations, or
the total loss of the intermediate, as observed in temperature
melts. Surprisingly, DesTIMs exhibited a completely dif-
ferent GdnHCl-induced unfolding process. The high level
of stabilization of the interface gave rise to a four-state model
with two dimeric intermediates. This change in the folding
transitions suggests that the relative stabilities of different
folding motifs are similar so that subtle alterations in their
stability produce a total transformation of the equilibrium
pathway. A similar behavior, i.e., a change in the folding
pathway without gross stability changes, occurs in circularly
permuted proteins (47, 48).

The replacement of polar interactions with hydrophobic
ones produced opposite effects on the stability of the dimer.
In EvoTIMs, the dimeric state was destabilized; this indicates
that the K17—D48 salt bridge was not compensated by the
new hydrophobic interactions. On the other hand, in Des-
TIMs the dimeric state was stabilized and dissociation was
shifted to higher GdnHCl concentrations. A comparison of
the unfolding patterns of DesTIMs and EvoTIMs (Figure 3)
shows that the dissociation step, i.e., the protein concentra-
tion-dependent transition, spans a range of Cy, values from
0.15 M GdnHCI in AFAAS to 3.65 M GdnHCI in LFYAA
(Table 3). For all the mutants studied in this work, inactiva-
tion takes place in the first transition; therefore, dissociation
of EvoTIMs and wt-TIMs was detected by activity changes,
whereas for DesTIMs, the bimolecular step was detected by
fluorescence changes.

For DesTIMs, the interface was stapled by the new
hydrophobic residues. A remarkable consequence of this
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interface stabilization was the detection of two dimeric
intermediates. Variations of the folding pathway have been
previously observed as a result of proline substitutions (49),
circular permutations (47, 48), or the stabilization of
particular regions (50—52). Pathway malleability seems to
be a common attribute of TIM and other (8/a)s barrels.
Experimental evidence indicates that (5/a)s barrel folding
pathways are very diverse. Different S/ot units have been
proposed to be the primary folding unit (53—58). With regard
to TIM, the number of intermediates and their association
state have been found to be specific for each sequence
(11, 13—15, 17, 20, 22). This also holds for the order of
p/a. unit assembly in the TIM monomer (59, 60). Therefore,
depending on the particular barrel, the relative stability of
pB/a units is different; moreover, for each barrel, each f/a
unit folds in a more or less cooperative way. It has been
suggested that the number of accessible pathways is linked
to the number of nucleation motifs (47, 61). The possibility
of multiple and equivalent nucleation sites arises from the
modular architecture of the (3/at)s barrel. In the case of TIM,
the interface provides another potential nucleation site. Thus,
TIM folding plasticity results from several potential folding
units. The substitution of polar interactions with hydrophobic
ones at the interface of TIM results in a change in the folding
pathway. This suggests that relative stabilities of different
nucleation motifs are similar so that subtle alterations produce
a change in the number of intermediates and in their
association state.
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