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ABSTRACT: The relationship between the thermal stability of proteins and rates of unfolding and refolding
is still an open issue. The data are very scarce, especially for proteins with complex structure. Here,
time-dependent denaturatiorenaturation experiments arhermus thermophilyg€scherichia coli and

Vibrio sp. 15 3-isopropylmalate dehydrogenases (IPMDHSs) of different heat stabilities are presented.
Unfolding, as monitored by several methods, occurs in a single first-order step with half-timestof
several minutes, and few seconds for the thermophilic, mesophilic, and psychrotrophic enzymes,
respectively. The binding of Mn*IPM (the manganese complex of 3-isopropylmalate) markedly reduces
the rates of unfolding; this effect is more prominent for the less stable enzyme variants. Refolding is a
two-step or multistep first-order process involving an inactive intermediate(s). The restoration of the native
structure and reactivation take place with a half-time of a few minutes for all three IPMDHs. Thus, the
comparative experimental unfoldirgefolding studies of the three IPMDHs with different thermostabilities
have revealed a close relationship between thermostability and unfolding rate. Structural analysis has
shown that the differences in the molecular contacts between selected nonconserved residues are responsible
for the different rates of unfolding. On the other hand, the folding rates might be correlated with the
absolute contact order, which does not significantly vary between IPMDHSs with different thermostabilities.
On the basis of our observations, folding rates appear to be dictated by global structural characteristics
(such as native topology, i.e., contact order) rather than by thermodynamic stability.

The mechanism of evolutionary adaptation of proteins to various temperatures are also needed. Kinetic parameters can
various environmental temperatures is still debated8]. be obtained from time-dependent denaturatimmmaturation
Most studies comparing proteins adapted to different tem- studies and can provide information about the dynamics of
peratures, such as those from thermophilic, mesophilic, andprotein stabilization mechanisms and the presence of a kinetic
psychrophilic sources, have focused on the structural dif- intermediate(s). Unfoldingrefolding studies can also con-

ferences, which are generally very subtle between ortholo- tribute to our understanding of the mechanisms of protein
gous proteins. Various structural properties (e.g., hydrogenfo|ding in general.

bond content, number of salt bridges, core packing, length
of surface loops) can be correlated with thermal stabifiy (

6, 8—11). Studies comparing the rates and kinetic mecha-
nisms of unfolding and refolding of proteins adapted to

Until now, kinetic and thermodynamic studies with
proteins of different heat stabilities have mostly been
restricted to single-domain or monomeric proteins (e.g., refs
12—17). Data for multidomain or oligomeric proteins are

o s b e T ot the ~very scarce (e.g., reéf8). Studies are often hampered by the
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for reversibly denaturing proteins of different heat stabilities additional AS- sequence at the N-terminus and the -AAALE-

are needed.

In this work, we describe comparative unfoldingfolding
kinetic studies with variants of a dimeric two-domain protein,
the enzyme 3-isopropylmalate dehydrogenase (IPMbH),
exhibiting different heat stabilities. IPMDH catalyzes the
oxidative decarboxylation of threm-3-isopropylmalate (IPM)
to 2-oxoisocaproate using NAD and a divalent cation {Mn
or Mg?") as cofactors. The variants of IPMDH we investi-
gated are from three bacteria, the thermophilitermus
thermophilugTt), the mesophili&Escherichia col(Ec), and
the psychrotrophi&/ibrio sp. 15 (Vib) (an organism living
in the Arctic Sea; cf. reR9). These IPMDHs have been

HHHHHH sequences at the C-terminus) were also con-
structed, providing a simpler purification procedure. In this
case, the protein synthesis was carried out in BL21(DE3)
LysS Ec cells containing the pET21c plasmid carrying the
appropriate IPMDH gene. Both OM17 and BL21 Ec cells
were grown at 37°C in the presence of 10@&g/mL
ampicillin, and for the BL21 cells, 3@g/mL chlorampheni-
col was also used. IPMDH gene expression was induced with
0.4 mM IPTG.

The purification of the non-His-tagged variant of Tt
IPMDH was based on the method of Yamada et48) (vith
a slight modification by Svingor et al36). The same method

extensively used to investigate the mechanism of thermalwas applied also for isolation of Vib IPMDH.

adaptation in structural and equilibrium unfoldingefolding
studies 9, 10, 30—41). Crystal structures of T#@, 43) and
Ec IPMDHs @4), among others44—46), are known and

The His-tagged variants of the Tt and Ec IPMDHs were
purified using Ni affinity chromatography. The bound
IPMDHSs were eluted at 120 mM imidazole. In all cases, the

show a peculiar mode of association of the two subunits with collected protein fractions were dialyzed against 20 mVyKH

the aid of two interacting arms. No crystal structure of Vib

PO,-KOH buffer (pH 7.6). For Ec and Vib IPMDH, the

IPMDH has been determined, but a homology model was dialysis buffer contained also 1 mM DTT. The purity of

constructed using the structure of Tt, Ec, édalmonella
typhimuriumenzymes 10). Figure 1A depicts the three-

IPMDHs was tested by SDSPAGE stained with Coomassie
Brilliant Blue, where single bands were observed. It was

dimensional structure of an IPMDH subunit, and Figure 1B determined that the His-tag attached to Tt IPMDH did not
shows the aligned primary sequences of Tt, Tf, Ec, and Vib affect either the enzymatic properties or the unfoleing

IPMDHs.
The dimeric structure of IPMDHs is of special interest

refolding processes. This allowed us to carry out comparative
studies with His-tagged Ec and non-His-tagged Vib IPMDHs,

because the binding site of the substrate, IPM, is formed by too. The dialyzed enzyme solutions were frozen in liquid

side chains from both subunit$4—46). It follows, therefore,

nitrogen and stored at80 °C.

that only the dimer may possess enzyme activity. Previous Determination of Protein Concentrations and Enzyme

equilibrium denaturation33) and calorimetric 30) studies

Activities. Protein concentrations were determined from the

suggested the presence of a dimeric intermediate during theJV absorption at 280 nm. The molar absorption coefficients

folding process, but kinetic unfoldirgrefolding studies have
not yet been performed with this reversibly denaturing
enzyme.

The aim of this work is to identity similarities and/or

of 47 900 Mt cm™? for Tt IPMDH and 54 780 M* cm™?®

for Ec or Vib IPMDH, respectively, are calculated for the
dimers from the amino acid contents using the formula given
by Pace and co-workerd9). The molecular masses of the

differences between the time courses of unfolding and Non-His-tagged variants of Tt, Ec, and Vib IPMDHs were
refolding processes of the three IPMDHs and to relate thesef@ken to be 73 300, 78 780, and 76 960 Da, respectively. The
characteristics to the different heat stabilities of these proteinsHiS tag caused an additional increase in all molecular masses
and to their individual structural parameters such as contactof 1430 Da.

order, chain length, and sequence conservation.

MATERIALS AND METHODS

Reagents.ThreobL-3-isopropylmalic acid (IPM) was
purchased form Wako Biochemicals. NAD and NADH were
Boehringer Mannheim products. Ellman’s reagent gNbas
obtained from Serva. Isopropyl 1-thi$3p-galactopyranoside

The activity of IPMDH (6-12 ug/mL, i.e., 0.08-0.16uM)
was assayed in the presence of 0.25 mM IPM, 0.35 mM
MnCl,, and 1.3 mM NAD in 20 mM KHPO,-KOH buffer
(pH 7.6) containing 300 mM KCI and 10 mM DTT. The
formation of NADH was recorded spectrophotometrically
at 340 nm. The measurements were carried out &C2A0sing
a Jasco (Tokyo, Japan) V-550 spectrophotometer equipped
with a Grant Y6 thermostat. The molar activities of Tt, Ec,

(IPTG) (Fermentas), chloramphenicol, and ampicillin (Sigma) and vib IPMDHs were 456 50, 1400+ 150, and 1606
were used for fermentation. Chromatography media were 150 min1, respectively.

obtained from GE Healthcare. All other chemicals (high

Unfolding and Refolding ExperimentBenaturation of

purity grade) were products of Merck, Reanal, and Sigma. |p\vDH was carried out in a solution containing 8.5 M urea,

Enzyme Expression and Purificatiofhe non-His-tagged
variants of Tt and Vib IPMDHs were produced in Ec OM17
cells by expression of plasmids pUTL11&7f and pGWII
(10) with the Tt leuB and Vib gene, respectively. The His-
tagged variants of Tt and Ec IPMDHs (containing the

1 Abbreviations: Tt,Thermus thermophilysEc, Escherichia coli
Vib, Vibrio sp. 15; Tf, Thiobacillus ferrooxidansIPMDH, 3-isopro-
pylmalate dehydrogenase; IPM, thre3-isopropylmalate; IPTG, iso-
propyl 1-thiof-p-galactopyranoside; ANS, 1-anilinonaphthalene-8-
sulfonic acid; Nbg Ellman’s reagent [5,5dithiobis(2-nitrobenzoic
acid)]; CO, contact order.

20 mM KH,POy-KOH buffer (pH 7.6), 300 mM KCI, and

10 mM DTT. It was determined that omission of KCI from
the buffer did not influence the experimental results. The
concentration of IPMDHSs in the denaturation experiments
varied from 12 to 10@g/mL (from 0.16 to 1.3G:M, dimer
concentrations). For renaturation studies, denatured Tt, Ec,
or Vib IPMDHs were prepared at much higher protein
concentrations (usually 60@g/mL, i.e., 8.15uM) upon
incubation in 8.5 M urea for 24 h, 1 h, or 10 min,
respectively, in order to reach complete denaturation. Refold-
ing experiments were initiated by #A00-fold dilution of
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Tf 136 TGDIYFGQPR -GLEVIDGKR RGFNTMVYDE DEIRRIAHVA FRAAQGRRKQ LCSVDEANVL ETTRLWREVV 204
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Tt 200 EEVGRGYPDV ALEHQYVDAA AMHLVRSPAR FDVVVTGNIF GDILSDLASV LPGSLGLLPS ASLG-RGTPV 268
Tf 205 TEVARDYPDV RLSHMYVDNA AMQLIRAPAQ FDVLLTGNMF GDILSDEASQ LTGSIGMLPS ASLGE-GRAM 273
Ec 210 NEIATEYPDV ELAHMYIDNA TMQLIKDPSQ FDVLLCSNLF GDILSDECAM ITGSMGMLPS ASLNEQGFGL 279
Vib 207 IEVAKDYPDV ELSHMYVDNA AMQLVRAPKQ FDVMVTDNLF GDILSDEASM LTGSIGMLPS ASLDANNKGM 276
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Ficure 1: Three-dimensional structure-based sequence alignment of IPMDHSs from different.qigitikistration of a single subunit of

IPMDH as exemplified by the structure of the Tt enzymd@)( showing the arrangement and labeling of the various secondary structure
elements (according to rdR). (B) Alignment of IPMDH sequences by the corresponding secondary structure elements of Tt with Ec and
Vib IPMDHs using molecular graphics. The sequence of Tf IPMDH, with bound Mn*IPM in the crystal strud®)req also included.

The selected 46 conserved residues (cf. Materials and Methods) are marked with a single asterisk. An additional asterisk marks the 18
residues that directly interact with the substrates (11 residues with IPM and eight residues with NAD, one of them interacting with both
substrates). The locations of secondary structure elements are labeled with arrows.
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the denatured protein into the same phosphate bufferamount of accessible thiols increases proportionally with the
described above. The final protein concentration of the extent of denaturation.

renaturation mixtures varied from 6 to 126/mL (i.e., from Detection of Refolding by ANS Fluorescentle con-
0.08 to 1.63:M). Time courses of unfolding and refolding  centration of ANS was determined using an extinction
were followed at 20°C by various methods as described coefficient of 4954 M cm™® (51) at 350 nm in water.
below. All the experiments were carried out both in the Refolding was initiated as described above, except that ANS
absence and in the presence of substrates. In the latter casgvas present in the renaturation mixture in a 200-fold molar
the binary complexes with IPM, Mn*IPM, NAD, or NADH  excess over IPMDH. The excitation wavelength was 350 nm,

and the ternary complexes with Mn*IPM and NAD or and refolding kinetics were followed at 480 nm. The slits
Mn*IPM and NADH were investigated. All substrates were for both excitation and emission were 4 nm.

present at the concentrations given in the activity assay gy ctural Analysis Using Molecular Graphica.data set
mixture. NADH was applied at the same concentration as ¢qnaining IPMDHSs was taken from the Swissprot database,

NAD. . . by using the code EC 1.1.1.85 for searching. This search
The extent of refolding varied between 50 and 70% for ia|ded 272 IPMDH sequences, 233 of which were from
all three enzymes in a manner independent of methods useq,,teria and 39 from eukaryoteé and archaea.

for detection and of the presence of substrates. All 272 sequences were aligned with CLUSTALW. On

Circular Dichroism MeasurementsCD measurements . S . ) 0
were performed on a Jasco J-720 spectropolarimeter equippectlhe b.as's of this allgnment_ and using a requirement of 95%
identity, 46 conserved residues have been identified.

with a Neslab RTE 111 computer-controlled thermostat. = »
Spectra and time courses of denaturation and renaturation 10 Study the structural origin of thermostability, all
were measured using the cuvettes with path lengths of 0.1,5€duences were divided into three groups. Eight thermophilic
1, or 10 mm, in the order of decreasing protein concentration. (the few hyperthermophilic, moderate thermophilic, and
The unfolding-refolding kinetic experiments were performed "€dundant thermophilic sequences were not considered), 243
by monitoring the changes in ellipticity at 225 nm. mesophilic, an_d seven psychrophilic IPMDH sequences were
Protein Fluorescence MeasurementBhe changes in  found. The single sequence of the psychrotrophic Vib
protein fluorescence during the urea-induced unfolding and 'PMDH was added to the group of psychrophilic IPMDHs.
refolding were recorded using a SPEX (Edison, NJ) Fluo- To ensure that there were a compgrable number of sequences
romax-3 spectrofluorimeter equipped with a Peltier thermo- N €ach group, only those mesophilic IPMDH sequences that
stat. The samples were excited at 275 nm, and the emission_e'ther _have an avallable crystal structure or had been_used
was monitored at 335 nm using the cuvette with a 10 mm I earlier mutagenesis s_tudles were !(_ept (altogether eight).
path length. The slits of 2 nm and 2 or 4 nm were applied e found that these eight mesophilic sequences are ad-
for excitation and emission, respectively, depending on the 8duately representative of the whole mesophilic data set.
actual protein concentration. From the comparison of the three sets of aligned sequences

Test of Enzyme Acity during Unfolding and Refolding. (i.e., eight thermophilic, mesophilic, and psych_rophilic
The time course of activity loss during denaturation was 'PMDHS each), we selected 27 nonconserved residues that

determined by taking aliquots from the denaturation mixture Wereé otherwise closely similar within each group. This
at various time intervals. These samples were diluted 60 S€lection was based on the following criteria, polarity,

110-fold into separate activity assay mixtures, and the hydrophobicity, size, and shape (e.g., aliphatic or aromatic)
activities were determined from the initial slope of the ©f the amino acid residues. We also examined some other
activity curves, considering only the first80 s of the ~ nonconserved residues that were mutated in previous mu-
measurements. This way, the reactivation occurring in the tagenesis studies with a resulting increase in thermostability.
activity assay mixture did not perturb the measurements. The The molecular contacts of these sets of conserved and
time course of protein reactivation during refolding was nonconserved residues were analyzed via molecular graphics
obtained by withdrawing aliquots at different times from the Using the crystal structures of Tt [PDB entries 1XAB2|
renaturation mixture, and their activities were assayed asand 1HEX @3)] and Ec [PDB entry 1CM744)] IPMDHs.
described above. In addition, the three-dimensional homology model of Vib
Following Unfolding by Determining the Accessibility of IPMDH (10), kindly provided by the authors, was used for
Thiol Groups.All thiol groups of denatured Ec or Vib @ similar analysis. For visualizing and analyzing the residue
IPMDHs (12 or 4 mol/mol of enzyme, respectively) are freely contacts, INSIGHT Il (Byosim/MSI, San Diego, CA) was
available and react within’5—10 s with a high concentration ~ used. The distance limits for hydrogen bonds, hydrophobic
(1.3 mM) of Nbs. The total number of thiols was found to  interactions, and ionic interactions were 3.5, 4.5, and 4.0 A,
be 8-10 and 3-3.5 mol/mol for Ec and Vib IPMDHs, respectively.
respectively, using a molar absorption coefficiesy;4) of Calculation of Contact OrderBoth relative and absolute
14 150 M? cm™! (50). Under native conditions, the Ec  contact order values were calculated on the basis of the
enzyme possesses only 2 mol/mol of reactive thiols, while formulas given by ref21 and53, respectively, for all nine
Vib IPMDH has no freely accessible thiols; the buried thiols IPMDHs with known three-dimensional structures [the
in both cases react very slowly (over hours). To follow the hyperthermophilicSulfolobus tokodai{PDB entry 1WPW)
rates of protein unfolding, aliquots were withdrawn from the and Thermotoga maritimgPDB entry 1VLC), the thermo-
denaturation mixture at various times and the number of philic Tt (PDB entries 1XAA and 1HEX), the mesophilic
liberated thiol groups was determined by addition of 1.3 mM Ec (PDB entry 1CM7)S. typhimuriun{PDB entry 1CNZ),
Nbs. This concentration of Nhsensures a fast reaction of Tf (PDB entry 1A05), Bacillus coagulans(PDB entry
the free thiols compared to the rate of denaturation. The 2AYQ), andMycobacterium tuberculos{®DB entry 1WO0D)
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Ficure 2: Spectral changes accompanying the denaturation of IPMIDid spectra of native and denatured IPMDHs (shown with solid

and dashed lines, respectively) were recorded by both far-UV CD (A) and protein fluorescence emission (B). In panel B, the spectra of Tt
and Ec IPMDHs are colored black and gray, respectively. Protein concentrations of 1 mg/mM)&8id 12xg/mL (0.16u4M) were used

in CD (A) and fluorescence (B) measurements, respectively. CD spectra of Ec and Vib IPMDHs (not shown) are similar to that of the Tt
enzyme (A). The fluorescence spectrum of Vib IPMDH (not shown) is similar to that of the Ec enzyme (B).

as well as the psychrothropic Vib IPMDHs]. Atomic contacts ~ Comparing the three IPMDHs, we observe that the rate
up to a 6 Acutoff distance were taken into account. of unfolding increases with a decrease in heat stabili),(
i.e., in the following order: Tt< Ec < Vib. The experi-

RESULTS AND DISCUSSION mentally determined first-order rate constants of unfolding

Spectra| Characteristics of Nat# and Denatured IPM- for the three IPMDHSs are summarized in Table 1. The half-
DHs. The change in the far-UV CD spectrum of Tt IPMDH  times are~1 h, several minutes, and a few seconds for the
upon the transition from the native to urea-denatured statethermophilic, mesophilic, and psychrotrophic variants, re-
(43) is illustrated in Figure 2A. The CD spectra of native spectively. It is also notable that all four monitoring
Ec and Vib IPMDHs (not shown) are closely similar to that techniques give approximately the same unfolding rate
of the Tt enzyme, as expected from their highly conserved constants, indicating that various regions of the protein
three-dimensional structures (e.g., ref4—46). The CD molecule and all levels of the structure unfold simulta-
spectra of samples equilibrated in 8.5 M urea, however, areneously.

characteristic of the completely unfolded states for all  \yhen IPMDHs were denatured in the forms of a function-

Ipm[c):glffrast protein fluorescence emission spectra (Figureing ternary complex with NAD and Mn*IPM. a nonfunc-
! . tioning ternary complex with NADH and Mn*IPM, or a
2B) exhibit some differences between Tt and Ec IPMDHs, binar)?complexg( withpMn*IPM the unfolding was found to

due to the different Trp content of these enzymes. The be simi :
. A e similarly slower than that of the corresponding uncom-
spectrum of Vib IPMDH (not shown) is indistinguishable plexed species. The substrates NAD and NADH, however,

from that of Ec IPMDH. Ec and Vib IPMDHSs contain two . .
. : : - separately did not affect the unfolding rates. Thus, bound
Trp residues per subunit, while Tt IPMDH has an additional A : : o
Mn*IPM alone is responsible for the reduction in the rate

Trp in the armlike region. Accordingly, fluorescence emis- of unfolding, probably via stabilization of the enzyme

sion of Tt IPMDH has a greater intensity, and Rigax iS .
shifted toward higher wavelengths (from 335 to 358Xnm) in conformation. The crystal structure of Tf IPMDH [PDB entry

the native state, compared to that of either Ec or Vib IPMDH. LA05 @5)] shows that of the 11 conserved residues interact-
Unfolding is accompanied by a large decrease in the emittednd With bound Mn*IPM, as many as eight are located in
fluorescence intensity and a red shift iRy (Figure 2B).  Separate secondary structure elements (narehglices d,

Different Rates of Simple First-Order Unfolding of 9 @nd h andi-strands F and G; cf. Figures 1A and 4A).
IPMDHs. When the native IPMDHs were manually mixed Bound Mn*IPM appears to hold these structural elements
with urea-containing buffer (dead time of-8 s), the together. In addition, it appears that several side chains
unfolding process immediately started and followed a simple Participating in substrate binding have a stabilizing effect in
first-order time dependence. The observed rate was foundtheir own right. These residues are listed in Table 1, and the
to be independent of the technique used for detection [CD, most interesting interactions are illustrated in panetsDB
protein fluorescence, thiol reactivity, and enzyme activity of Figure 4 in the crystal structure of Tt IPMDH. It may be
(Figure 3A—D, respectively)]. Testing the liberation rate of noted that IPM without the metal ion also provides protection
unreactive (buried) thiol groups upon denaturation (see panelagainst urea denaturation (data not shown), but to a much
C in Figure 3) was conducted for only Ec and Vib IPMDHs smaller extent than Mn*IPM because the interaction of the
because Tt IPMDH does not contain cysteine. metal ion witho-helices h and ‘gis missing.
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Ficure 3: Comparison of denaturation time courses of the IPMDHs. Unfolding kinetics curves of),TE¢ (»), and Vib ©) IPMDHs

were determined both in the absence of substratedX)Aand in the presence of Mn*IPM (EH) by recording the changes in CD (A and

E), protein fluorescence spectra (B and F), thiol accessibility (C and G), and enzyme activity (D and H). The protein concentrations were
0.1 mg/mL (1.6«M) (A and E), 0.01 mg/mL (0.1&M) (B and F), 0.44 mg/mL (5.&M) (C and G), and 0.7 mg/mL (12M) (D and H).

The solid lines represent curve fitting to a single exponential. The first-order rate constants are summarized in Table 2. In panels C and G,
the dash-dot—dot lines represent the time course of thiol modification of the denatured Ec IPMDH with Nbder native conditions,

the modification of the fast-reacting thiols of Ec IPMDH is plotted with dashed lines.
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Table 1: Role of Conserved Side Chains in Substrate Binding and in the Formation of the Tertiary and Quaternary Structures &f IPMDHs

Structural | Selected conserved residues
of IPMDHs Connected secondary structural elements
part (in parentheses: the contacting residues numbered as in Tt; in Ec
Tt Ec Vib and Vib similar interactions exist with the equivalent residues)
D 9 13 11
G| 12 16 14 BB(D9)-BC(G73)->NAD-loop(S275)
Domain 1 E 14 18 16
G| 73 77 75 NAD-loop(281:N,283:N)>0ia(E14)
S 275 286 283
R 94 99 96
N 102 107 104
Inter- R | 104 109 106 BE(S259)>(N102)BF(R104)e>0th(D245)
domain D 245 255 252
region S | 259 269 266 0i(S293)-pD(E270)>0d(R94)
E 270 281 278
S 293 304 301
R 132 138 134
E 133 139 135
Y | 139 145 141 ath(D241)¢3(R132)BG(E133)BL(Y 157)>af(W195)
Y 157 167 164
R | 176 186 183 oh(D241)IPM-loop(Y139)->ah(N237)
Domain2 | K 185 195 192
W | 195 205 202 ae(R176)-pH(231:0)
N 237 247 244
F | 239 249 246 oth(F239)>BI(K185)
D 241 251 248
D 245 255 252
K| 185 195 192 oh’(D241°)0g(D217)-BI(K 185)->0f(V188)
A\ 188 198 195
Subumit D 217 227 224 oh’(D241°)6IPM-loop(Y 139")>BI(K185)
interface M 221 231 228
nter Y | 139 145 140 TPM-loop(Y 139" )e>0if( V188)
D | 241° 251’ 248
D | 245 255 252 oh’(D245°)>0g(M221)

a Of the 46 identified conserved residues (cf. Materials and Methods and Figure 1B), only those 25 whose importance in maintaining the tertiary
fold through side chain contacts could be visualized are listed. Among them are residues that also directly interact with either Mn*IPM (bold) or
NAD (italic). The binding details of IPM and the relative positions of the connected secondary structure elements and the atomic details of side
chain interactions are illustrated in Figure 4 using the crystal structures of Tt and Tf IMPDHs. A prime denotes a residue from the other subunit.

The extent of the deceleration of unfolding by the bound probe ANS (Figure 5A), again an immediate increase within
substrate is markedly different for the three investigated the mixing time was observed (ANS in the presence of either
IPMDHSs (compare the pairs of panels of Figure 3, A and E, the native or denatured IPMDH has negligible fluorescence).
B and F, C and G, and D and H). The corresponding rate This increase is generally characteristic of the formation of
constants are listed in Table 2. The deceleration of unfolding a molten globule state, i.e., an intermediate possessing
by the bound substrate is almost negligible for the most stablerelatively loosely packed globular structure with the majority
thermophilic enzyme, larger for the mesophilic variant, and of secondary structure elements formed, but without the rigid
very large for the psychrotrophic form. This effect is tertiary structure %4, 55). The immediate increase in ANS
reasonably correlated with the flexibilities of Tt, Ec, and Vib fluorescence intensity is followed by a slower decrease
IPMDHSs increasing in the same ordeB2( 36). As a reflecting the formation of the protein native structure having
consequence of the different effects of the bound substratea low affinity for ANS. Figure 5A shows only the slow phase
on the unfolding rates, the differences between the unfolding of refolding. This slower phase, however, cannot represent
rates of the complexed IPMDHs are smaller than those for a single step because the time course of ANS desorption
the uncomplexed enzymes, but still observable. Taken could not be fitted satisfactorily by assuming a single first-
together, the unfolding rates of IPMDHs strongly and order reaction. It had to be decomposed into at least two
inversely correlate with their different heat stabilities. sequential first-order steps for proper fitting. This finding

Similar Time Courses of the Two-Step or Multistep reflects the complex nature of the refolding process with
Refolding of IPMDHsRefolding of denatured Tt, Ec, and more than one intermediate. The results are similar for all
Vib IPMDHs, with a decrease in the urea concentration, was three IPMDHSs, and the rate constants are listed in Table 3.
followed by various methods. Monitoring the time course It is remarkable that ANS desorption occurs on very similar
by far-UV CD was not possible because the spectra, time scales in all three cases, with overall half-times of a
reflecting the formation of~90% of native secondary few minutes.
structure elements, are reconstructed within the dead time The complex nature of IPMDH refolding is also supported
of manual mixing (data not shown). This is indicative of by the time course of protein fluorescence (Figure 5B). A
the presence of at least one folding intermediate. When burst increase in Trp fluorescence (similar in extent for the
refolding kinetics was recorded by measuring the change inthree enzymes) is followed by a much slower further
the fluorescence intensity of the protein-bound hydrophobic increase. The burst change is accompanied by an immediate
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Ficure 4: Specific interactions among the conserved residues and their interactions with Mn*IPM. The interactions are illustrated both
within a single subunit (B and C) and between the two subunits (A and D) using the structural data of Tt IPMDH. The bound Mn*IPM
molecule is represented by an orange ball-and-stick model (A). Representative parts of the two subunitsigan@hblue (A and D),

are shown with ribbon diagrams. The conserved side chains involved in Mn*IPM binding (A), in the interdomain region (B), in domain 2

(C), and on the subunit interface (D) are represented by black (A), purpt®)]Band orange (D) stick models. The backbones of some
nonconserved residues that interact with conserved side chains are colored gray. Dashed lines represent atomic interactions. The residues
participating in Mn*IPM binding are underlined in panels-B.

Table 2: Unfolding Rate Constants (mi) of the IPMDH$

enzyme Mn*IPM far-Uv CD protein fluorescence activity thiol reactivity
T. thermophilus - 0.015+ 0.003 0.013+ 0.002 0.01Gt 0.003 -
+ 0.013+ 0.002 0.012+ 0.002 0.009t 0.002
E. coli - 0.14+0.05 0.14+ 0.06 0.077+ 0.026 0.14+ 0.06
+ 0.023+ 0.004 0.021 0.003 0.015+ 0.003 0.017A 0.003
Vibrio sp. 15 - >10 >10 >10 >10
+ 0.12+0.04 nd 0.10+ 0.03 0.087+ 0.033

2The data were obtained by fitting the experimental results of Figure 3 to a single first-order pPolieB&MDH has no thiol groups® Not
determined.

shift in Amax from the value characteristic of the denatured region of the subunit, which is missing in both Ec and Vib
state to that of the native state (data not shown). Thus, duringlPMDHs. The differences in the rate constants of the slow
the burst phase, an intermediate is formed which may parts of the fluorescence changes (Table 3) may be partly
correspond to the molten globule-like intermediate. In the due to the same reason.

slower phase of the kinetics (measurable on a time scale of We could assume that the larger increase in protein
several minutes), the extent of the fluorescence increase isfluorescence for Tt IPMDH during the slow phase may
much larger for Tt IPMDH than those observed for the Ec reflect the formation of nativelike suburisubunit contacts
and Vib enzymes, the latter two being similar to each other. between the two arms. If this assumption is correct, the slow
It is reasonable to assume that the larger change inprocess could be identified as a bimolecular association step
fluorescence intensity for Tt IPMDH during the slower step of the two polypeptide chains. To test this assumption, we
is due to the additional Trp residue located in the armlike repeated the refolding experiments monitored by protein
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Ficure 5: Comparison of renaturation time courses of the IPMDHs
Refolding kinetic curves of Ti), Ec (»), and Vib ) IPMDHs
were determined by recording the changes of the bound ANS
fluorescence (A), protein fluorescence (B), and enzyme activity (C).
The protein concentrations werei8/mL (0.08uM) (A and C)

and 12ug/mL (0.16uM) (B). In the inset of panel C, the initial
parts of the time courses are enlarged. The time courses shown i
panels A-C are fitted to the equation of a two-step first-order

Graczer et al.

fluorescence at various enzyme concentrations (from 0.04
to 1.60uM) for all three enzymes but found no dependence
of the time courses on enzyme concentration (data not
shown). The kinetic analysis uniformly yielded rate constants
similar to those listed in Table 3. Thus, the assumption about
dimer formation as a rate-limiting step during the slow phase
is not supported. The occurrence of dimer formation during
this step, however, cannot be excluded; its rate could be
limited by a preceding, even slower intramolecular isomer-
ization step.

Measurements of reactivation during refolding provided
further evidence of the existence of an intermediate state.
The time courses of reactivation exhibit an interesting
feature: a small but real lag phase was observed with all
three IPMDHSs. This lag phase is most pronounced in the
case of the Tt enzyme (Figure 5C). This indicates that
restoration of the enzymatically active structure during
refolding is a complex process and occurs through the
formation of an intermediate with small or no activity. The
time courses do not depend on the concentration of protein
in the renaturation mixture. Thus, like the fluorescence
results, no evidence of the involvement of a bimolecular
association step in the reactivation process or the presence
of a monomeric, inactive intermediate was obtained. The
reactivation time courses can be described by a kinetic model
including two sequential first-order steps with an inactive
intermediate (see the inset in Figure 5C). The rate constants
of the entire process are summarized in Table 3. Apart from
the complex nature of the reactivation process, it should be
noted that it occurs on comparable time scales (with overall
half-times of 2-3 min) for all three IPMDHs.

Nature of IPMDH Folding Intermediate(shs mentioned
in the introductory section, the formation of a dimeric
intermediate during the unfolding of IPMDH was suggested
in earlier studies30, 33), but the kinetics of unfolding and
refolding have not been investigated. The kinetic studies of
refolding presented here clearly show the existence of
inactive intermediate species of all three IPMDHSs, but no
bimolecular (second-order) dimerization step could be identi-
fied (at least during the slow phase of refolding). It is possible
that this intermediate is already an associated form of the
two polypeptide chains, and therefore, association is not a
rate-limiting step during the slower part of refolding.
Alternatively, the rate of dimer formation may be limited
by a preceding slow isomerization step. To determine the
nature of the intermediate, further work is required, but this
is beyond the scope of this comparative study.

Interpretation of the Similar Refolding and Different
Unfolding Rates in Light of the Structural Features of
IPMDHSs. Our results do not show a correlation between
folding rate and stability for IPMDHs. Most studies in the
literature investigating the determinants of folding rates are
about single-domain proteins with two-state folding kinetics.
These studies demonstrated an inverse relationship between
the folding rate and the complexity of the native topology,
characterized by the contact order, CO (the average residue
separation of atomic contacts2l 25, 26, 56—58). For
proteins with three-state folding kinetics, an inverse correla-
tion was observed with protein lengthd). The chain length

"Was taken into account by the recent definition of absolute

sequential mechanism. The corresponding rate constants are give-O, Which shows a clear inverse relationship with the folding

in Table 3.

rate of single-domain proteins having two-state or multistate
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Table 3: Refolding Rate Constants (mihof the IPMDH$

protein fluorescence ANS desorption activity
enzyme ki ka ki ko ki ka
T. thermophilus >20 0.11+ 0.02 0.67+0.13 0.12+ 0.01 0.96+ 0.20 0.26+ 0.05
E. coli >20 0.80+ 0.20 0.76+ 0.10 0.064+ 0.006 >20 0.46+ 0.07
Vibrio sp. 15 >20 0.23+0.03 0.77+0.10 0.064+ 0.003 72412 0.37+ 0.05

a2 The data were obtained by fitting the experimental results of Figure 5 to the equations describing two first-order sequential steps, characterized

by rate constantk; andk,. For reactivation, an intermediate species with no activity was assumed for the rate equation, likégyi Sadavas
(72). In some cases, the rate constant for the fast pHagen(st be treated with caution because of the large experimental error.

folding kinetics 63). Furthermore, a higher CO (implying a
lower folding rate) was found for most of the hyperthermo-
philic bacteriumT. maritima proteins compared to their
mesophilic counterpart2®). On this basis, for IPMDHs with
different heat stabilities, different folding rates could have

as well asra andBA (Figure 6C). These interactions include
the N- and C-termini of the polypeptide chain, i.e., the region
of domain 1 where stabilization by conserved side chains
appears to be less prominent. The importance of contacts
between N- and C-terminal residues is also demonstrated

been expected: the most stable variant should have theby mutagenesis studie$g, 67). Besides the long-range
lowest folding rate. On the contrary, similar refolding rates stabilization effects, short-range effects have also been
were found. To test the relationship between the folding ratesidentified, such as the stabilization of the loop preceding
of IPMDHs and CO or chain length, we calculated both (Figure 6D). Within domain 2, very few stabilizing interac-
relative and absolute contact orders for all nine available tions involving nonconserved residues have been found (e.g.,
IPMDH structures (cf. Materials and Methods). No relation- Figure 6E).
ship is observed between thermostability and either contact The second important part is the interdomain region. One
order or chain length, since both values are found to be very example is residue Tt L115, Ec F120, or Vib A117, which
similar among IPMDHs with different heat stabilities. strengthens the interaction between the three flexible loops
Namely, the average values of the relative as well as the (namely,3F—jG, ah—E, andoj—ak) located between the
absolute contact order are 0.07776, 0.07826, and 0.07564wo domains (Figure 6B). The stabilizing role of a hydro-
as well as 26.80, 27.75, and 27.23 for the thermophilic, phobic residue at this position has also been shown by a
mesophilic, and psychrotrophic variants, respectively. How- mutagenesis study68). The essential role of th8F—3G
ever, the chain length of the presently studied Tt IPMDH is loop in the increased thermostability and possibly in the
somewhat shorter (345 residues) than the average lengthsinfolding process is supported by a temperature jump
of any of the three groups of IPMDHs (i.e., 358, 360, and experiment as detected by fast crystallographic met@)s (
361), but this would imply faster folding, which contradicts Presumably, the initial structural change at the start of
the results presented here. Thus, the experimental data founfolding occurs in this region. The molecular contacts,
the three IPMDHs do not follow the tendency observed with differing between the three IPMDHs as depicted in Figure
other proteins 48, 59). The present data, however, are in 6B, are clearly in accordance with the different stabilities.
accordance with the similar contact orders, especially the The third stabilizing region includes the subursubunit
absolute CO, for the proteins exhibiting similar folding rates. interface. Several previous mutational studig4 ¢1, 68—
In summary, our data and other studigg, 60) demonstrate  70) suggested that the interactions within the two interacting
that the relationship among contact order, stability, and arms (includingsK andAL) and their interactions witlf,
folding rate is not clear-cut and varies between proteins. To g5 well as the four-helix bundle (consisting of helices'g, g
reach more general conclusions, additional data for otherp and k), are much more favorable in the thermophilic
multidomain and multisubunit proteins, preferably adapted yariant than in the mesophilic form. Our structural analysis
to various temperatures, are needed. shows that all the previously observed relationships between
As for unfolding, the different rates observed with the three structure and stability, and those suggested here, can be
investigated IPMDHs are in agreement with the data obtainedextended to the psychrophilic forms as well.
with some other proteins where slower unfolding was found  Taking the unfolding-refolding kinetic results into ac-
for proteins with higher thermostabilityl2—14, 17). Here  count, we may also hypothesize that the molecular differ-
we have attempted to relate the unfolding rates to specific ences characteristic of the native folded states are not yet
structural properties of IPMDHs with different heat stabilities. reflected by the transition states. This follows from the fact
We compared the atomic contacts made by the selectedthat while the transition states of the unfolding reactions are
nonconserved residues in Tt, Ec, and Vib IPMDHs. Of the |ocated at different heights with respect to the energetic
27 investigated nonconserved residues, as many as 16 werg@ositions of their native states, the transition states for the
found where the observed differences in the atomic contactsfolding reactions are at the same energy level relative to the
are clearly in line with the different thermostabilities. These denatured states. Thus, the transition states on the main free
residues are listed in Table 4. The importance of noncon- energy barrier separating the native and denatured states of
served residues in adjusting protein stability is also supportedthe three proteins may be structurally similar to each other.
by mutational studies3@, 38, 52, 61-65). Early intermediates on the protein refolding pathway are also
This analysis has identified three particular regions of the similar in these respects. Thus, the structural differences in
IPMDH molecule that may have the greatest influence on the folded states of different IPMDHs are not conserved in
thermostability. The first region is within domain 1 and holds the transition and intermediate states. The transition state
together secondary elements, ai, oj, andok (Figure 6A), probably represents an early phase of the refolding reaction



Table 4: Role of Nonconserved Side Chains in the Different Structural Stabilities of IPMDHs

selected nonconserved residues in IPMDH groups

of different thermal stabilities

thermophiles mesophiles psychrophiles change in the nature structural basis of different thermostabilities
structure ) of side chains witha and the elements involved
part Tt Ec VibP decrease in thermostability ref (from comparison of Tt, Ec, and Vib structures)
domain 1 E17 (1A,15,1Q, T21 (3A, 1T, A19 (3A,1V, 1L, charged— hydrophobic 73 stabilization in Tt withino.a and connection
2E, 3R) 1D, 2E) 2T, 1E of aa with A (Figure 6C)
R24 (1%?2'3' D28 (1T, 3D, 4K) N26 (1V, 5N, 2D) charge¢+ polar
Y36 (11, 3F, T40 (2T, 1C, 5F) L38 (3L, 1M, 1F,  decrease in side 74
2Y, 2W) 1T, 2R chain volume
L26 (1A, 4V, V30 (1A, 6V, 11) A28 (1A, 6V, 1L) decrease in chain length 66, 67 stabilization in Tt and Ec by connecting
2L, 11) simultaneously withui, o, andok (Figure 6A)
V311 (4v, 41) 1322 (4av, 41) 1319 (8 increase in chain length —
E321 (4Q, 4E) E332 (1A, 2S, 1Q, Q329 (2A, 1N, 2Q, decreasing probability 73 stabilization by ionic (Tt) and H-bonding (Ec)
1D, 3E) D, 1R of ionic Interactions interactions betweeaj andak (Figure 6A)
H343 (1A, 1L, 2H, Y358 (2A, 11, 1F, A356 (3A, 1Y, 1Q,
1E, 3K 2Y, 1K, 1R) 1R, 2K)
F53 (4L, 3F, 1Y) L57 (8L) L55 (8L) decrease in side 65 stabilization in Tt betweenc
chain volume and the preceding loop (Figure 6B)
R58 (4L, 4R) V62 (3V, 4L, 1I) L60 (1V, 5L, 2M) decrease in basicity
R82 (1G, 2P, P86 (1G, 1A, 1S, P84 (5P, 3R) chargeer hydrophobic 52,61, 63 stabilization through surface char%es
1W, 4R) 4P, 1del) (only in the chimeric enzyme 2T2M6T)
A290 (4A, 1M, Q301 (1A, 3T, 4Q) T298 (4T, 3Q, 1E) increase in polarity - polarity within the hydrophobic core would decrease
1T, 2Q) the ‘stability in thé connection betweer andai
domain 2 P110 (7P, 1D) Q115 1A, 2P, 1S, P112 (5P, 1S, c 35 63,70, 75 Pro-Gly motive at the end ¢iF increases the
E, 2Q, 1N) 1E, 1K) rigidity and thereby increases the stability of Tt
G111 (2G, 2S, G116 (2G, 1V, 1 Q113 (1G, 2A,
1P, 3Q) 1T, 2E, 1Q) 18, 4Q)
E113 3V, 1L, E118 (3L, 1S Al115 (1A, 3V, 2S
2K, 2E) 2E, 2K) 1T, 1
L115 (6A, 2L) F120 (5A, 1D, 2F) A117 (6A, 1L, 1F) ¢ 63 interdomain loops betwegsF andfG, ah andgE,
andok andoj are connected only in Tt
R177 (1Q, 6R, 1K) R187 (2N, 5R, 1K) G184 SlG, 2A, 3S, decrease in basicity - connection okﬂ_G with the loop betweee andgl
N, 1E) in Tt, weak in Ec, and not'in Vib (Figure 6
interdomain V126 5V, 1L, 21) F132 (4v, 1L, L128 (4L, 4F) increase in side 38,62, 64 increase in side chain volume causes overcrowding
region 2F, 1T) chain volume at the hydrophobic interdomain region in Ec and Vib
A172 (3A, 3L, S182 (3A, 1L, M179 (4A, 2L, c 3L, 76,77 increase in van der Waals volume would improve
11, 1T) 2M, 2S) 1M, 1S) the stability by strengthening the hydrophobic
domain-domain interaction betweére andai
H300 (1L, 3H, 4Y) Y311 (1L, 1T, Y308 (AF, 7v) c 78
5Y, 1H)
subunit M146 (41, 2M, R152 (aL, 17, K149 (7R, 1K) increase in basicity - charged residues at the intersubunit surface
interface 1R, 1K) 1D, 5R) (includingaf, K, andfL) in Ec and Vib
weaken hydrophobic interactions
N153 (6N, 2D) D163 (1IN, 7D) D160 (2N, 6D) increase in acidity -
E190 (1S, 7E) Q200 (1A, 1T, 2Q, A197 (3A, 1T, decrease in acidity 34 salt bridge connection betweeri andfK'
1D, 3E) 1Q, 3E) in Tt, but not in Ec and Vib (in Vib, another
salt bridge exists, but betwe@iK andpL)
F194 (6L, 2F) L204 (6L, 1M, 1F) L201 (7L, 1F) c 69 hydrophobic interaction akf with fK' andfL'
is strengthened in Tt, but not in Ec and Vib
L246 (2L, 11, 5E) E256 (8E) E253 (11, 7E) c 68 70 increase in the van der Waals volume causes
overcrowding in Ec and Vib at the hydrophobic
four-helix bundle connection
V249 2V, 5M, 1Q) M259 (ZXMll:[Q) M256 (8M) c 41,68

a Of the selected 27 nonconserved residues with properties unique to each group of thermophiles, mesophiles, and psychrophiles (cf. MatehiatispruhiMehose 16 for which a correlation with
the different stabilities was found by graphical comparison are listed. Among them are five residues (53, 58, 82, 126, and 190 in Tt numberipijzatienstales of which have been confirmed byN
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site-directed mutagenesis studies. There are nine other nonconserved side chains for which experimental evidence (site-directed mujggsisesis)lstin thermal stability, but no consistent correlatio®
has been found between thermostability and the chemical nature of the side chain. For each position, the amino acid residues occurring in eadfeeigioum, i.e., thermophiles, mesophiles, and,
psychrophiles, are given in parenthesegib IPMDH is a psychrotrophic enzymé&No consistent trend is seen, but mutagenesis studies gave positive results.

=
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Ficure 6: Structural differences between IPMDHs with different thermostabilifié® secondary structure elements are represented by
black (Tt), green (Ec), and red (Vib) ribbon diagrams. The three structures were superimposed &yathen€ of all-strands exceptK

and L. The nonconserved side chains are shown as stick models in the respective colors. Dashed lines (colored as the corresponding
structure) represent atomic interactions. Panels A, C, and D show selected details of domain 1; panel B illustrates the interdomain region,

and panel E refers to domain 2.

coordinate, where only the main chain topology is formed

(as the rate-determining step of the folding process), which
is accompanied by a large decrease in the protein chain
entropy. The structural differences between the proteins are
formed only during the subsequent or final stages of folding

by specific packing of the amino acid side chains. Such

interpretation is in accordance with the conclusions drawn

from a recent theoretical study of a large set of thermophilic

and mesophilic proteins7().

In summary, these experimental unfoldifiggfolding
studies and the structural and thermodynamic analysis of the
IPMDH variants have shown that their different heat stabili-
ties are not related to their (similar) folding rates but are
due to their different unfolding rates. Unfolding rates may
be determined by a variety of molecular contacts of the
nonconserved residues, especially in the interdomain region
and in domain 1, including the contacts between the N- and
C-termini. On the other hand, the folding rate appears to be
determined by the similar structural and thermodynamic
features of the transition and intermediate states, i.e., by more
global structural characteristics (such as native topology, i.e.,
contact order) of the various IPMDHs and not necessarily
related to the different thermodynamic stabilities of their
native states.
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