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ABSTRACT: In homodimeric triosephosphate isomerase frbiypanosoma brucgiTbTIM), cysteine 14

of each the two subunits forms part of the dimer interface. This residue is central for the catalysis and
stability of TbTIM. Cys14 was changed to the other 19 amino acids to determine the characteristics that
the residue must have to yield catalytically competent stable enzymes. C14A, C14S, C14P, C14T, and
C14V TbTIMs were essentially wild type in activity and stability. Mutants with Asn, Arg, and Gly had
low activities and stabilities. The other mutants had less than 1% of the activity of TbTIM. One of the
latter enzymes (C14F) was purified to homogeneity. Size exclusion chromatography and equilibrium
sedimentation studies showed that C14F TbTIM is a monomer, whth &1000 times lower and K,

~6 times higher than those of TbTIM. In C14F TbTIM, the ratio of the elimination (methylglyoxal and
phosphate formation) to isomerization reactions was higher than in TbTIM. Its secondary structure was
very similar to that of TbTIM; however, the quantum yield of its aromatic residues was lower. The analysis
of the data with the 19 mutants showed that to yield enzymes similar to the wild type, the residue must
have low polarity and a van der Waals volume between 65 and 21Th%e results with C14F TbTIM
illustrate that the secondary structure of TbTIM can be formed in the absence of intersubunit contacts,
and that it has sufficient tertiary structure to support catalysis.

Triosephosphate isomerase (TIMEC 5.3.1.1) is a gly- fold. Each monomer contains all the residues that participate
colytic enzyme that catalyzes the interconversion betweenin catalysis. Nonetheless, a well-documented property of TIM
dihydroxyacetone phosphate (DHAP) amdlyceraldehyde s that it is catalytically active only in its dimeric forni4,
3-phosphate (GAP)1j. At present, more than 100 amino 15).
acid sequences of TIMs from a variety of organism are |n all TIMs, the area of the dimer interface comprises a
available in the databases and the X-ray structures of TIMs |arge portion of the enzyme. For example, in TIM from
from 12 different species have been determin2d 13). Trypanosoma bruciTbTIM), the area of contact between
Except for TIMs from thermophilic organisms, which are the two monomers is approximately 1608 (&). The dimer
tetramers 12, 13), all TIMs are composed of two identical  interface is formed mainly by loops—#. The protruding
subunits. These subunits associate through noncovalenioop 3 of one subunit docks into a deep pocket formed by
interactions to form a homodimer with a high association |oops 1 and 4 of the other subunit and is near the catalytic
constant. The monomers are formed by eight cefitsttands  site. Cys14 in loop 1 is one of the three residues that are
and eightr-helices (numbered-18) joined by loops, making  fully exposed in the monomer and completely buried in the
TIM a member of the protein family with thes¢)s barrel  TbTIM dimer (Figure 1); the other two are Val46 and Thr75
that are in loop 2 and loop 3, respectively. The side chain of

t Supported by DGAPA-UNAM Grant IN-200600 and CONACyYT Cys14 is surrounded by the residues of loop 3 of the other
Grant G27551M. G.H.-A. is the recipient of a fellowship from subunit (Figure 1), which is consistent with data that indicate
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(B) CTTCCAGTT3 [C14V, C14F, C14L, C14S, C14Y, C14P,
and C14K reverse (Rv)] (where N is A, C, G, or T),
5AACTGGAAGVVNAACGGCTCC3 (C14T, C14H, C14Q,
C14N, C14D, C14E, C14R, and C14G Fw) ann@6AGC-
CGTTNBBCTTCCAGTT3 (C14T, C14H, C14Q, C14N,
C14D, C14E, C14R, and C14G Rv) (where Vis A, C, or G
andBis T, G, or C), AACTGGAAGGCGAACGGCTCCS
(C14A Fw) and 55GAGCCGTTCGCCTTCCAGTT3C14A
Rv), SAACTGGAAGATCAACGGCTCC3 (C14l Fw) and
5GGAGCCGTTGATCTTCCAGTTIC14IRv),and AACTG-
GAAGTGGAACGGCTCC3 (C14W Fw) and 55GAGC-
CGTTCCACTTCCAGTT3 (C14W Rv). The external oli-
gonucleotides were the T7 promoter and T7 terminator
(Novagen). The respective mutations were introduced as
follows: 30 cycles for 1 min at 94C, 1 min at 55°C, and
1 min at 72°C and incubation for 10 min at 72C. The
genes were cloned in the pCR 2.1 vector (Invitrogen) and
sequenced. Once the genes with the appropriate mutation

, i . were identified, they were sequenced completely, subcloned
Ficure 1: Relative position of Cys14 and the subunits of TbTIM . .
(A) and packing of Cys14 of one subunit with the residues of loop into the pET-3a expression vector Hsld fragments, and

3 from the other subunit (BJA) The a-carbon traces of subunits  introduced by transformation into BL21(DE3)pLysS cells
A and B are shown in red and green, respectively, and a CPK (Novagen).

depiCtion of Cysl4 from both subunits is shown in ye"OW. (B) Growth of the Cells and Protein Expressjdﬁgr expres-

Cysl4 is shown as a CPK image, and the residues of loop 3 from sion of the mutant proteins, cells were grown at°&in
the other subunit are shown as sticks. The color coding for the . . di I’ d with y .
elements is as follows: gray for H and C, blue for N, red for O, Luria-Bertani medium supplemented with 106/mL ampi-

and yellow for S. The three-dimensional coordinates are from PDB Cillin and 34ug/mL chloramphenicol. When cultures reached
entry 5TIM. anAesoo Of 0.6, isopropy|s-p-thiogalactopyranoside at a final
) concentration of 0.4 mM was added. Growth was continued
the most common being Met and Leu, followed by Ser, Thr, oyernight at 37°C for cells with wild-type ThTIM and the
GIn, and Ala. In TbTIM and TIMs fromT. cruziand  c14v mutant, or at 3C°C for the rest of the mutants.
Leishmania mexican&ys14 is the only cysteine that forms BL21(DE3)pLysS cells transformed with C14F and C14K
part of their dimer interfaces. The incubation of the tryp- \were induced at 21C. The growth of the cells containing
anosomal enzymes with sulfhydryl reagents brings aboutihe Cc14F mutant was continued for 3 h.
large structural changes and abolition of catalysis, which  pyification of Enzyme<Cultures (250 mL) were collected
results from the derivatization of Cys14 by the sulfhydryl by centrifugation and suspended in 10 mL of cell lysis buffer
reagents 17, 18). In addition to trypanosomal TIMs, the (25 mM Mes/NaOH) (pH 6.5), 1 mM dithiothreitol, 1 mM
pathogenic parasité&ntamoeba histolyticél9), Plasmodium  EpTA, and 0.2 mM phenylmethanesulfonyl fluoride. The
falciparum(20), andGiardia lamblia(21) have the interface suspensions were sonicated (five intervals of 45 s) and
Cys. Therefore, this region of the interface has received centrifuged at 15000 rpm for 15 min. The pellet was
considerable attention as a potential target for the design Ofsuspended in lysis buffer, which in addition had 200 mM
drugs that specifically_ perturb the association between NaCl, gently stirred on ice for 30 min, and centrifuged for
monomers of the parasite enzymas, (18, 22, 23). 15 min at 15 000 rpm24). The latter supernatant was used
In this work, we _have furth_e_r studied the contribution of 5, an assay of activity and for determining the relative
Cys14 to the stability and activity of ToTIM. We performed  spundance of TIM concentration by SBBAGE analysis,
exhaustive mutagenesis of Cys14 of TbTIM to investigate coomassie blue staining, and densitometry.
which amino acids can replace the interface Cys and, thus, The purification of wild-type TbTIM and the mutants
establish the characteristics that an amino acid in that positionCl4A, C14P, C14S, C14T, C14V, and C14G was carried
must have to yield catalytically competent enzymes. Only a ¢ following the methodology described by Borchert et al.
Iimitgq_num_bgr of mutant enzymes exhibited activities and (24). The C14F mutant was purified as follows. Cells were
stabilities similar to those of wild-type TbTIM. We also  |yseq by passing them three times through a French press in
found that a point mutation, the substitution of Cys14 with 55 M Mes/NaOH (pH 6.5), 1 mM dithiothreitol, 1 mM
Phe, yields a stable monomeric variant of TbTIM that gpTA and 0.2 mM phenylmethanesulfony! fluoride. The
exhibits substantial catalytic activity. lysate was centrifuged at 15 000 rpm for 15 min. The pellet
was suspended in lysis buffer with 200 mM NacCl, stirred at
MATERIALS AND METHODS 4 °C for 18 h, and centrifuged at 15 000 rpm for 15 min.
Construction of the Cys14 Mutant§he substitution of  The supernatant was dialyzed exhaustively against 25 mM
Cys at position 14 with the other 19 amino acids in TbTIM triethanolamine (TEA) (pH 8.0), 1 mM EDTA, 1 mM
was accomplished with the polymerase chain reaction (PCR)dithiothreitol, and 1 mM sodium azide. The protein was
using the Expand High Fidelity PCR System (Boehringer). loaded onto a carboxymethyl-Sepharose fast flow column,
The mutagenic oligonucleotides weréABCTGGAAG- equilibrated with the same buffer. Protein was eluted with a
NNNAACGGCTCC3 [C14V, C14F, C14L, C14S, C14Y, gradient of 0 to 150 mM NaCl. In all the steps of the
C14P, and C14K forward (Fw)] andGGAGCCGTTNNN- purification, catalytic activity and SDSPAGE analysis using
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Coomassie blue staining and densitometry were carried out.whereyy andyp are the ellipticity values characteristic of
C14N was only partially purified. For this enzyme, we the native and unfolded subunits, respectively. The two
followed the procedure2d) up to the step in which it was  parameters were linear extrapolations from the initial and
precipitated with ammonium sulfate. final portions of the curve of versus temperature.

Activity AssaysEnzyme activity was determined at 26 Fluorescence Measurement&he emission fluorescence
by following the decrease in absorbance at 340 nm of a spectra of wild-type ThTIM and C14F ThTIM were recorded
mixture that contained 100 mM TEA and 10 mM EDTA petween 300 and 400 nm at an excitation wavelength of 280
(pH 7.4), 1 mM GAP, 0.2 mM NADH, and glycerol-3- nm with a Shimadzu RF-5000U spectrofluorometer. Their
phosphate dehydrogenase (2/mL). Except where speci-  protein concentration was 5@y/mL in 100 mM TEA and
fied, the reaction was initiated by the addition of TIM atthe 10 mM EDTA (pH 7.4). The spectrum of the buffer was
indicated concentration2f). For the determination oK, subtracted from the experimental. The spectral center of mass
and Vmax the concentration of GAP was varied over a (SCM) of each spectrum was calculated according to the
concentration range of 0.6 mM. The Kp, and Vimax in equation
the direction of DHAP to GAP, were determined at 25
in a mixture of 0.2 mL that contained 100 mM TEA, 10 SCM = 2’“(’1)/21(’1) 3)

mM EDTA (pH 7.4), 1 mM NAD, 4 mM arsenate, 12(M
dithiothreitol, 1 unit of GAP dehydrogenase, and-01® mM
DHAP.

Methylglyoxal FormationMethylglyoxal formation was
monitored at a single substrate concentration using the
method of RichardZ6). The enzyme concentration was 18
uM, and the $2P]DHAP concentration was 0,&M. Time
points were collected over the course of 20 h.

Stability to Dilution. Different concentrations of TbTIM
mutants were incubated for 24 h at 25 in 100 mM TEA
and 10 mM EDTA (pH 7.4). The catalytic activity was
measured by adding an aliquot of the sample to the reaction
mixture, yielding a final enzyme concentration of 5 ng/mL.
The curves of remaining activity versus protein concentration
were used to calculate the dissociation constig) ¢f the

wherel() is the fluorescence intensity at wavelengdth

Molecular-Siee ChromatographyThe oligomeric state
of C14F was studied by zone size exclusion chromatography
using a Beckman HPLC system with a 7.5 mxmB00 mm
UltraSpherogel-SEC 3000 column, with a pore size of 230
A [relative molecular massM;) range of 5x 10° to 7 x
10° Da]. The mobile phase contained 100 mM sodium
phosphate (pH 7. 0), 1 mM EDTA, and 150 mM NacCl.
Before injection, samples were filtered through a Qua2
filter and eluted at a flow rate of 1 mL/min. The protein
profile was monitored at 280 nm. Stokes radiugs)(
determinations were performed using well-characterized
globular protein standards with knoviRy values as described

wild type and five mutants according to the formulations by 'AI‘Cke;S €8). For comparison, wild-type TbTIM was also
derived by Mainfroid et al.Z7). The following equation was ana yz_e o ) _
used to calculate thi,: Sedlmentat|on AnaIyS|sExper|ments ~were p_erformed
using an analytical ultracentrifuge equipped with scanner
_ 21/ optics (Optima model XL-A, Beckman, Fullerton, CA). The
SPA= SpAR4E, T Ky = (BEK, + Ky) g 48 (1) protein sample solution was exhaustively dialyzed 4C4
_ » o ) against 0.1 M TEA-HCI buffer (pH 7.4) that contained 1
where SpA is the specific activity, Spa the maximum  mm dithiothreitol and 10 mM EDTA. A portion of the
specific activity, andE, the total monomer concentration.  gjalysate was retained and used as the reference solution.
This model assumes that the dimer is the only active speciesThe protein samples were placed in cells fitted with
Circular Dichroism Spectroscopgircular dichroism (CD)  conventional aluminum-filled Epon double-sector center-
spectra were obtained at 2& with an AVIV (Lakewood,  pieces and quartz windows. Sedimentation velocity experi-
NJ) 62 HDS spectropolarimeter. The quartz cells had path ments at an enzyme concentration of 0.4 mg/mL were
lengths of 0.1 and 1.0 cm for measurements in the far-UV performed at 40 000 rpm. The sedimentation coefficient was
and near-UV regions, respectively. For determination of the corrected for temperature (2€) and water viscosityif, =
spectra, solutions of the enzymes were equilibrated againsty. 7468 mL/g,p, = 1.019 g/mL). The scans were analyzed
a 25 mM phosphate buffer (pH 7.4) containing 20 mM NaCl. ysing the SVEDBERG data analysis software (Amgen, Inc.)
Each spectrum was the average of five repetitive scans andjeveloped by Philo29). Sedimentation equilibrium experi-
was corrected by subtracting the average spectrum of thements were carried out at 15 000 and 18 000 rpm &t0
buffer. Scans were taken at 280 nm, with a spacing of 0.001 cm, in
Thermal Unfolding Thermal denaturation of the enzymes a step scan mode at intervals of 4 h. Sedimentation
was assessed by recording protein ellipticity at 222 nm in equilibrium was judged to have been reached when the
the range between 20 and 7Q. The temperature of the  difference in concentration distributions between consecutive
samples was increased at a rate ofCl2.5 min. For the  scans was zero. Data sets were analyzed using the nonlinear
experiments, proteins (4Q@/mL) were previously dialyzed  regression program NONLIN3(). The program fits to a
against a 20 mM MOPS buffer (pH 7.0) that included 1 mM  reduced apparent molecular mass, via the relatien[M(1
EDTA, 1 mM dithiothreitol, and 1 mM azide. Denaturation — »p)w?)/(RT), whereM is the molecular mass; is the
was irreversible in all samples. From the data, the apparentpartial specific volumep is the solvent densityp is the
fraction of denatured subunit&] was calculated using the  radial velocity,R is the gas constant, aridis the absolute
equation temperature (kelvin).

Other AssaysProtein concentrations of the enzymes were
fo = = Y/ (Yn — Yo) (2) determined with the BCA Protein Assay Kit (Pierce) and
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Table 1: Specific Activities and Relative Abundance of Wild Type  Table 2: Kinetic Constants of Wild-Type TbTIM and the Indicated

TbTIM and the 19 Cys14 Mutarits Cysl14 Mutant
specific activity relative Kmn(car) kcat(GAP) Km(pHap) kcat(DHAP)
(units/mg) abundance (%) (mM) (min™Y) (mM) (min™Y)

wild type 2858 100 wildtype 0.35+0.05 (2.6£0.13)x 106 1.9  2.7x 10
C14T1 3680 105 C14A 0.43 3.1x 1¢° 1.7 2.8x 10*
Cl4A 3624 99 C14P 0.33 2.% 10° 1.1 2.2x 10¢
C14P 2575 99 C14S 0.5 3.0« 1¢° 1.9 2.8x 10*
c14v 2531 94 C14T 0.32 2.3x 10° 1.3 1.4x 10
C14S 2583 85 c14v 0.42 2.4x 1P 1.5 2.5x 10*
C14N 556 85 Cl4F 3.6t 1.3 1144 23 5.2 9
C14R 537 83

2 The measurements were made with dihydroxyacetone phosphate

gﬂ? lgg gg (DHAP) in the range of 0.32510 mM; for glyceraldehyde 3-phosphate
C14K 22 32 (GAP_), the substrate concentrations were between 0.Q6 and 2 mM. The
C14D 18 54 reaction was started by addition of_ the enzyme. With all enzymes,
C14H 6 35 except C14F, 100 ng/mL was used in the direction of DHAI_?’ to GAP
C14E 6 44 and 5 ng/mL in the opposite direction; with C14F, the reactions were
c14l 6 46 assayed with 100 and 2Q@/mL enzyme, respectivel)Kn and keat
C14W 6 17 were calculated from nonlinear regression plots. The values for the
c14Y 5 50 C14A, C14P, C14S, C14T, and C14V mutants in the direction of GAP
C14Q 4 50 to DHAP are the average of two experiments, and the valud§,of
Cc14L 2 26 andk.y differed by less than 10%. With DHAP as the substrate, only
C14M 1 23 one experiment was carried out. For the wild type, we took the average

— - - . of five different preparationg= standard error; the data for C14F are
2 Activity and protein were measured in the supernatant obtained o average of four experiments standard error.
after salt extraction of the particulate fraction (see Materials and

Methods). The specific activities are shown. The relative abundance Il th . hibited inal tein band i
of the enzymes was calculated after scanning SBAGE gels stained all the previous enzymes exhibited a singleé protein band In

with Coomassie blue. The gels were loaded with@@®f protein. The SDS gels loaded with 1@g of protein and stained with
intensity of the band obtained with wild-type TbTIM was considered Coomassie blue (data not shown). Due to the tendency of
100%. Note that the abundance of some enzymes, particularly thoseC14F ThTIM to aggregate, the purification required some
with low activity, was significantly lower than in thg control. However, modifications of the standard method (see Materials and
the lower abundance would not account for their very low levels of .
specific activity. Methods) and the yield was'90% lower. One feature of
this mutant is that it underwent aggregation at concentrations
, , .. higher than 2 mg/mL. C14N TbTIM was purified up to the
by their absorbance at 280 fim using a molecular extinction gten in which it is precipitated with 65% saturation am-
coefficient fzeq) of 34 950 M cm™ (22). monium sulfate. We attempted to purify the C14M and C14L
RESULTS enzymes, but we were unsuccessful; the enzymes exhibited
a strong tendency to undergo aggregation.

Cysl4 of TbTIM was exhaustively substituted by site-  Kinetic Properties of Mutant EnzymeEhe steady-state
directed mutagenesis. All 19 mutant enzymes were clonedkinetics of the wild type and the high-activity mutants were
and expressed irEscherichia coli. The initial steps of determined in the forward (DHAP to GAP) and backward
purification of wild-type TbTIM involve centrifugation of  (GAP to DHAP) directions (Table 2). With the two sub-
the cell lysate, and extraction of the enzyme from the strates, th&, andk.values of TbTIM and the high-activity
particulate fraction with buffer that has a high salt concentra- mutants were strikingly similar. In the C14F mutant, the
tion (24). We followed this procedure with all proteins. Their catalytic constants in the forward and backward directions
specific activities and relative abundance are shown in Tablewere ~3000- and~1000-fold lower than in wild-type
1. The latter was inferred from Coomassie blue staining of TbTIM, respectively; thé., values for GAP and DHAP were
SDS gels loaded with 10g of protein. Five mutants (T, A, 6 and 3 times higher, respectively, than in the wild type.
P, V, and S) had essentially wild-type activity; these will be TheK; value for the competitive inhibitor 2-phosphoglycolate
termed “high-activity mutants”. Three mutants (N, R, and was nearly 3 times higher in C14F TbTINK{(= 0.076+
G) exhibited between 10 and 20% of the specific activity of 0.008 mM) than in wild-type TbTIMK; = 0.024 mM).
wild-type TbTIM. The remaining 11 mutants exhibited With the wild type and the C14A, C14P, C14S, C14T,
activities of less than 1% of the wild-type activity (Table and C14V mutants, the activity traces with 5 ng of protein
1). It is noted that, at this stage of purification, the activity were linear. The same linearity was observed with C14F; it
traces of mutants C14N, C14R, and C14G were not linear; is noted that due to the low activity of this enzyme,
instead, there was a progressive decay of activity during themicrogram quantities were used for activity assays (Table
time of recording. The activities shown correspond to those 2). On the other hand, the C14G and C14N mutants exhibited
observed in the first minute of the reaction (see below).  a progressive decay of activity during the time of recording.

Purification of the High-Actiity Mutants, C14G TbTIM,  The experiments shown in Figure 2 illustrate this behavior.
and C14F TbTIMWe purified to homogeneity and charac- Mutants C14G and C14N were incubated at concentrations
terized all the high-activity mutants and one of the mutants of 1.3 and 0.05g/mL, respectively. At different times, the
(C14G) with intermediate activity. The yield of these coupling enzyme and substrate were added to initiate
enzymes was similar to that of the wild type (680 mg/L catalysis. With C14G;-15% of the activity remained after
of culture). We also purified C14F TbTIM (one of the incubation for 2 min. With C14N, an incubation of 1 min
mutants with low activity) to homogeneity. After purification, sufficed to induce almost total abolition of activity. This
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FIGURE 2: Inactivation of C14G and C14N TbTIME14G and ~ FIGURE 3: CD spectra of wild-type TbTIM, the high-activity
C14N had been stored at concentrations of 1.3 and 1.5 mg/mL, mutants, and C14F TbTIM. The spectra of the indicated enzymes
respectively. At the time of the experiments, Agof C14G TbTIM at a concentration of 100g/mL in phosphate buffer and 20 mM

or 0.05ug of C14N ThTIM was introduced into spectrophotometer NaCl (pH 7.4) are shown.

cells that contained 1 mL of 100 mM TEA and 10 mM EDTA (pH
7.4). At the indicated times, the reagents required for assay of
activity (GAP, NADH, anda-glycerophosphate dehydrogenase) 104
were added and activity was recorded. The data that are shown 1
correspond to the first minute of reaction time. The results are 084 O g
expressed as a percentage of activity; 100% corresponds to the 7__%; . Z
activity observed when the enzymes were introduced to the 1 ;

detected after its incubation for 10 min at a concentration of 5 ng/ 4

mL (4027umol min~! mg™1). Note that the C14G mutant that was 1
used had been purified to homogeneity and that C14N TbTIM had 0.2
only been purified up to the step in which it was precipitated with
65% saturation ammonium sulfate.

complete reaction mixtures. The 100% values were 27.2 and 670.5 g 0.6 3;: :;)33 o T
umol min~1 mg! for the C14G and C14N mutants, respectively. £ —0—T 4838 /
With wild-type TbTIM, no significant changes in activity were g —A—P 482 P

£

004 @

behavior precluded the measurements of their kinetic con- T - S .
stants under steady-state conditions, and most probably Temperature (°C)
indicates that dimeric C14G and C14N TbTIMs have lIow g e 4: Melting curves of wild-type ThTIM, the high-activity
association constants. A similar phenomenon has beenmutants, and C14F ThTIM'he changes in molar ellipticity induced
reported for point mutation variants of TIM that have low by the progressive increase in temperature were followed at 222
dimer stability @4, 27, 31). In this context, it is pointed out ~ "M. The inset shows th&, values of the indicated enzymes.
that, because of the rapid decay of activity that occurs during _ _
the measurements, it is likely that the activities of the intact 190 and 240 nm at 28C (Figure 3). Their spectra were
dimers are higher than those that were detected. almost identical to that of wild-type TbTIM. Hence, the
Methylglyoxal FormationRelative to the isomerization different mutations did not cause gross modifications of
reaction, the elimination reaction catalyzed by TIM (using Secondary structure.
[32P]DHAP) is slow. We could only observe it under Thermal denaturation experiments of the enzymes were
conditions in which the enzyme concentration was higher carried out at a concentration of 42@/mL in the temper-
than that of the substrat2®). The rate of Pelimination by ature range of 2670°C. The process was monitored at 222
the high-activity mutants was approximately the same as thathm. The transition curves showed that the high-activity
of wild-type TbTIM, 1.24-3.5 M s For wild-type mutants exhibited\ T, values 1-3 °C lower than the value
ThTIM and the high-activity mutants, the ratio of the rate 0f 51.4°C exhibited by the wild-type enzyme (Figure 4).
constants of the isomerization and elimination reactigls, =~ C14F TbTIM was less stable; ity was 46.5°C. In the
(kealKm)pHar, cOrresponds to less than one methylglyoxal per presence of phosphoglycolate, thely, of C14F ThTIM

10° turnovers. In the C14F mutant, the rate p&fPmination increased to 50.8C, a value significantly lower than the
was 2.8 times higher than that of ToTIM; however, its rate value of 57°C observed with ToTIM in the presence of
constant for the isomerization reactiomci{Km)orar = 29 phosphoglycolate (these latter spectra are not shown).

M~ s71] is much lower than in the wild type (2.4 1C° Stability to Dilution As noted, TIMs that have an alteration

M~1s™1). This indicates that in the C14F mutant, the energy in the dimer interface lose activity when they are incubated
barrier for reprotonation is higher than in the wild type with at relatively low protein concentrations. This has been
only a modest increment of the elimination reaction. ascribed to a decrease in the association constant of the
Secondary Structure and Thermal Stability of Wild-Type dimer, which leads to loss of monomers during the process
TbTIM, High-Actvity Mutants, and C14F TbTIMThe of dissociation and associatio®4, 27, 31). Therefore, to
circular dichroism spectra of wild-type TbTIM, of the high learn how the substitution of Cys14 for another amino acid
activity mutants, and of C14F TbTIM were recorded between affects the stability of the dimer, wild-type TbTIM and the



Interface Cysteine of Triosephosphate Isomerase Biochemistry, Vol. 41, No. 13, 2002235

T T T

0014 A
100 +

0.012 4 | \
504 0.010 | |
0.008 I \

60+

0.006 - ! \

Absorbance

Kd (M) soni ] ;o
7

—n—wt1.3x107 | | / \
—o—4 3.8x107 | | . / '
—A—P L1X10° 0.000 4

7
5 3.4X10 7.‘5 8?0 &KS 9!0 ‘115 10‘.0 IOYTS
—o—T 8.3X107

—v—V 11X10° | 4

404

Specific activity %

204

0.04

G QR X AR
GRS RRENT

T 0 T oo
Protein (ug/mL)

Ficure 5: Stability of wild-type TbTIM and high-activity mutants

at different protein concentrations. The enzymes were incubated
at the indicated concentrations for 24 h at’®5in 100 mM TEA

and 10 mM EDTA (pH 7.4). At that time, their activity was
measured with 5 ng of protein. The respective dissociation constants
(inset) were calculated as described in Materials and Methods.
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high-activity mutants were incubated at different protein
concentrations for 24 h. At that time, aliquots were with- 70 ' 21 72
drawn to measure the remaining activity with 5 ng of Radius (cm)
enzyme/mL. In the concentration range between 400 and 5Ficure 6: Size exclusion chromatography (A) and sedimentation
ug/mL, the activity of the wild-type remained constant. At equilibrium (B) of C14F TbTIM. In panel A, 10@g of protein
lower protein concentrations, the activity diminished; with mﬁtlﬁ Tg)%cﬁﬂ/l iqu Aa %'t:g'\sﬂpggf?gegﬁg%gg%) hjl:ollluan(}T GQ#igbiated
O:Syg/m'L., only 20% of the. 0“9".“"‘! ac?"’"y .re”?a'”ed- The- The elution profile of C14F was monitored at 280 nm (dg)shed Ii)ne).
high-activity mutants exhibited similar inactivation patterns; the stokes radii were calculated from the elution volumes as
however, the decay of activity occurred at higher protein described in Materials and Methods. For comparison, data for wild-
concentrations (Figure 5). This was more evident with C14P, type TbTIM are included (solid line). (B) Concentration distribution
C14T, and C14v. The apparent dissociaton consi (& CLT S0 SSAienaion Subrun, e by S e
Of the enzymes was calculated from these data (inset Ofcentrifugation cell. The solid line is the result of fitting the data to
Figure 5). For TbTIM and the C14A and C14S mutants, the 5 single-ideal species model using the regression analysis NONLIN
Kq values were in the range of 3.8 x 1077 M. The C14P, program. The residual to the fit is shown at the top.
C14T, and C14V mutants had higher dissociation constants.
Borchert et al. 24, 32) reported &Ky of 10 pM for ThTIM, agreement with the values reported by Borchert et3f) (
which is significantly lower than the value we observed. and Schliebs et al3@) for two different monomeric variants
However, there are marked differences in the experimentalof TbTIM, 2.48 and 2.52 S, respectively. Definitive proof
approaches used by those authors and us. that C14F is a monomer was obtained from sedimentation
The inactivation that occurs during the incubation of equilibrium studies. Nonideality was not observed, and the
dimeric TIMs at relatively low protein concentrations reflects residuals revealed no systematic deviations (Figure 6B). The
the dissociation constant of the two monomé&Xg) (Hence, NONLIN program produced a value of 0.95 cm?. By this
it is relevant that the C14F mutant did not exhibit this method, the calculated molecular mass of C14F TbTIM was
behavior. In the concentration range from @&'mL (the 27 200 Da, which agrees with the calculated molecular mass
lowest concentration that could be assayed to have detectablef the monomer of TbTIM (26 879 Da).
activity) to 400ug/mL, the activity of the enzyme did not Taken together, the previous data indicate that C14F
change after its incubation for 2 h. These observations TbTIM is a true monomer that has a largely intact secondary
suggested that this mutant enzyme was a monomer with low,structure. Thus, it was relevant to determine if this mono-
but important, catalytic activity. meric variant of TbTIM exhibits perturbations in the
Characterization of C14F TbTIMThe possibility that environment of its aromatic residues. Relative to that of
C14F TbTIM was a monomer was explored by size exclusion TbTIM, the intrinsic fluorescence spectrum of C14F exhib-
chromatography and sedimentation analysis. In the formerited a red shift of 1.6 nm in itdn.x and a SCM that was
system, the elution volumes of ThTIM (Figure 6A) cor- ~1.8 nm higher (Figure 7A). The spectra also showed that
responded to aRs of 29.2 A (M, = 42 000 Da). The C14F its quantum yield was-50% lower than in the wild-type
mutant exhibited a single chromatographic peak equivalentenzyme. In accordance with these observations, the near-
to anRs of 19.2 A with anM; of 20 000 Da. These findings UV CD spectra of C14F ThTIM exhibited alterations in the
are also a strong indication that C14F is a monomer. environment of aromatic residues (Figure 7B). The spectral
Sedimentation analysis of C14F TbTIM was also per- differences most likely indicate that in C14F TbTIM a buried
formed. The enzyme migrated as a single symmetrical bandTrp has a higher degree of solvent exposure. In this regard,
with a sedimentation coefficiei®ow0f 2.5044 S. This value  a possible candidate is Trp12, since it is close to the interface
corresponds to that of a monomeric enzyme and is in good Cys.
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u _ZQ_A‘ 7 FicUrRe 8: Dependence of activity of TbTIM on the van der Waals
20000 AXM E— volume and polarity of the residue at position 14. The activities of
wild-type TbTIM and all mutants were plotted against the van der
. ; , Waals volume and polarity of the different residues. The latter is
30 310 320 expressed as thAG (kilocalories per mole) of transfer from
. . - cyclohexane to water. Proline that has a van der Waals volume of
FIGURE 7: Intrinsic fluorescence emission (A) and near-UV CD - gq &3 \yas not included because it is absent in the data reported by

(B) spectra of wild-type TbTIM and C14F. The fluorescence and ; : ; ; N
CD spectra were obtained at concentrations of 0.05 and 0.4 mg/:zagflggge?t al-39). The amino acids are designated by the one

mL, respectively. The inset in panel A shows the SCM that was
calculated as described in Materials and Methods. and 110 & and that they have relatively low polarity.
DISCUSSION Variations of eac?h_ of these two paramet_ers give enzymes
with very low activity. For example, Asn yields an enzyme
Cysl14 is a nonconserved residue that is at the beginningwith low activity; its volume is in the “allowed” range, but
of loop 1 and forms part of the intersubunit contacts between its polarity is high. By the same token, Gly has the right
the two monomers of ThTIM. Its side chain is completely polarity, but its volume is small. Thus, these data define the
buried within loop 3 of the other subunit (Figure 1). In the physicochemical characteristics that a given residue must
crystallographic structure of TbTIM, using an interatomic possess to yield a catalytically competent enzyme. It is noted
cutoff distance of 4 A, the atoms of Cys14 contact 26 atoms that the same profile was observed when the accessible
of the other subunit. These numerous interactions contributesurface area was plotted instead of van der Waals volumes
to reduce the solvent accessibility of Lys13 (loop 1) and (not shown).
Glu97 (loop 4) and force the main chain of catalytic residue  Another salient feature of the data obtained with the
Lys13 to adopt the strained conformation that is required mutants of Cysl4 is that only the high-activity mutants
for optimal catalysis34). The central role of Cys14 and that exhibited dissociation constants and thermal stabilities similar
of other residues at position 14 for the stability of TIM dimers to those of wild-type TbTIM. This suggests that these
is highlighted by several independent lines of research. Theenzymes have high activities because they conserve their
substitution of Cys14 with a Leu residue in TbTINI§) or dimeric structure. The relationship between dimer stability
of Met14 in human TIM with GIn27) yielded enzymes with  and catalysis is also illustrated by the behavior of the mutants
very low stability. Likewise, several reports show that that had “intermediate” activity (C14N, C14G, and C14R).
derivatization of Cys14 with sulfhydryl reagents brings about These enzymes exhibited substantial catalytic activity in the
large structural changes and abolition of cataly4ig.(In initial seconds of reaction time. However, at the concentra-
this work, we replaced Cysl14 with each of the other 19 tions that could be used for activity measurements, their
amino acids and examined how the different substitutions activity decreased dramatically. Hence, the overall data
affect activity and stability. indicate that in TIM dimer stability is compulsorily linked
From the data, it is clear that some substitutions (C14A, to optimal catalytic activity.
C14S, C14P, C14T, and C14V) do not significantly affect  In this context, the characteristics of C14F TbTIM are
the catalytic activity of the enzyme. Thus, we explored if relevant to the question of how dimerization induces the
there are common features between these amino acids, anéxpression of high catalytic rates. As evidenced by size
if their characteristics differ from those of the other residues exclusion chromatography and ultracentrifugation experi-
that yield enzymes with low activity. Figure 8 is a plot of ments, the introduction of a bulky residue in position 14
activity of the enzymes that have the indicated amino acid yields a monomer that exhibits catalytic activity, albeit at
in position 14 versus their respective van der Waals volumesrates ~1000 lower than that of wild-type TbTIM. This
and polarities, the latter expressed/ss of transfer from a monomeric enzyme exhibits some notable structural features.
nonpolar solvent to an aqueous soluti@b)( The results The mutant has a secondary structure that is nearly identical
show that the amino acids that yield catalytically competent to that of the native dimer; however, the quantum yield of
enzymes fall in a van der Waals volume range between 65its aromatic residues is significantly lower (Figure 7A). This

—a— CI4F

-25000

T T T T
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indicates that theu// folds that characterize native TbTIM  through an increase in the energy barriers of the reprotonation
can be formed in the absence of interactions with the other step.
subunit, and that the monomer, although with alterations in  In sum, the central role of the amino acid at position 14
the environment of its aromatic residues (Figure 7B), has, in maintaining the dimeric structure of TIM frof. brucei
nonetheless, a tertiary structure that supports the expressioinas been confirmed. The studies also show that the amino
of catalysis. acids that have a certain volume and polarity can successfully
The existence of monomeric TIMs with catalytic activity 'ePlace the interface cysteine. When residue 14 is replaced
has been previously reporte81-34, 36). The monomeric with amino acids that are outside the volume and polarity
variants of TbTIM generated either by point mutations of limits, enzymes with low stabilities are obte}ined. Indeed,
two conserved residues at the tip of loop 3, Thr75 and Gly76 C14F TbTIM is a monomer at a concentration of at least
(33), or by substitution of His 47 for Asn in loop 3Y) 400ug/mL. The data also show that this monomeric variant
exhibited catalytic constants similar to those of C14F ThTiM. Of TbTIM exhibits catalytic activity. However, its kinetics
The crystallographic studies of a catalytically active mono- ©f the isomerization reaction differ markedly from those of
meric TIM, prepared by shortening of loop 3 (mono-TIM), Wild-type TbTIM. In addition, the monomeric enzyme
showed that that the arrangements of loop 1 and 4 differed exhibits alterations in the ratio between the isomerization
from those in wild-type TbTIM 7). In mono-TIM, the side and elimination reactions. Thus, the findings reported in the
chain of the catalytic Lys13 was mobile and the catalytic llterature €7, 33, 34, 37, 49), together with those described
His95 had a different conformation. Thus, as proposed here, indicate that dimerization induces the correct arrange-
previously 83, 34, 37), it is very likely that dimerization ment of the catalytic residues and that the dimer interface

induces the correct geometry of the catalytic residues. TheP!&ys & dynamic role in the physiological function of the
lack of a correct geometry of the side chain of monomeric €NZYMe.
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