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ABSTRACT: A mutant of kanamycin nucleotidyltransferase (KNT) was previously created by directed
evolution. This mutant, HTK, has 19 amino acid substitutions, which increase the thermostability by 20
°C. In this study, we have examined to what extent each mutation contributes to the increased stability
and analyzed how the mutations affect the structure of KNT &C7@sing molecular dynamics simulations.

The effects of some mutations on the stability are simply additive, but those of others are cooperative.
Mutations with large effects on the stability are introduced into the N-terminal domain, which appears to
be less stable than the C-terminal domain. Results of the molecular dynamics simulations have indicated
that the rigidity of the domain structures is increased by the mutations: °&, TBe intradomain fluctuations

of HTK are decreased, and in turn, its interdomain motions are pronounced, whereas the structure of the
preevolved KNT fluctuates randomly. Chemical modification experiments of cysteine residues have shown
that the cysteine residues of HTK are less accessible to an SH reagent than those of the preevolved KNT.
The present results suggest that the 19 mutations of HTK stabilize KNT by affecting the dynamic behavior
of the structure of this enzyme without significantly changing its static overall structure.

Although directed evolution has proved to be a powerful performed in an extremely thermophilic bacteriurhurmus
method for protein engineerind)( few mutants obtained thermophilug7), to create a convenient selection marker for
by directed evolution have been analyzed in detail. Analysis functional genomics studies on this bacteriugh @riefly,
of those mutants would, however, provide new insights into directed evolution was started from a mutant of 8taphy-
the structure-function relationship or structure formation of lococcus aureusKNT (WT*) that has two mutations,
proteins, especially when mutations are introduced into Asp80Tyr and Thr130Lys9( 10). After three successive
unexpected sites. For example, the analysis of a mutantrounds of screening and selection at increasing temperatures,
asparate aminotransferase, the catalytic efficiency for valinea mutant named KT3-11 was obtained. To further increase
of which is increased Pdold by directed evolution, has  the stability of KT3-11, nine potentially stabilizing mutations,
revealed how residues remote from the active site affect thewhich were found in other mutants obtained after three
substrate specificity of an enzyme through their effects on rounds of directed evolution, were added to KT3-11. The
the domain motion of the enzym@+4). Also, the organo-  resultant mutant, HTK, has 19 mutations (Figure 1), by which
philic mutant ofp-nitrobenzyl esterase created by directed the stability is increased by 2T, but the enzyme activity
evolution has amino acid substitutions outside the active sitejs almost unaltered. The effects of some mutations on the
(5, 6). Information from such “retrospective” studies, where stability of KNT might be explained by the introduction of
mutants with altered properties are created first and analyzedproline into a-turn or loop structurei(l) (mutations at
later, should complement that from conventional studies, positions 94, 112, 199, and 203) or electrostatic stabilization
where rationally designed mutations are introduced and thenof the a-helix dipole (L2) (introduction of arginine at position
their effects are analyzed and interpreted in the context of 91). For other mutations, however, it remains unclear how
the proposed mechanism. they stabilize KNT.

We have recently increased the thermostability of kana- P :
mycin nucleotidyltransferase (KNTising directed evolution In the prersent study, thelqontrlbunon of each mutathn of

HTK to the increased stability and effects of the mutations

on the protein structure have been examined, and the
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B
Residue No. 2 57 61 62 66 75 91 94 102 112 116 199 203 206 207 211 220 234 238
WT* NMEAHUVQSQSLSSDHTEFSTT
KT3-11 K G Y A R R P F P L
HTK K L GV Y AR P P F P P V QL P V A

Ficure 1: Stereo representation of the structure of KNT (A) and amino acid substitutions of KT3-11 and HTR).(Bh¢ 10 residues
mutated in KT3-11 are shown in blue, and the additional 9 residues mutated to construct HTK are in red. In this (A) and other figures of
the KNT structures (produced using MOLSCRIPZ2), the positions of the residues are shown only for subunit A (pink).

MATERIALS AND METHODS

Site-Directed Mutagenesis and Plasmid Constructidios
construct the KNTs, except for the two KNTs described

cells carrying the expression plasmid were grown in a
medium containing 1.0% polypepton, 0.5% yeast extract, and
1.0% NaCl (adjusted to pH 7.0 with NaOH) supplemented
with 100 ug/mL ampicillin and 1 mM isopropyl 1-thi@-

below, shown in Tables 1 and 2 and Figure 6, the site- ,_gajactoside for 16 h at 37C. The cells were harvested,
directed mutagenesis was performed on an appropriate KNTyegyspended in 20 mM TrsHCI buffer, pH 7.9, containing

gene, such as KT3-11 or WT*, subcloned into pUT/ (
using the Sculptoin vitro mutagenesis system (Amersham

500 mM NaCl and 5 mM imidazole, and disrupted by
sonication. The supernatant of the lysate after centrifugation

Pharmacia Biotech) or the QuikChange site-directed mu- a5 applied on a Higind resin column (Novagen) equili-
tagenesis kit (Stratagene). Lys2 of KT3-11 was mutated backyrated with the above buffer, washed, and then eluted with

to Asn by PCR with a 5primer, 3-GACTGTACGcatat-
gAATGGACCAATAATAATGAC-3' (Ndd site in lower-
case letters), and & Primer, K3X, 3-GACTGTACGctc-
gagCGTAACCAACATGATTAACA-3 (Xhd site in
lowercase letters). The amplified KT3-11 (K2N) gene was
then subcloned into thiddd and Xhd sites of pUT7. Leu211

of KT3-11 was mutated back to Phe as follows: First, the
coding region of the WT* gene was subcloned into pUC18,
the resultant plasmid, pUC18-WT*KNT, was digested with
EcoRI and Bglil, and the larger fragment, which contains
Phe211, was gel-purified. Next, the smallecoRI—Bglll
fragment of KT3-11 was ligated with the pUC18-WT*KNT

the buffer containing 100 mM imidazole according to the
manufacturer’s instructions. The fractions were checked by
SDS-PAGE. All the following procedures were done at 4
°C. The fractions containing KNT were pooled and dialyzed
against 10 mM potassium phosphate buffer, pH 7.0. The
dialyzed solution was applied on an Econo-Pac CHT-II
cartridge (hydroxyapatite) column (Bio-Rad Laboratories)
equilibrated with the dialysis buffer, which was connected
to an FPLC system, and then eluted with a linear gradient
of 10—-100 mM potassium phosphate over 30 min at a flow
rate of 1.0 mL/min.
KNT AssayThe reactions were done at 26 in 50 mM

fragment. The resultant KT3-11 (L211F) gene was then NaMES buffer, pH 6.0, containing 50 mM MggCI2 mM
subcloned into pUT7. The nucleotide sequences of the e”tirekanamycin, and 5 mM ATP (containing 2.1 mCi/mol{&]-
coding regions of all the mutants constructed as above WETreATP). The product was separated on thin-layer chromatog-

verified.

raphy plates and quantified using a Fujifilm phosphor-

To incorporate a 6His-tag sequence at the N-terminus of imager, BAS-2000, as described previousty. (

KNT, the coding region was amplified by PCR and sub-
cloned into theNdd and Xhd sites of pUT7. The PCR
primers were a pair of one of the following primers and
K3X:5'-GACTGTACGcatatgCAGCAGCAGCAGCAGCA-
GAATGGACCAATAATAATGAC-3' (for WT* and cys-
teine mutants of WT*); 5GACTGTACGcatatgCAGCAG-
CAGCAGCAGCAGAAAGGACCAATAATAATGAC-3

(for HTK and cysteine mutants of HTK)Ndd site in
lowercase letters).

Expression and Purification of KNT&/T* and HTK were
expressed and purified as described previougly The
expression and purification of the KNTs with the His-tag
were done as followsEscherichia coliBL21(DE3) pLysS

Heat Inactvation Assay.CrudeE. coli lysates (50ulL)
containing KNT mutants were incubated at indicated tem-
peratures for 10 min in a heating block filled with water,
chilled quickly on ice, and then centrifuged at 15QG0r
15 min at 4°C. The KNT activity of each supernatant was
measured at 25C and compared to that of the supernatant
of the nonheated lysate containing the same mutant.

Molecular Dynamics (MD) Simulation$he MD simula-
tions of WT* and HTK were carried out for 1 ns at 345 K
(72 °C). The X-ray crystallographic coordinate of KNT at
2.8 A resolution {3) (PDB entry 1KNY) was used as the
starting model structure. This coordinate includes a dimer
KNT, two ATP analogues (adenosiné-&,/-methylene-
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triphOSp_hate)' and t_WO kanar_nycm molecules in a_ crystal- Table 1: Effect of Each Substitition of KT3-11 on Thermostability
lographic asymmetric unit. ThiS. aureukKNT has a single

amino acid substitution (Asp80Tyr). acrtﬁlsit'slz;!y) acrtﬁlsitlslzalm

The initial coordinates of two KNTs for the MD simulation KT3-11 e5°C. 67°C. KT3.11 65°C_ 67°C.
were constructed using the molecular modeling programs Xfit h § " 10mm 10 mir t 'mg 10mm 10 mn
(14) and X-PLOR (5. WT* has another amino acid mu_ an 3 m2m T(I)n ml;joz 0 5
substitution (Thr130Lys). This amino acid substitution was 12 mutation (KT3-11) 53 20 P112$Q : 0
introduced into each subunit. The ATP analogue and ggig 20 2 F116L 1 0
kanamycin were removed from the starting coordinate, while Y66H 46 16 P199S 34 9
the crystal waters were retained. All the hydrogen atoms were A75V 54 22 L211F 26 5
generated with the HBUILD routine of X-PLOR. Then, 500 R91Q 8 0

steps of Powell energy minimization were done in a vacuum  *Each of the 10 mutations of KT3-11 was mutated back to the WT*

using X-PLOR to remove any strains in the modified sequence? KNT denatures irreversibly. Activity measurements were
. . . o done at 25°C after heat treatments of tHe coli lysate containing

structure. HTK has 19 additional amino acid substitutions ¢, mutant.

to WT*. The same procedure was done to construct the HTK

initial coordinate. . o : .

A solvation sphere with a 45.6 A radius was employed to (e average position of atoimor j, respectively, at a time
solvate the entire dimer structurg b 7 Athick water shell ~ Point and the angular brackets express the average value.
as follows: The solvation sphere was constructed by covering Chemical Modification of Cysteine Residu&hemical
the spherical domain with three-dimensional cubic grids and Mmedification of the cysteine residues was done in 50 mM
randomly placing TIP3P watef€) in each cube. The grid ~ 11s—HCI buffer, pH 8.0, at 37°C in the presence of 0.2
spacing of 3.1 A was chosen, resulting in a density of 1.0 MM 5,5-dithiobis(2-nitrobenzoic acid) (DTNB) using puri-
glcm?. To obtain the proper geometry for each water fied proteins. Protein concentrations were ®. The
molecule, 300 steps of Powell energy minimization were rez_;lctlons _were_spectrophotometrlcally monitored at 412 nm
done. The system was equilibrated at 345 K for 5 ps using USing a Hltach|. spectrophotometer, UT3300' The number of
X-PLOR. Each KNT was centered within this preconstructed mod|f|¢d cysteines was calculated using a.molar extinction
sphere of water. All water molecules having one of their CO€fficient of the resultant product, nitrothiobenzoate,
atoms closer than 2.8 A to the atoms of KNT or to the crystal = 14100 M t-cm™ (21).
water molecules were removed. To achieve electroneutralityRESUL.I.S
for the system, sodium ions were added by replacing water
molecules of the highest electrostatic energies on the oxygen Contributions of Indéidual Mutations to Thermostability.
atom, located more tma9 A from each other, ah5 A from During three rounds of the directed evolution experiments,
the KNT atoms: 18 sodium ions for WT* and 12 sodium no selected clones were sequenced, nor were any particular
ions for HTK. Finally, 500 steps of Powell energy minimiza- mutations added to or removed from the clones. Thus, after
tion were done using X-PLOR. The total number of atoms obtaining KT3-11, which was the most stable among 20
in the two resulting systems was 37908 for WT* and 37968 clones (only 10 clones were examined in 7¢fthe effects
for HTK. of the 10 mutations of KT3-11 on the stability were

All simulations were carried out using the molecular examined. All the substitutions of KT3-11 were mutated back
dynamics program NAMD 2.5b11{, 18) with version 22 to the WT* sequence one at a time, and each “single
of the CHARMM force field parameter set9) on IBM RS/ revertant” of KT3-11 was expressedHtn coli. The stablity
6000 SP and pSeries 690-Regatta. In all the simulations, aof each mutant in the crude lysate was compared to that of
time step of 1 fs was used to calculate the equations of KT3-11 (Table 1). Although the assays were not done with
motion, and a temperature rescaling was done every 100 timepurified proteins and thus not reliable enough to detect small
steps (every 100 fs). The dielectric constant= 1, was changes, the following mutations were found to significantly
assumed, and no boundary condition was used. To reducencrease the stability of KNT: Glu61Gly, GIn91Arg,
the quantity of this MD simulation, the following two  GIn102Arg, Serl12Pro, Leul1l6Phe, and Phe21llLeu. One
procedures were done: (i) For the nonbonded interactions,mutation, Asn2Lys, appears to slightly decrease the stability
the force shift option was used to cause the interaction of KT3-11. The effects of the other mutations were not large
energies and forces to vanish smoothly at a distance of 12enough to be detected by this method.

A. (i) All bond lengths involving hydrogens were kept fixed Next, the effects of the nine mutations that were added to
using the SHAKE algorithm 20). An initial velocity KT3-11 to create HTK were examined. Each mutant of KT3-
distribution corresponding to 345 K was assigned to the 11 was expressed i&. coli, and its stability in the crude

system. The coordinates were saved every 0.25 ps for laterlysate was compared to that of KT3-11 (Table 2). Four
analysis. mutations, Met57Leu, Ala62Val, Ser94Pro, and Thr238Ala,

Covariances§;) of the spatial displacements of the two significantly increase the stability of KT3-11. The effects
atoms,i andj, over the dynamics trajectory were calculated of these mutations are approximately additive. The other five

using X-PLOR as follows: mutations show little or no effect on the stability of KT3-11
o when added individually, but these mutations dramatically
_ B xIe increase the stability when all five mutations are simulta-
0= (X112 -[j]°D2 neously added.

MD Simulation at 72°C. (1) Time Dependency of the
wherex[i] or X[j] is the coordinate displacement relative to Root-Mean-Square Dation (rmsd). The time course of
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Table 2: Effects of Additional Mutations on the Thermostability of
KT3—-11

residual activity (%)
after 10 min of
heat treatment

68°C 70°C 75°C

KT3-11 mutantd

no mutation (KT3-11) 21 2 0
M57L 47 27 -
AB2V 60 21 0
S94pP 27 7 -
S203P 19 6 -
D206V + H207Q 20 7 -
S220P 18 3 -
1234V 23 2 -
T238A 35 9 -
A62V + S94P - 32 0
M57L + A62V + S94P+ V238A - 40 7
M57L + A62V + S94P+ S203P+ D206V +  — 84 49

H207Q+ S220P+ 1234V + T238A

aThe mutations indicated were added to KT3-1A dash indicates
not examined.
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Ficure 2: Time course of rmsd’s of € atoms from the corre-

sponding atoms of the average structures during the MD simula-
tions. The rmsd’'s of WT* (thin line) and HTK (thick line) from

1.0
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Fluctuations (A)

100
Residue number

Ficure 3: Rms positional fluctuations of eachuGtom of WT*
(thin lines) and HTK (thick lines) during the MD simulations. The
rms positional fluctuations were calculated over each trajectrory
after rigid body alignment against each subunit of the average
structures. The results for the two subunits A and B are shown in
(A) and (B), respectively.

200

positions of the corresponding atoms in the average structure
were calculated for WT* and HTK (Figure 3). Structural
fluctuations of HTK are similar to those of WT* for both
subunits.

(4) Intradomain and Interdomain Fluctuationor the
analysis of the intradomain and interdomain fluctuations,
rigid body alignments were performed for the N-terminal

the average structures were calculated every 0.25 ps. The averagelomain (residues-1130) or the C-terminal domain (residues

structures were calculated using the coordinates over the-0.25
0.81 ns period.

rmsd from the initial structure was examined (Figure S1 in
the Supporting Information): The rmsd of WT* rises during

the first 0.25 ns of the simulation time and then fluctuates
around a stable value. Although the initial fluctuation of the
rmsd of HTK is similar to that of WT*, the rmsd of HTK

rises significantly after 0.81 ns. The average structure of each

131-253) of the KNT structures in each trajectory against
the corresponding domain of the average structure, and then
the fluctuations of the & atoms were calculated and plotted
(Figure 4). The calculations were done only for subunit A.
For example, the fluctuations in the N-terminal and the
C-terminal regions in Figure 4A show those of the N-terminal
domain relative to the C-terminal domain (interdomain) and
those within the C-terminal domain (intradomain), respec-
tively. The intradomain fluctuations are small and almost

protein was calculated using the coordinates over a 0.56 NShe same for the two KNTSs. The interdomain fluctuations in

period (0.25-0.81 ns_). The time course of rmsd from the Figure 4A clearly show four triangular signals, which are
average structure (Figure 2) showed that HTK underwentamore evident in HTK. The peaks of the triangles are at
transition to another metastable structure (Figure S2 in the

Supporting Information) at 0.81 ns. Such conformational
transition is not evident in WT*, although the rmsd increases
transiently around 0.91 ns (Figure 2). The coordinates during
the 0.811 ns period gave essentially the same results in

the subsequent analyses as those during the middle 0.56 n

period (data not shown). Thus, the results obtained for the
0.56 ns period are shown in the present paper.

(2) Average Structures of WT* and HTK'he average
structure of HTK was compared to that of WT* (data not
shown). All of the secondary structures observed in WT*
are maintained in HTK. The rmsd between 506 &oms
of the dimers of WT* and HTK is 1.07 A, and there is no
drastic difference between the overall structures.

(3) Fluctuations of WT* and HTK Structureo analyze

positions 29, 61, 83, and 113. The fluctuations of the
C-terminal domain relative to the N-terminal domain show
a single large triangle in HTK at position 156 (Figure 4B).
A large peak is observed in the C-terminal region in both
the interdomain and intradomain fluctuations (Figure 4). This
& because the C-terminal tail of one subunit is attached to
the N-terminal domain of the other subunit.

(5) Motional Coupling between Residud$ie motional
coupling between all pairs of KNT residues was analyzed
using a covariance plot constructed from thet @tom
coordinates over the trajectory. In HTK (upper right half of
Figure 5), two clusters of residues corresponding to the N-
and C-terminal domains are clearly seen in each subunit
although the clustering is less evident for the C-terminal
domain of subunit A. This means that residues in each

the features of the dynamic behavior, the root-mean-squaredomain of HTK moveen blocin the same direction at any

(rms) positional fluctuations of the «C atoms from the

time point (purple triangular areas near the diagonal). It is
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FicurRe 4: Intradomain and interdomain fluctuations of WT* (thin 0 20 40 60
lines) and HTK (thick lines) during the MD simulations. The rms Time (min)

positional fluctuations were calculated over each trajectory after
rigid body alignment against the coordinations of the C-terminal
domain (residues 131253) (A) or the N-terminal domain (residues
1-130) (B) of the average structures.

Ficure 6: Time courses of SH group titrations of WT* (A), HTK
(B), and their cysteine mutants. WT* and HTK are shown by black
lines. The Cys55Ala, Cys136Ala, Cysl184Ala, and Cys209Ala
mutants are shown by red, blue, green, and yellow lines, respec-
tively. The reactions were done at 3T in the presence of 0.2
Subunit A Subunit B mM DTNB at a protein concentration of 5@8V. The titration
[ N T [ | N | C | curves of HTK and its mutants showed no further changes after 60
min (B). All the results in this figure were obtained with His-tagged
proteins. It was confirmed that the titration curves of WT* and
HTK with the His-tag are indistinguishable from those of the
corresponding proteins without the His-tag (data not shown).

would simply reflect that spatially close residues or those in
a given secondary structure tend to move together.
Chemical Modification of Cysteine Residu€sne courses
of the titrations with an SH reagent, DTNB, are shown in
Figure 6. Three SH groups are modified in WT*, while only
one group is in HTK (black lines). Both WT* and HTK have
four cysteine residues per subunit. To identify which cysteine
residues are modified, each cysteine was mutated to alanine,
and an SH group titration was done. Among the mutants of
WT*, only the Cys136Ala mutant has its three cysteines
modified (blue line in Figure 6A), indicating Cys136 is the
residue that is not modified in WT*. On the other hand, the
only residue modified in HTK was found to be Cys184
(green line in Figure 6B). The titration curve of the
Cys184Ala mutant of WT* (green line in Figure 6A) has
lost the initial fast phase observed in those of WT* and other

v 1ungns

g nungng

e
-1.0 0.0 +1.0
Ficure 5: Covariance plots of WT* (lower left) and HTK (upper  \WT* mutants. These findings indicate that Cys184 is

right) residues. Covariancel indicates that the motions of the
two residues are completely coupled. Covarianrdeindicates that

the motions are coupled, but inversely. Covariance 0 indicates that
the motions are not coupled at all. The color scale is shown at the
bottom.

modified most readily among the four cysteines.

DISCUSSION

As summarized in Figure 7, the mutations were divided
into three groups on the basis of the extent of their effects
also shown that the N-terminal domains of the two subunits on the stability (Tables 1 and 2). All mutations with large
of HTK move roughly in the opposite direction (red square effects (red in Figure 7) are located in the N-terminal domain.
corresponding to the N(A)N(B) section). On the other hand, Although two C-terminal domains extensively interact with
such coordination of movement cannot be observed for WT* each other to form the subunit interface, the N-terminal
(lower left half of Figure 5). Although some pattern is seen domains mainly protrude into the solvent and, therefore,
in the covariance plot of WT*, the plot of the distance matrix might be a structural weak point. This idea would explain
of the WT* residues shows a basically similar pattern (data why mutations with large effects were accumulated in this
not shown). Thus, the pattern in the covariance plot of WT* domain during the course of the directed evolution.
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to construct and analyze mutants with all the combinations
of the 19 mutations, which is practically impossible. There-

fore, we examined how the 19 mutations, as a whole, affect
the structure of KNT.

We first tried crystallization of HTK under various
conditions but obtained very small crystals of poor quality.
Therefore, molecular dynamics simulations were performed
to analyze the structure at 72. At this temperature, WT*
is completely denatured in seconds, while HTK remains
native for at least 10 min in the thermal denaturation
experiments®). The averaged overall structure, or the static
structure, of HTK is almost the same as that of WT* (data
not shown). On the other hand, dynamic structures were
found to be significantly different between these two KNTs.
Despite our initial expectation that HTK would be structurally
more rigid than WT*, the structural fluctuations of HTK are
similar to those of WT* in Figure 3. The fluctuations were
then divided into intradomain and interdomain fluctuations
divided into three groups on the basis of the data in Tables 1 and (Figure 4).' In Figure ATA’ four. triangle-shaped 3'9”8?'5 are
2: Those with large effects on the thermostability are shown in OPServed in the N-terminal region. The peaks of the triangles
red, those with moderate effects are in yellow, and those with small are located at the tips of the N-terminal domain (Figure 8),
or undetectable effects are in blue. This figure is viewed perpen- and the bottoms correspond to the domain interface. How-
glcula_r to t(;1e 2-fold axe of thg ﬂ'mer Str“?t“'lr% The '\'.'t‘?rm'.”?(' ever, these signals have almost disappeared in Figure 4B.

omain is drawn in purple, and the C-terminal domain is in pink. o peak of a large single triangle in Figure 4B is also
located at a bottom tip of the C-terminal domain (Figure 8)

As shown in Table 2, the effects of some mutations and has reduced its size in Figure 4A. These findings indicate
(Ser203Pro, Asp206Val, His207GIn, Ser220Pro, and that the N-terminal domain is fluctuating in a hingelike
lle234Val) seem to be negligible when added individually. motion relative to the C-terminal domain, the bending point
These mutations, however, dramatically increase the stabilityof which is at the domain interface, while the overall
of KNT when added simultaneously, implying that these configuration of each domain is maintained. Such hingelike
mutations work cooperatively. The analysis of the evolved motion was observed for HTK in the conformational transi-
p-nitrobenzyl esterase indicates cooperative mutatiéhs (  tion during the time course of the simulation (Figure S2).
The Tyr66His and Ala75Val mutations show no effects in  The substitution of proline for Ser112, which is next to the
Table 1 but were found in 18 and 20, respectively, out of 20 position of the peak of one triangle in Figure 4A, may affect
independent clones obtained after three rounds of directedthe flexibility of the loop structure and help the N-terminal
evolution (data not shown). Such highly conserved mutations domain to moveen bloc To further analyze the dynamic
should be important for the stabilization of KNT, and thus, characteristics, motional coupling of the residues was
these two mutations might also work cooperatively with each compared between WT* and HTK in the covariance plots
other or with some other mutation(s). The existence of (Figure 5). The covariance plot of HTK shows that the
cooperativity among the mutations implies that, to elucidate motions of the residues in each domain are coupled, whereas
the effect of each mutation on the structure of KNT, we need that of WT* shows no such coordinated motions. Such

Ficure 7: Classification of mutations. The 19 mutations were

Ficure 8: Locations of the residues corresponding to the positions of the peaks in Figure 4A (blue) and cysteine residues (yellow). The
structures viewed along the 2-fold axis of the dimer structure and perpendicular to the 2-fold axis are drawn in (A) and (B), respectively.
The N-terminal domain is drawn in purple, and the C-terminal domain is in pink.
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dynamic features of the domain structures would be equiva- ACKNOWLEDGMENT
I(_an_t to the notion that each_donjai.n of HTK i; actL!aIIy_ more e thank Hiroshi Umeda for help in using IBM RS/6000
rigid than that of WT* despite similar fluctuations in Figure  Sp and pSeries 690-Regatta.
3. For HTK, the increased thermal energy would result in
larger interdomain motions as shown in Figure 4 because SUPPORTING INFORMATION AVAILABLE
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